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Abstract Influence of pH of the BSA solutions on veloc-
ity of the rising bubbles, stability of foams, and properties
of single foam and wetting films was studied. It was found
that the solution pH affected significantly the BSA surface
activity and properties of the protein adsorption layer un-
der dynamic and static conditions. At pH close to the iso-
electric point (pHjgp = 4.8) the BSA showed the highest
surface activity. The equilibrium microscopic foam films of
thicknesses of 64—80 nm, depending on the BSA concentra-
tion, were obtained at pH = 5.8. Under dynamic conditions
the bubble rising velocity was reduced in a highest degree
and the foam formed were most stable at the solutions pH-
5.8 and 4.8. Lowering the bubble velocity shows that the
BSA adsorption layer was formed, which retarded fluidity of
the bubble surface. When the solution pH was significantly
lower (pH = 3.9) or much higher (pH = 10) than the pHgp
then the BSA practically had no influence on the bubble ve-
locity and the foam stability was drastically reduced. More-
over, the pH variations affected also the time of the three-
phase contact (TPC) formation on mica surface covered by
the BSA adsorption layers. These pH dependent changes in
the BSA surface activity indicate that the BSA linear con-
formers, existing at pH far away from the pHgp, have much
higher affinity to aqueous phase resulting from higher net
electrical charge present over the extended BSA molecule
conformers.
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1 Introduction

Protein adsorption at gas-liquid interfaces is important in
number of processes and study of the physico-chemical
properties of protein adsorption layers continues to be a
growing field of research. The early investigations have
shown that the protein adsorption layers are formed during
a long time, depending on the experimental conditions, the
protein nature and surface properties. However, dynamics of
the protein adsorption layer (PAL) formation and relation-
ship between interfacial rheology and protein structure re-
mains still unclear (Cascao Pereira et al. 2003a). The bovine
serum albumin (BSA) is the protein relatively well char-
acterized because has been used in many studies. The net
charge on the protein molecule in the bulk is the pH de-
pendent and can be either negative or positive, and many
properties of protein solutions are determined by the ex-
tent of hydrophobic surface exposed at the exterior (Yam-
polskaya and Platikanov 2006; Patino et al. 2007). In so-
lution the BSA molecule presents a versatile conforma-
tion modified by change in pH, ionic strength, presence of
ions which influence the protein structure and properties. It
is rather generally accepted that near the isoelectric point
(pHigp)—-ca. 4.7-5.1 (Rezwan et al. 2005; Jachimska et al.
2008) the BSA molecule has a triangular or heart-like shape,
while at low pH (below pH = 4) the BSA molecule is in
an expanded (E) linear state (Cascao Pereira et al. 2003a).
The native or normal (N) conformation exists in solution
within pH range 4.5-7 (Cascao Pereira et al. 2003a) and this
heart-like shape is the most compact structure (Shahid et al.
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1982). Albumin has tree helical homologues domains I, IT
and III and each domain is made of two subdomains shar-
ing a common helical motif (Khan 1986). The pH induced
conformational transitions are clearly described by Cascao
Pereira et al. (2003a). There are presented also schemati-
cally the crystal structure of the N form and configuration
of the F (fast) and E forms in acidic environment. At pH
from about 4.5 the BSA molecule changes its conforma-
tion from N to F form, and the F form is characterized by
a longer, less compact and increasingly asymmetric shape
of the molecule. The fast (F) form is characterized by in-
creased viscosity, lower solubility and significant loss in he-
lical content (Curvale et al. 2008). At pH below 4 the albu-
min structure undergoes further expansion into more linear
the E form (Cascao Pereira et al. 2003a). This F-E transition
causes further losing of the helical content and the molecu-
lar hydrodynamic axial ratio is increased (Shahid et al. 1982;
Curvale et al. 2008). In alkaline environment the BSA mole-
cule undergoes conformation changes initially into the B
(Basic) form and at pH ca. 10 into the form A (Aged). There
are no proposed structures available but transition to the B
form involves a volume increase and a decrease in helical
content (Cascao Pereira et al. 2003a).

