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The change in interfacial tension is, among others, influ-
Interfacial tension changes during protein adsorption at both enced by the protein bulk concentration and the molecular

the solid–liquid and the liquid–vapor interface were measured characteristics of the protein. Usually, at higher protein con-
simultaneously by ADSA-P from sessile solution droplets on FEP– centrations, a more rapid decrease of the interfacial tension
Teflon. Two large proteins (albumin and immunoglobulin G), and

is observed, together with a lower steady-state value (5,four smaller proteins of similar size ( lysozyme, ribonuclease, a-
6). Furthermore, relatively small, disordered proteins, likelactalbumin, and calcium depleted a-lactalbumin) were used at
casein, will favor greater changes in interfacial tension thanvarying concentrations. The kinetics of the interfacial tension
larger, globular and more stable proteins like albumin (6,changes were described using a model accounting for diffusion-
7). Paulsson and Dejmek (5) compared steady-state valuescontrolled adsorption of protein molecules and for conformational

changes of already adsorbed molecules. Apart from the interfacial of the interfacial tension caused by the adsorption of a-
tension changes due to these two subprocesses, the model yields lactalbumin, b-lactoglobulin, and serum albumin at the liq-
the diffusion relaxation time and the rate constant of the confor- uid–air interface as reported by various groups. They con-
mational changes. At low concentrations, adsorption of proteins cluded that there is a considerable spread in the results even
did not always affect the interfacial tension, but its contribution under comparable conditions and that the rate of decrease
to the decrease in interfacial tension increased with higher bulk of the interfacial tension is not a simple function of adsorp-
concentrations. The decrease due to conformational changes re-

tion time and bulk concentration.mained a constant value for all proteins. The diffusion relaxation
The change in the interfacial tension due to protein adsorp-time could not be related to the diffusion coefficient of the protein,

tion has frequently been derived from the Ward and Tordaiprobably because of neglect of a reaction component in the model
equation (8),applied. Rate constants for conformational changes were generally

lower at the solid–liquid interface, indicating that proteins are
more apt to conformational changes at the liquid–vapor interface

G( t) Å 2C0

√
Dt

p
, [1]than at the solid–liquid interface. The least rigid protein,

aLA(0Ca2/ ) , had the largest rate constant for the conformational
change at the two interfaces. q 1996 Academic Press, Inc.

in which C0 denotes the bulk concentration, D the diffusionKey Words: FEP-Teflon; interfacial tension; protein adsorption;
liquid–air interface; solid–liquid interface. coefficient, t the adsorption time, and G( t) the surface protein

concentration assuming that all molecules arrive at the sur-
face by diffusion and adsorb irreversibly (perfect sink condi-
tion). Assuming that the decrease of the interfacial tensionINTRODUCTION
is a linear function of the number of segments adsorbed per
molecule, n, the interfacial pressure P( t) can be expressedThe surface active behavior of proteins is frequently em-
asployed in medicine and industry, as, for instance, in the

development of new biomaterials, drug delivery systems,
chromatographic separation, and the stabilization of emul-

P( t) Å g(0) 0 g( t) Å 2nC0kBT

√
Dt

p
, [2]sions and foams (1–4). The adsorption of proteins at an

interface is accompanied by changes in the physical proper-
ties of the interface, particularly its interfacial tension g.

g(0) being the initial interfacial tension, kB the Boltzmann
constant, and T the absolute temperature. A plot of g( t) vs

1 To whom correspondence should be addressed. t 1/2 will thus be linear at constant n, and is frequently em-
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58 VAN DER VEGT ET AL.

FIG. 1. In the adsorption model by Serrien et al. (14) as mathematically formulated by Eq. [3] , proteins are assumed to diffuse toward an interface
and adsorb barrierlessly. Subsequently, proteins may desorb or undergo conformational changes from their native state to adapt a state of minimal
interfacial tension. Note that only proteins in their native, adsorbed state are assumed to be able to desorb.

ployed to designate different stages of the adsorption process (ADSA-P) has been introduced to simultaneously study in-
terfacial tension changes at both the liquid–vapor and the(9–11).