The solution pH affects also surface activity of the BSA.
Okubo and Kobayashi (1998) reported that the BSA surface
activity was highest within the pH close to the isoelectric
point, and much lower at pH = 3 and 11. For example the
surface tension of 0.01 wt% (ca. 1.5 x 107 M) BSA so-
lution was ca. 52 & 1 mN/m within the region of the iso-
electric point and significantly higher (ca. 57 £ 1 mN/m) for
both highly acidic (pH = 3) and alkaline (pH = 11) envi-
ronments. These differences were even larger at lower BSA
concentrations (Okubo and Kobayashi 1998). Generally, the
bovine serum albumin is highly surface active substance and
starts to lower the surface tension at concentrations below
10~ wt% (acetyl BSA) (Graham and Philips 1979a), but
the equilibrium layers are formed during a long time (Gra-
ham and Philips 1979b; Berthold et al. 2007). Therefore, al-
though all conformers adsorb at the air/water interface, for-
mation of the PAL is strongly pH dependent.

Bubble rising method is a powerful tool for investiga-
tion of adsorption layer formation under dynamic condi-
tions. Velocity of the bubbles rising in surfactant solutions
is strongly slowed down (Levich 1962; Clift et al. 1978;
Sam et al. 1996; Liao and McLaughlin 2000; Zhang et
al. 2001; Zhang and Finch 2001; Krzan and Malysa 2002;
Krzan et al. 2004, 2007) due to presence of the adsorption
layer at their surfaces. Adsorption layer at the rising bub-
ble surface retards fluidity of the gas/liquid interface and
therefore the viscous drag exerted by continuous medium
is increased (Levich 1962). When the bubble starts to rise
then a non-uniform distribution of surfactant coverage along
the bubble surface (dynamic structure of adsorption layer)
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(Levich 1962; Dukhin et al. 1995, 1998) starts to be devel-
oped, as a result of the viscous drag exerted by continuous
medium on the surface. In such adsorption layer, called the
dynamic adsorption layer (DAL) (Dukhin et al. 1998), the
adsorption coverage (surface concentration) is at minimum
at the upstream pole of the moving bubble, while at the
rear pole is higher than the equilibrium coverage (Dukhin
et al. 1995). This gradient of the surface concentration re-
duces mobility of the bubble interface, due to surface ten-
sion gradients induced, and consequently the bubble ve-
locity is lowered. This causes an increase of the hydrody-
namic drag and the bubble velocity can be lowered even
by over 50%, at adsorption coverage’s assuring complete
immobilization of the bubble surface fluidity (Krzan and
Malysa 2002; Krzan et al. 2004, 2007; Malysa et al. 2005;
Krasowska and Malysa 2007). It was reported by Ybert and
di Meglio (1998) that also in BSA solutions of pH about
5.5 the velocity of the ascending bubbles was strongly re-
duced compared to the velocity in pure water. They con-
cluded that lowering of the bubble terminal velocity was
due to the BSA adsorption that “... progressively modified
the hydrodynamic conditions from a stress-free to a rigid
sphere ...” i.e. the BSA adsorption layer retarded mobility
of the bubble surface. Thus, at the solution pH = 5.5 the
BSA showed similar effect on velocity of the rising bubbles
as typical surfactants.

Under equilibrium conditions the stability of both foam
and emulsion films is governed by surface forces between
adsorbed protein layers and microscopic foam films are par-
ticularly suited for these studies. Investigation of protein
foam films formation under varying conditions of pH, ionic
strength, and degree of aging at the interface, shows that
charged BSA molecules adsorb at the air/water interface in
different manner (Cascao Pereira et al. 2003b). The forma-
tion of protein adsorption layers with optimal properties,
which allow the formation of stable black films, is deter-
mined by concentration and the isoelectric point of the pro-
tein (Yampolskaya et al. 1977; Yampolskaya and Platikanov
2006). Accordingly, stable films were observed when elec-
trostatic interactions were screened or the proteins were near
their isoelectric points. At pH < pHygp the films either rup-
ture during the process of thinning before the transition to
black films or stable thick films are formed. At pH > pHjgp
usually thick films become stable, for instance at pH = 8
(no salt added) the film thickness of approximately 83 nm
was reported (Clark et al. 1990). These results show the in-
fluence of protein solution pH on the foam film thickness.
Aging imparted mechanical rigidity of the interfaces, caused
nonuniform film drainage and the prolonged aging resulted
in the development of interfacial aggregates (Cascao Pereira
et al. 2003b).

The paper presents results of investigation on influence of
the solution pH on the BSA ability to affect velocity of the
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rising bubbles, properties of single foam films and foams
formed from the BSA solutions. It was found that the so-
lution pH affected significantly the velocity of the bubbles
rising in BSA solutions and stability of the foams and single
foam films.

2 Experimental

The measurements of the bubble local velocities and stabil-
ity of the wetting films formed during bubble collisions with
mica surface were carried out using the set-up presented
schematically in Fig. 1. Single bubbles were formed at the
capillary orifice of inner diameter 0.075 mm at the bottom
of a square glass column and in distilled water the diame-
ter of the bubbles formed was 1.48 £ 0.01 mm. The bubble
motion at various distances from the capillary was moni-
tored and recorded using the Motic Images Plus 2.0 digital
recording system. The bubble collision with mica surface
and time of rupture of the wetting film formed was recorded
using the high speed camera (1182 frames/sec). Sequences
of the recorded frames were analyzed frame-by-frame us-
ing the image analysis software (SigmaScanPro). Strobo-
scopic illumination of frequency 100 flashes per second was
applied in measurements of the bubble local velocity as a
function of distance from the capillary. Details of the set-up
and measurement procedures have been described in details
elsewhere (Krzan and Malysa 2002; Krzan et al. 2004, 2007,
Krasowska and Malysa 2007)

Foam stability measurements were carried out using the
set-up consisting of: a) cylinder glass column of inner di-
ameter of 45 mm with a fritted glass at the bottom, b) sy-
ringe pump for supply fixed amount of gas into the solu-
tion. Prior the experiments column was carefully filled with
50 ml of the studied solution in such way that no foam was
formed. Next, the constant volume of 91 ml of gas was in-
jected through the porous plate forming bubbles. The gas
flow rate was strictly controlled and in majority of the ex-
periments the gas velocity was 36 I/h. Heights of the foam
and solution columns were started to be measured automat-
ically, immediately after the gas injection, and the profiles
of the foam height decay were determined as a function of
the time. Details of the set-up and measurement procedures
were described in details elsewhere (Lunkenheimer et al.
2008, 2010).

The Scheludko-Exerowa glass cell (Exerowa and Krug-
lyakov 1998; Platikanov and Exerowa 2005) was used in
studies on properties of the single microscopic foam films.
The thin liquid film of a constant radius 100 pm was formed
by withdrawing the liquid from a biconcave drop hanging in
the glass film-holding tube of a radius R = 1 mm. The radius
ensures the capillary pressure in foam films experiments to
be close to those in bubble experiments. This cell is par-
ticularly advantageous for determining the ranges of action

of long-range and short-range surface forces and the transi-
tion between them, as well as the existence of the so-called
“metastable” films, i.e. simultaneous co-existence of both
thick films and black films (Exerowa and Kruglyakov 1998;
Platikanov and Exerowa 2005; Cohen et al. 1992). In order
to maintain equilibrium conditions in the cell, concerning
temperature (7 = 22°C) and vapor pressure, the measure-
ments were performed at least two hours after the tightly
closed cell was mounted on the microscope. The thickness
of the films was measured using the modernized microinter-
ferometric method of Scheludko and Exerowa (Exerowa and
Kruglyakov 1998). In the course of this work the experimen-
tal points are determined as the mean values of at least five
registered film thicknesses in three separated experiments.

As state of adsorption layers determines also stability of
the wetting films so time of the three phase contact (TPC)
formation at mica surface by the colliding bubble was stud-
ied to determine influence of the BSA solution pH on sta-
bility of the wetting films formed. Two series of the exper-
iments on the three-phase contact (TPC) formation at mica
surface modified by BSA adsorption were carried out. In the
first series the mica plates were immersed in 1.5 x 1077 M
BSA solutions of pH 3.9, 4.8 and 5.8. After 90 min of
immersion (time available for adsorption—t,45), the plates
were rinsed with large quantity of distilled water, mounted
at distance L = 300 mm above the capillary orifice and the
course of the bubble collision with the plate was recorded
in distilled water of pH = 5.8. In the second series the mica
plates were immersed in 6 x 10~7 M BSA solution of pH
5.8 for 90 min and the bubble collision experiments were
preformed in water of pH = 10.

Materials The bovine serum albumin (BSA) was pur-
chased from Sigma (M = 66.7 kDa) and used without fur-
ther purification. HCI, NaOH and NaCl (Merck) were used
for the solution pH and ionic strength adjustment. To remove
eventual organic impurities from NaCl the reagent sample
was heated at 550°C for two hours. Four-fold distilled water
and freshly cleaved plates of mica were used in the experi-
ments.