The use of Eqs. [1] and [2] is justified as long as the solid–liquid interfaces due to the adsorption of proteins from
sessile droplets (15–17). It has been shown that the solid–interface acts as a sink. Consequently, linearity between g

and t 1/2 was only found at small concentrations or in the liquid interfacial tension gsl decreases upon the adsorption
of proteins in a concentration-dependent way for muchbeginning of the adsorption process (9, 11–13). Also in the

case of reversible adsorption Eq. [1] is still applicable for longer times than required to reach stationary state adsorp-
tion, presumably due to ongoing conformational changes ofthe initial stage of the adsorption process. With respect to

adsorption kinetics, not only diffusion but also the actual adsorbed proteins.
The aim of this study is to simultaneously determine theinteraction between the protein and the interface (denoted

as ‘‘the reaction component’’) should be considered. kinetics of changes in the interfacial tensions of both liquid–
vapor and solid–liquid interfaces during the adsorption ofSerrien et al. (14) proposed a model which describes

diffusion toward and subsequent reorientation and conforma- two large proteins (serum albumin and immunoglobulin G)
and four smaller proteins (lysozyme, ribonuclease, and a-tional changes at an interface by
lactalbumin with and without its internal stabilizing calcium
ion). For this purpose sessile droplets of protein solutions

g( t) Å g(`) / Ha expS0
√

4t

ptD / bJexp(0kt) [3] on fluoroethylenepropylene–Teflon were analyzed by
ADSA-P.

in which g(`) is the interfacial tension in steady state, t the MATERIALS AND METHODS
diffusion relaxation time, and k the rate constant for the
conformational changes at the interface. The total decrease Proteins
g(0) 0 g(`) is thought to be composed of a part a for
diffusion-controlled adsorption, and a part b due to confor- The small globular proteins of similar molecular mass and

shape used in this study are hen’s egg lysozyme (LSZ, Sigmamational changes of adsorbed proteins. Figure 1 schemati-
cally summarizes the events leading to the formulation of L-6876), bovine pancreatic ribonuclease A (RNase, Sigma

R-5125), bovine milk a-lactalbumin (aLA, a gift from theEq. [3] . Equation [3] has performed satisfactorily for con-
centration dependent adsorption of BSA, casein, and butter- Netherlands Institute of Dairy Science NIZO, Ede, The Neth-

erlands) , and calcium-depleted bovine milk a-lactalbuminmilk toward air–water and oil–water interfaces in pendant
drops at the tip of a vertical capillary (14). (aLA(0Ca2/) , Sigma L-6010). Furthermore, two proteins

of greater size are used, namely bovine serum albuminMost work on the surface active properties of the proteins
has been done for the liquid–vapor interface, but these prop- (BSA, Sigma A-4503) and human immunoglobulin G (IgG,

Sigma I-4506). Some of their physicochemical propertieserties are similarly important for the solid–liquid interface.
Recently, axisymmetric drop shape analysis by profile relevant to the adsorption process are given in Table 1. The
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59INTERFACIAL TENSION CHANGES DURING ADSORPTION

TABLE 1
Physicochemical Properties of the Proteins Employed Relevant to Their Diffusion and Adsorption to Interfaces

Property LSZ RNase aLA aLA(0Ca2/) BSA IgG

Molecular weight (grmol01) 14,600 13,680 14,200 14,200 67,000 169,000
Partial specific volume (cm3

rg01) 0.688 0.703 0.735 0.733 0.739
Dimensions (Å) 46 1 30 1 30 38 1 28 1 22 37 1 32 1 25 37 1 32 1 25 116 1 27 1 27 37 1 37 1 274
Diffusion coefficient (cm2

rs01) 10.4 1 1007 12.6 1 1007 10.6 1 1007 7.0 1 1007 4.0 1 1007

Isoelectric point (pH units) 11.1 9.4 4.3 4.3 4.7 5.8–7.3
Net charge at pH 7 (e) 7 5 03 05 018
Total hydrophobicity (Jrg01) 07.6 08.7 05.8 05.8 03.8
Tdenaturation (7C) 70 68 65 41 65