3 Results and discussion
3.1 Velocity of the rising bubbles

The bubble rising velocity is strongly lowered in surfac-
tant solutions due to retardation the bubble surface mobility
by the dynamic adsorption layer (DAL) formed (Marangoni
effect). Figure 2 presents profiles of the bubble local ve-
locity, i.e. velocity variations with distance from the cap-
illary orifice, in the BSA solutions of pH = 5.8. As seen
the bubble velocity started to be lowered at extremely low
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Fig. 1 Schematic of the
experimental set-up for
measurements of the bubble
rising velocity and the wetting
film stability

O

-]
9

i e R e e G R G i

MotiCam 2000
Digital Recording System

Liquid/gas or
liquid/solid interface

— (
High Speed Camera - !
Diffuser Light
1000 W
/£
/£

Diffuser Stroboscopic
lamp 100 Hz

Capillary

=}

ata transfer H

—]

BSA concentrations, ¢ > 4 x 1078 M of pH = 5.8. At
lower BSA concentration (¢ = 1.5 x 1078 M) the bub-
ble velocity profile was practically identical as in distilled
water, i.e. the detached bubbles accelerated rapidly and
then attained (after ca. 40 mm) the terminal (constant)
velocity of 34.740.3 cm/s. At the BSA concentrations
c>7.5x 1078 M the following three stages of the bub-
ble motion can be observed: i) acceleration, ii) maximum
followed by monotonic velocity decrease, and iii) attain-
ment or a tendency to reach the terminal velocity value.
With increasing solution concentration the position of the
maximum on the local velocity profiles is shifted towards
shorter distances, while its height and width are diminish-
ing. Thus, influence of the BSA in solutions of pH = 5.8
was similar to that of typical surfactants (Sam et al. 1996;
Liao and McLaughlin 2000; Zhang et al. 2001; Zhang and
Finch 2001; Krzan and Malysa 2002; Krzan et al. 2004,
2007; Malysa et al. 2005; Krasowska and Malysa 2007). At
the highest BSA concentration studied (¢ = 6 x 107 M) the
bubble terminal velocity of ca. 15-16 cm/s was attained al-
ready at distance of ca. 30 mm from the capillary orifice and
the maximum velocity was only ca. 25 cm/s.

Figure 3 presents influence of the solution pH on the lo-
cal velocity profiles in 6 x 10”7 M BSA solutions. As seen
the solution pH can affect significantly the bubble motion.
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Syringe pump
——

Variation of the solution pH from 5.8 to 4.8 had practically
no influence on the bubble velocity profiles. However, when
the solution pH was adjusted to strongly acidic (pH = 3.9)
and strongly alkaline (pH = 10) then the bubble motion was
almost no affected by the BSA presence. At pH = 10 the
bubble local velocity profile was identical as for distilled
water, while at pH = 3.9 the velocity started to be lowered a
bit at distances larger than 100 mm and the velocity lower-
ing was smaller than that one observed at pH = 5.8 for BSA
concentration of 4 x 1078 M.

The maximum on the bubble local velocity profiles in
surfactant solutions indicates, as showed in Krzan et al.
(2004, 2007) and Malysa et al. (2005), that the steady-state
(uneven) distribution of the surfactant coverage over the
bubble surface (dynamic adsorption layer—DAL) has not
been established there. Fact that this is also the case in the
BSA solutions is proved by the bubble shape variations at
different stages of the rising bubbles motion at BSA solu-
tion of concentration 6 x 10~ M and different pH showed
in Figs. 4 and 5. Note please, that besides photos presented
in Fig. 4 there are also marked the distances from the capil-
lary orifice and the bubble motion stages, determined from
the bubble local velocity profiles (see Fig. 3). As can be ob-
served in Fig. 4 the bubble shape was always spherical at the
capillary, but started to be deformed immediately after the
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Fig. 2 Profiles of the bubble local velocity in BSA solutions of differ-
ent concentrations at pH = 5.8
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Fig. 3 Influence of the solution pH on the bubble velocity in
6 x 1077 M BSA solution

detachment. Quantitative data on dependency of the bubble
shape deformation, expressed as a ratio of the bubble hor-
izontal and vertical diameters (dj,/d,), with distance from
the capillary are presented in Fig. 5 for 6 x 10~/ M BSA
solution of different pH. As can be noted the bubble shape
variations are in a good correlation with the local velocity
profiles presented in Fig. 3.

At the solution pH near the BSA pHigp (pH = 4.8 and
5.8), i.e. when there were three stages of the motion: i) ac-
celeration, ii) maximum followed by monotonic velocity de-
crease, and iii) attainment of the terminal velocity value,
these stages were accompanied by the bubble shape vari-
ations (compare Figs. 3-5). At the acceleration stage the
bubble shape deformation increases and reaches a maxi-
mum value at the point where the bubble velocity was at
maximum. Next, the deformation started to decrease (dur-
ing the deceleration stage) and a constant shape of the
bubble was established when the terminal velocity was at-
tained. Shape pulsations mean variations of the interfacial
area and adsorption—desorption processes counteracting the
surface area variations. It leads to variations in the sur-
face tension gradients induced and fluidity of the bubble
interface, which affects strongly the bubble local veloc-
ity.

When there was no maximum at the pH = 10 and after
the acceleration stage the bubble attained its terminal veloc-
ity then the bubble had a constant shape obtained at the point
of the maximum velocity. Note please that at pH = 10 the
bubble terminal velocity in 6 x 107 M BSA was the high-
est, equal to that at distilled water (34.5 cm/s), and therefore
the bubble shape was distorted in the largest extent. It can be
observed in Fig. 6, where influence of pH on terminal and
maximum velocity of the bubbles rising in 6 x 1077 M BSA
solution is presented.

At pH = 3.9 the bubble velocity at maximum and the
bubble shape deformations were similar as in the solution of
pH = 10. When at the distance 167 mm the velocity started
to decrease at the solution of pH = 3.9 then the bubble
shape deformation started also to decrease (see Figs. 3-5).
At pH = 4.8 and 5.8 the bubble terminal velocity was the
lowest (ca. 15 cm/s) and simultaneously the shape deforma-
tion were the smallest.

Formation of the dynamic structure of the adsorption
layer (DAL) is, as described above, the factor determining
local velocity profiles and value of the bubble terminal ve-
locity. When the bubble is formed at the capillary orifice
then there is adsorption going on at the growing bubble sur-
face. At the solutions pH near the BSA pHigp the bubble
velocity started to be lowered at extremely low BSA concen-
trations, where the diffusion kinetics was very slow. Let’s try
to estimate degrees of adsorption coverage for two limiting
values of the adsorption time: i) time interval between sub-
sequent bubbles detachment = 25 s and ii) time of the rapid
growth of the bubble size (when its radius exceeds the capil-
lary radius) = 1.6 s. The simplified Ward and Tordai solution
of the diffusion controlled adsorption model was used as a
first approximation (Dukhin et al. 1995):

. 2¢ | Dt
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Fig. 4 Bubble rising in solutions of BSA concentration 6 x 10~7 M and different pH

where 6; (1%) is a bubble surface coverage, c is the BSA so-
lution concentration, #; is a adsorption time, D is diffusion
coefficient (D = 6.7 x 10~ m?/s) (Ybert and di Meglio
1998) and 'y, is a surface concentration at close-packed
molecules monolayer ranging from 1.5 to 8 mg/m? (Mag-
dassi and Kamyshny 1996).

Figure 7 presents the bubble surface coverage calcu-
lated according to Eq. (1) for I'ne = 7 x 1078 mol/m?
(4.75 mg/m?, that is, an average value of the range 1.5-8
mg/m?, the BSA molecular mass = 66.7 kDa) as a func-
tion the BSA concentration, for two different adsorption
times ¢ = 1.6 s and 25 s. Generally, as expected, the ad-
sorption coverage for t = 25 s is significantly larger than for
t = 1.6 s. At the highest BSA concentration the 6 value for
t =25 s is almost five times larger than for r = 1.6 s. Nev-
ertheless, as can be observed, the bubble surface coverage’s
calculated are very small (less than 0.05%) for both adsorp-
tion times, even for the highest BSA concentration studied.
This was the reason that there was still a maximum at the
bubble velocity profiles (see Fig. 2) even in the case of BSA
solution of the highest concentration (6 x 10~/ M). The sur-
face coverage present at the bubble interface at the moment
of detachment was too small for establishment of the DAL
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sufficient for immediate immobilization of the interface of
the detached bubble. That is why some time (distance) was
needed to attained the bubble terminal velocity after its de-
tachment form the capillary orifice.

In acidic and alkaline environments the diffusion kinet-
ics is similar because the BSA concentrations are identi-
cal. Thus, lack and/or very small influence of the BSA on
the bubble velocity at highly alkaline (pH = 10) and acid
(pH = 3.9) indicates that there was no or much smaller BSA
adsorption at the bubble surface.