Note. Data were obtained from Refs. (18–28).

proteins were used as received to prepare single protein solu- cally in ultra pure ethanol (99.0–100.0%; Merck, Germany)
to yield water contact angles exceeding 1067.tions in potassium phosphate buffer (10 mM, pH 7.0) in a

concentration range between 0.001 and 5 mgrml01 .
Interfacial Tension Measurements

Substratum
A 100 ml protein solution droplet was placed on the FEP–

Teflon surface in an enclosed glass chamber (50 1 50 1The solid surface used in this study was commercial grade
fluoroethylenepropylene–Teflon, FEP–Teflon (Norton Flu- 30 mm) containing a reservoir filled with slightly warmed

water to prevent evaporation of water from the droplet. Theorplast, The Netherlands) . Surfaces were cleaned ultrasoni-

FIG. 2. Concentration dependence of the interfacial tension changes glv ( t) and gsl ( t) for aLA and RNase solution droplets on FEP–Teflon as
measured by ADSA-P. All data points are averages from three separate experiments with an approximate S.D. of 2 mJrm02 for the liquid–vapor and
the solid–liquid interfaces. Symbols: (*) 0.001 mgrml01 , (s) 0.005 mgrml01 , (h) 0.01 mgrml01 , (n) 0.05 mgrml01 , (0) 0.1 mgrml01 , (l) 0.5
mgrml01 , (j) 1 mgrml01 , (m) 5 mgrml01 .
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60 VAN DER VEGT ET AL.

TABLE 2
Induction Periods (min) for the Interfacial Tension Changes during the Adsorption of Different Proteins

from Sessile Droplets on FEP–Teflon toward the Liquid–Vapor and the Solid–Liquid Interface

Concentration
(mgrml0) 0.001 0.005 0.01 0.05 0.1 0.5 1 5

Liquid–vapor

LSZ ú420 5 4 31
2 2 0 0 0

RNase a a ú420 ú420 ú420 0 0 0

aLA ú420 1
2 1 1

2 0 0 0 0

aLA(0Ca2/) ú420 31
2 1 0 0 0 0 0

BSA ú420 91
2 4 3

4 0 0 0 0

IgG ú420 1
2 11

2 10 11
2 0 0 0

Solid–liquid

LSZ ú420 5 1 31
2 1 0 0 0

RNase a a ú420 ú420 ú420 11
2 0 0

aLA ú420 1
2 2 1

2
1
2 0 0 0

aLA(0Ca2/) ú420 41
2 11

2 0 0 0 0 0

BSA ú420 2 1 3 0 0 0 0

IgG ú420 1
2

1
2 12 1 0 0 0

Note. The values are rough estimates, and only visualize the presence and relative length of the induction period.
a Experiment not performed.

droplet profile was viewed with a video camera and its image offered by the MATHPAK 87 package (Precision Plus Soft-
ware, Canada) to obtain relaxation constants t for the diffu-digitized with a contour monitor as described earlier (29).

The profile coordinates were used for calculation of the con- sion-controlled decrease of the interfacial tension, rate con-
stants k for the conformational changes at the interface, thetact angle u and the liquid surface tension glv by axisymme-

tric drop shape analysis by profile, ADSA-P (30), making equilibrium value g(`) , and the corresponding components
a and b of the interfacial pressure P(`) . This analysis wasuse of the relation between the liquid surface tension and

the shape of a droplet as described by the Laplace equation. carried out for the solid–liquid and the liquid–vapor inter-
face, while setting glv (0) equal to the interfacial tension ofMeasurements on one solution droplet were done as a func-

tion of time for at least 7 h at room temperature. the pure buffer (70 mJrm02) and gsl (0) equal to 50
mJrm02 , i.e., the interfacial tension between buffer andThe major uncertainty in the experimental procedures in-

volves the fact that t Å 0 cannot be accurately determined FEP–Teflon as measured by ADSA-P.
since time is required to position the droplet and to focus
and grab the image of the droplet profile. Therefore, in this RESULTS
study we considered the first image taken to represent t Å
5 s after the first contact between the droplet and the surface.