3.2 Stability of the foams formed

Foam layer is formed when the number of bubbles arriv-
ing (concentrating) at the liquid/gas interface exceeds the
numbers of the rupturing ones. Under dynamic conditions
the properties and stability of the foam formed depend not
only on the composition of the solution but also on the ac-
tual (usually non-equilibrium) state of the adsorption layers
at both interfaces of the foam films. When the rising bub-
bles arrive at the solution surface then the foam films start
to be formed and the top poles of the bubbles and local ar-
eas of the solution surface constitute the bottom and upper
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Fig. 6 Influence of pH on terminal and maximum velocity of the bub-
bles rising in 6 x 10~7 M BSA solutions

film interfaces. Durability of the foam films formed deter-
mines the solution foamability, i.e. “ability” of the system to
form foam and the foam stability, i.e. kinetics of the foam
column decay (Malysa and Lunkenheimer 2008). It needs
to be remembered that during the time of the foam decay
the system starts to shift from strictly dynamic conditions
towards more and more static, i.e. there is a trend to restore
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Fig.7 Surface coverage as a function of the BSA concentration

equilibrium adsorption coverage’s and in the case of very
stable foam systems the foam films can reach their equilib-
rium thicknesses.

Figure 8 presents data on influence of the solution pH
on stability of the foams formed from the BSA solutions
of concentrations 9 x 10~7 and 3 x 107® M. Generally, it
can be noted that the heights of the foam columns formed
(t = 0) were practically identical for these solution concen-
trations (see also Fig. 9) at pH 5.8 and 4.8. As seen the
decay of the foam columns started immediately after their
formation. The decay was quicker in the case of BSA solu-
tion of lower concentration (9 x 10~7 M). Moreover, vari-
ation the solution pH from 5.8 to 4.8 resulted in increasing
the decay velocity, i.e. the foam stability was lowered. At
pH = 3.9 and 10, that is far away from the BSA isoelec-
tric point, the stability of the foam was significantly low-
ered. As can be observed in Fig. 8 there was almost no
foam formation—heights of the foam formed were only ca.
15 mm and the foam ruptured within a few seconds. These
dramatic changes can be clearly noted in Fig. 9, where the
height of the foam columns at different times after their for-
mation is presented as a function of the pH for different BSA
concentrations. As seen, independently of the BSA concen-
tration, the foam stability was drastically lower at pH 3.9
and 10, what shows that the BSA adsorption ability was di-
minished there.

3.3 Equilibrium microscopic foam films

Figure 10 shows the effect of BSA concentration on equi-
librium thickness (%) of the microscopic foam films. As
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seen at the BSA concentration below 5.8 x 10~7 M the
thick equilibrium films of thickness 72-79 nm were ob-
tained, i.e. the films consisting of a thick aqueous core
surrounded by the BSA adsorption layers. Within the con-
centration range of 5.8 x 1077-5.8 x 10™® M BSA the
metastable region of the foam films thicknesses was ob-
served. This was the region where both the thick and black

@ Springer

films were formed and observed during every experiment.
The steady thickness of the black films in the metastable re-
gion was equal to 10 nm. Further increase of the BSA con-
centration resulted in formation of the thick films only—
the film thickness was below 70 nm due to increasing ionic
strength of the BSA solutions (see conductivity data on
Fig. 10).
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The fluctuations of % in the metastable region can be re-
lated to the low barrier in the disjoining pressure isotherm.
Such effect has been observed during previous studies of
microscopic foam films formed from non-ionic surfactants
(Cohen et al. 1992; Todorov et al. 2007). Another expla-
nation of this effect could be that the BSA absolute charge
is decreased due to small change in structural conforma-
tion and rearrangement of protein molecules at the inter-
face during adsorption. Note please, that the pH = 5.8
is close to the pHigp. To elucidate the effect of pH on
the foam films formation we investigated the dependence
of the film thickness on pH. Dependence of the thick-
ness of the foam films formed from the 1.5 x 1077 M
BSA solution on pH is shown in Fig. 11. As seen at the
region of the isoelectric point (pH = 4.4 and 5.2) and
at pH = 10 the film thickness was zero, that is, it was
not possible to obtain the equilibrium films. The films
formed were unstable and ruptured due to significantly
lower BSA adsorption at pH = 10 and diminished electro-
static repulsions at pH = 4.4 and 5.2, i.e. at vicinity of the
pHiep.

The variation of film thickness with pH appears to cor-
relate with the change in the extent of electrostatic interac-
tion within the adsorbed BSA layer. At pH equal or close
to the pHigp the films were unstable and ruptured after the
appearance of black spots, because the electrostatic repul-
sion were at a minimum since the net charge within the pro-
tein was close to zero. In this case a stable film formation
is not possible, because the adsorption layers are not suffi-
ciently densely packed due to very low BSA concentration.
At the BSA solutions pH slightly higher or lower than iso-
electric point (pH = 3.8 and 5.8) the thick foam films were

BSA concentration [M]

observed. Therefore, it is clear that the electrostatic repul-
sion between protein adsorption layers starts to increase as
the pH is shifted from the isoelectric point. At higher pH
(pH = 10) the films were again unstable because an increase
in the number of net charges within the protein also reduces
its tendency to adsorb at highly alkaline environment (Lu et
al. 1999). These results are in a good agreement with data on
protein interfacial layers formation on surface of the rising
bubbles reported above (see Fig. 3). At pH = 10 the bubble
terminal velocity was equal to that at distilled water, which
indicates that there was no BSA adsorption at the bubble
surface. Electrostatic intermolecular repulsions between the
cationic or anionic groups in BSA molecules at alkaline pH
are also important factor affecting the BSA adsorption at the
interface (Yampolskaya and Platikanov 2006).

Table 1 presents the thickness /4 of the foam films at
the pHigp and pH 5.8 for three different BSA concentra-
tions (cgsa). The selected concentrations are outside of
the metastable region. At isoelectric pH (pH = 4.8) for
1.5x 1077 M and 1.5 x 10~> M BSA the ruptured films with
black spot formation were observed. Increase of the BSA
concentration led to rheological drainage and decreasing in
film thickness. The thickness of black foam films is close
to those measured at metastable region in Fig. 10. At pH
5.8 the obtained foam films were the common thick. With
the pH decreasing (from 5.8 to the isoelectric point) the po-
tential of the diffuse electric layer decreases and at pH 4.8
tends to zero. As it was mentioned above, the black foam
films are formed when electrostatic repulsion between pro-
tein adsorption layers is screened. These results are in con-
formity with previous reported data for the BSA foam films
(Yampolskaya and Platikanov 2006).
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Fig. 11 Influence of solution pH on thickness (%) of equilibrium mi-
croscopic foam films formed from BSA solutions of concentrations
15x 107" M

Table 1 Foam film thickness at different pH of BSA solution

cgsa [M] h [nm]

pH4.8 pH5.8
1.5x 1077 ruptured at black spots 76.2
1.5%x 1073 ruptured at black spots 79.5
5.8x 1073 20.39 64.3

3.4 Stability of the wetting films at mica with the BSA
adsorption layer

Hydrophobicity of solid surface and electric surface charge
of the interacting interfaces are the factors of major impor-
tance for stability of the wetting films formed by the col-
liding bubble and the three phase contact (TPC) formation
(Krasowska et al. 2007; Zawala et al. 2008). Mica is a per-
fectly smooth and hydrophilic solid surface (water contact
angle is zero) and there is no TPC formation in distilled wa-
ter because the wetting film is stable. Thus, monitoring the
TPC formation on mica plates with the BSA molecules ad-
sorbed at different solution pH can supply some information
about the BSA molecules conformations. Table 2 presents
results of the experiments on the TPC formation in water at
mica surface covered by the BSA molecules adsorbed from
solutions of different pH. In the first column the details of
the mica surface modifications (BSA adsorption conditions)
are given, in the second—pH of the collision experiments, in
the third—the times of the TPC formation (tTpc), and in the
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fourth—the photos documenting the experiment outcome.
The tTpc values given in Table 2 are the time intervals from
the bubble first collision till the moment of the wetting film
rupture and the TPC formation. As can be seen in Table 2 in
the case of bubble collision with clean mica plate the wetting
film formed at mica surface was stable and the three phase
contact was not formed in distilled water. Hydrophilic mica
surface is negatively charge in distilled water and shows the
zeta potential within the range between —80 and —120 mV
(Scales et al. 1992; Zembala et al. 2003). As the bubble sur-
face is also negatively charged in distilled water with the
zeta potential values ranging from —35 mV (Stockelhuber
2003) to —65 mV (Graciaa et al. 1995; Lee and Li 2006), so
there were repulsive electrostatic interactions between inter-
faces of the wetting film formed. These repulsive interac-
tions assured stability of the wetting film and prevented the
TPC formation.