Figure 2 illustrates for aLA and RNase the concentration
The results u( t) and glv ( t) were combined with the Young

dependence of both the liquid–vapor and the solid–liquid
equation to yield the solid–liquid interfacial tension gsl ( t)

interfacial tension, glv and gsl , respectively, as a function of
at any time t during the adsorption process from

adsorption time t . The changes appear to be greatly depen-
dent on the type of protein and the concentration, the greatergsl ( t) Å gsv 0 glv ( t)rcos u( t) , [4]
changes being caused by the higher bulk concentration. The
other proteins show similar concentration dependencies.where gsv represents the solid–vapor interfacial tension. gsv

Sometimes the interfacial tensions glv ( t) and gsl ( t) didwas assumed to be 20 mJrm02 and not to change during the
not show the immediate decrease as a function of time andexperiment (17).
a so-called induction period was observed during which g( t)This procedure was carried out three times with separate
remained at its initial value. Table 2 summarizes the esti-liquid droplets and data were averaged.
mated induction periods for adsorption at the liquid–vapor

Analysis of the Kinetics and the solid–liquid interfaces. Generally, the induction pe-
riod became smaller and finally disappeared upon increasingEquation [3] was used to fit the averaged data using the

Levenberg–Marcquardt nonlinear parameter fitting routines the protein concentration, except for IgG for which an in-
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61INTERFACIAL TENSION CHANGES DURING ADSORPTION

FIG. 3. Equilibrium interfacial pressure P(`) (denoted a / b, l) for adsorption of different proteins at the liquid–vapor interface and its components
a (j) and b (difference) due to diffusion-controlled adsorption and conformational changes at the interface. a and b were obtained from a fitting
procedure on an average curve for three separate experiments, yielding an uncertainty in a and b of 0.9 and 0.6 mJrm02 , respectively, on an average.
Note that for RNase at the lower concentrations, experiments were not done, while for IgG at c Å 0.001 mgrml01 no convergence of the fit could be
attained.

creased induction period was seen at 0.05 mgrml01 of about contribute to the interfacial tension change, i.e., a Å 0 (14).
Hence, Eq. [3] is assumed to reduce to10 min at the liquid–vapor interface, and of about 12 min

at the solid–liquid interface.
Obviously, Eq. [3] is not suitable to fit the above type of

g( t) Å g(`) / b exp(0kt) . [5]
kinetics. For this type of kinetics, Serrien et al. (14) sug-
gested to modify Eq. [3] by assuming that during the induc-
tion period slow, diffusion-controlled adsorption does not The interfacial tensions glv ( t) and gsl ( t) were used to fit Eq.
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62 VAN DER VEGT ET AL.

FIG. 4. Equilibrium interfacial pressure P(`) (denoted a / b, l) for adsorption of different proteins at the solid–liquid interface and its components
a (j) and b (difference) due to diffusion-controlled adsorption and conformational changes at the interface. a and b were obtained from a fitting
procedure on an average curve for three separate experiments, yielding an uncertainty in a and b of 0.9 and 0.6 mJrm02 , respectively, on an average.
Note that for RNase at the lower concentrations, experiments were not done, while for IgG at c Å 0.001 mgrml01 no convergence of the fit could be
attained.

[3] or [5] when appropriate to yield g(`) , the components a summarized in Tables 3 and 4, respectively, for both the
liquid–vapor and the solid–liquid interface.and b, and the parameters t and k .

In Figs. 3 and 4 the equilibrium interfacial pressures P(`)
for the liquid–vapor and solid–liquid interfaces are pre- DISCUSSION
sented together with their components a and b due to diffu-
sion-controlled adsorption and conformational changes at Most techniques to study the surface tension glv of pro-

tein solutions, like ring tensiometry, the Wilhelmy plate,the interface, respectively. The diffusion relaxation times
t and the rate constants k as resulting from these fits are or the capillary rise methods, neglect mass transport and
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63INTERFACIAL TENSION CHANGES DURING ADSORPTION

TABLE 3
Diffusion Relaxation Times t (s) for Diffusion-Controlled Adsorption of Different Proteins from Sessile Droplets

on FEP–Teflon toward the Liquid–Vapor and the Solid–Liquid Interface

Concentration
(mgrml01) 0.001 0.005 0.01 0.05 0.1 0.5 1 5

Liquid–vapor
LSZ a 136 a a 632 5 17 4
RNase b b a a a 48 77 1
aLA a 582 430 336 152 3 2 28
aLA(0Ca2/) a 212 27 106 99 2 2 2
BSA a a 937 573 355 10 11 3
IgG c 122 136 a 772 374 34 181

Solid–liquid
LSZ a a 727 a 706 205 139 11
RNase b b a a a 7 121 0.3
aLA c 1103 20 790 754 34 4 19
aLA(0Ca2/) a a 21 628 443 20 15 24
BSA a 319 544 20 465 424 29 228
IgG c 308 704 14 a 381 288 433

Note. The diffusion relaxation times presented were obtained from a fitting procedure on an average curve for three separate experiments, yielding an
uncertainty in t of 40% on an average.

a Not calculated due to the use of Eq. [5].
b Experiment not performed.
c No satisfactory convergence of the fit could be attained.

adsorption of proteins to other interfaces than the liquid– (5, 31) . Although it may be considered as an advantage of
ADSA-P that protein adsorption can be studied simultane-vapor interface under study. Methods in which proteins are

injected in the liquid phase may yield highly heterogeneous ously at both the liquid–vapor and the solid– liquid inter-
face, transport conditions are complex especially duringdistribution of proteins, while stirring influences mass

transport and hence the kinetics of the adsorption process positioning of the protein solution droplet, which makes an

TABLE 4
Rate Constants k (1003 s01) for the Conformational Changes during Adsorption of Different Proteins from Sessile Droplets

on FEP–Teflon toward the Liquid–Vapor and the Solid–Liquid Interface

Concentration
(mgrml01) 0.001 0.005 0.01 0.05 0.1 0.5 1 5

LSZ 0.1a 0.1 0.3a 0.4a 0.2 1.3 1.8 1.0
RNase b b 1.0a 0.2a 0.4a 0.5 0.6 1.8
aLA 0.1a 0.1 0.3 0.1 0.1 0.5 0.6 0.1
aLA(0Ca2/) 0.1a 0.2 0.2 0.2 0.2 2.5 2.4 2.1
BSA 0.5a 0.2a 0.1 0.1 0.1 0.7 0.3 0.2
IgG c 0.1 0.1 0.2a 0.1 0.1 0.2 0.2

Solid–liquid
LSZ 0.5a 0.4a 0.1 0.2a 0.1 0.1 0.1 0.5
RNase b b 0.2a 0.1a 0.1a 0.3 0.2 1.2
aLA c 0.1 0.2 0.1 0.1 0.3 0.8 0.4
aLA(0Ca2/) 0.1a 0.4a 0.2 0.1 0.1 0.5 0.7 0.4
BSA 1.0a 0.1 0.1 0.3 0.1 0.1 0.2 0.1
IgG c 0.1 0.1 0.1 0.2a 0.1 0.1 0.1

Note. The rate constants presented were obtained from a fitting procedure on an average curve for three separate experiments, yielding an uncertainty
in k of 20% on an average.

a Calculated by using Eq. [5].
b Experiment not performed.
c No satisfactory convergence of the fit could be attained.
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Most likely, during the induction period, adsorbed proteins
do not contribute to any change in interfacial tension until
they have changed their conformation, which may some-
times take a relatively long time. Also, as interfacial tensions
are related to surface excess concentrations rather than to
absolute adsorbed amounts, the concentration ranges for
which an appreciable induction period is seen may corre-
spond with a situation in which the excess concentration of
adsorbed proteins is zero. Consequently, the a part of the
spreading pressure would be zero, but a nonzero spreading
pressure may develop in time as a result of conformational
changes. Note that as a result of this interpretation, negative
surface excess concentrations at lower bulk protein concen-
tration may be expected, possibly giving rise to negative
interfacial tensions.

In an attempt to relate the relaxation time values to the
diffusion coefficients of the proteins, data were fitted to

t Å 1
D S dG

dCD
2

, [6]

in which G is the adsorbed amount of protein (14). Diffusion
coefficients obtained were reasonable for IgG (1.6 1 1007

cm2 s01 , compare Table 1) but were about 100-fold too
FIG. 5. Amounts of adsorbed protein at the solid–liquid interface (Gsl ) small for BSA, and 20- and 10-fold too small for aLA and

as a function of time, obtained from adsorption experiments with similar
LSZ, respectively. For RNase, the analysis did not work at100 ml solution droplets on FEP–Teflon as in the ADSA-P measurements,
all. These differences are probably due to the fact that in Eq.while making use of iodinated LSZ, RNase, or aLA in 10 mM KPi, pH 7.

For aLA(0Ca2/) no succesful iodination could be achieved. The bars [6] , the reaction component is neglected, i.e., all repulsive
indicate the standard deviations over three separate experiments. Data for interactions are assumed to be zero (‘‘barrierless adsorp-
BSA and IgG in 10 mM phosphate buffered saline, pH 7 have been pub- tion’’) and all adsorbed proteins are assumed to be in a
lished before (16, 17). Symbols: (l) 0.001 mgrml01 , (j) 0.005 mgrml01 ,

similar conformational state. Note that t is larger at the(m) 0.01 mgrml01 , (*) 0.05 mgrml01 .
solid–liquid interface than at the liquid–vapor interface (see
Table 3), probably indicating that the influence of the reac-
tion component is stronger at the solid–liquid interface thananalysis of the kinetics of interfacial tension changes at the

interfaces highly complicated. at the liquid–vapor interface. Tentatively, this could be due
to the fact that stronger interacting forces arise from a highThe model employed in this paper to analyze the kinetics

of the interfacial tension changes has been used before by density medium than from a vapor phase.
With regard to the adsorption component a of the totalSerrien et al. (14) for single interface adsorption of albumin,

casein, and buttermilk for pendant droplets and liquid–vapor interfacial pressure, it is noteworthy that the components a
are greater at the higher than at the lower concentrations,interfaces which were continuously expanded or com-

pressed. Although it was concluded that the model was suit- while the least hydrophobic protein RNase has the smallest
adsorption component. Regardless of hydrophobicity andable to describe the interfacial tension changes due to adsorp-

tion of these different proteins to the liquid–vapor interface, hardness, the conformational components b, in a stationary
endpoint of the adsorption process, are similar for all pro-it is disturbing that, due to the nature of the experimental

methods used, data were not consistent. teins, i.e., about 6 mJrm02 . The hardness of the proteins,
as inferred from the denaturation temperature (see Table 1),We found application of the model especially troublesome

when a so-called induction period (see Table 2) occurred. is mostly reflected in the rate constant k for the conforma-
tional changes: k values for aLA are larger when the stabilityWhereas others have simply shifted the time axis to eliminate

this problem (14), we found this unacceptable as proteins of the protein is decreased by the removal of its internal
calcium ion (compare Tables 1 and 4). The stabilities ofwere found to be present in the interface during the induction

period (unpublished, see Fig. 5) , and have chosen to use the other proteins probably do not differ enough to be re-
flected in the k values, even though they are generally higherEq. [5] in these cases, albeit that fitting remains difficult.
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