Adsorption layer of the BSA molecules at the mica sur-
face changed this situation completely—the TPC was al-
ways formed. Formation of the TPC on mica with the ad-
sorbed BSA molecules shows that due to the BSA adsorp-
tion the wetting film formed was destabilized. As can be
seen the frpc values were practically identical (220-230 ms)
for the BSA adsorption from the solutions of pH = 5.8 and
4.8. The BSA adsorption from the solution of pH = 3.9 re-
sulted in shortening the #rpc value to ca. 110 ms. Addi-
tionally, when the bubble collided in water of pH 10 with
the mica surface having the BSA adsorption layer formed
at pH = 5.8, then the TPC was formed only after 30 min.
These pH dependent differences in the trpc values indicate
that the wetting film destabilization by the BSA molecules
adsorbed at the mica surface was due to both increased mica
hydrophobicity by the adsorbed BSA molecules and vari-
ations of the surface electric charge. Within the pH near
the BSA isoelectric point (pH = 4.8 and 5.8), i.e. when the
net electric charge of the adsorbed BSA molecules is small,
the effect of the mica surface hydrophobization seems to
be the dominating. Fact that the BSA adsorption layer ad-
sorbed at pH = 3.9 caused shortening the TPC formation
indicates that there were additionally attractive electrosta-
tic interaction between the adsorbed linear the albumin E
form (showing positive net charge) (Cascao Pereira et al.
2003a) and the negatively charged surface of the colliding
bubble—these interactions facilitated rupture of the wetting
film formed. Prolongation the time of the TPC formation at
pH = 10 indicates that in these highly alkaline environment
there were some additional repulsive electrostatic interac-
tion, i.e. the adsorbed BSA molecules showed some nega-
tive electric charge. Appearance of these repulsive electro-
static interactions led to increased stability of the wetting
film formed by the colliding bubble and caused this signifi-
cant prolongation of the fTpc value.

Let us try to summarize the reasons of differences in the
BSA surface activity at different solution pH. According to
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Table 2 Results of the
experiments on stability of System pH frpc [ms] Photo
wetting films formed at the (D 2 3) (C))
modified mica surfaces by the
colliding bubble Fresh mica in distilled water 5.8 No TPC ;
Mica with adsorbed BSA 220+ 110
(1.5x 107" M, pH = 5.8, fo9s = 1.5 h) '
in distilled water | =58
Mica with adsorbed BSA 5.8 230 £ 60
(1.5 x 1077 M, pH = 4.8, t,qs = 1.5 h) '
in distilled water
Mica with adsorbed BSA 110 +40
(1.5x 1077 M, pH = 3.9, t,4s = 1.5 h) F
in distilled water
Mica with adsorbed BSA 10 TPC formed
(6 x 1077 M, pH = 4.8, f,gs = 1.5 h) after 30 min t

in distilled water

literature data the net charge on the protein is highly pH de-
pendent, and can contain both negative and positive charge
regions. Variations of the protein molecule conformations
in the solution bulk, due to the pH changes, caused the ob-
served significant differences in the BSA surface activity un-
der dynamic and static conditions. At pH close to the pHjgp,
the BSA showed the highest surface activity, i.e. the bub-
ble rising velocity was significantly reduced as a result of
the BSA adsorption at the bubble surface , and stable foam
columns were obtained. Moreover, stable microscopic black
foam films, which in the case of macromolecules usually
can be observed at pHigp, were obtained. When the solu-
tion pH was far away (pH 3.9 and 10) from the isoelectric
point then the BSA practically did not influenced the bubble
velocity (it was practically like in distilled water) and simul-
taneously, the foamability was drastically reduced. It seems
that these variations in the BSA surface activity were caused
by an increased affinity of the BSA molecules to the aque-
ous phase as a result of higher net electrical charge present
over the extended BSA molecule conformers. This is also
confirmed by the experiments on the TPC formation at mica
plate with the BSA adsorption layers obtained at different
solution pH. The shortest time of the TPC formation was ob-
served for the BSA adsorption layer obtained at pH = 3.9,
where the net charge of the BSA molecules was positive. It
shows that besides hydrophobization the mica surface there
appeared also additional attractive electrostatic interaction
at pH = 3.9, between the adsorbed BSA molecules showing
positive net electric charge and negatively charged surface of
the colliding bubble, which facilitated rupture of the wetting
film formed.

4 Conclusions

The surface activity of the bovine serum albumin (BSA) de-
pends strongly on the solution pH. Highest stability of the
foams and largest reduction of the bubble velocity was ob-
served for pH = 5.8 and 4.8 of the BSA solutions. When
the solution pH was significantly lower (pH = 3.9) or much
higher (pH = 10) then the BSA practically had no influence
on the bubble velocity and the foam stability was drastically
reduced. As presence of adsorption layer at the liquid/gas in-
terface is necessary for the foam stability and lowering ve-
locity of the rising bubbles so these data clearly illustrate
that surface activity of the BSA molecules was much lower
at pH = 3.9 and 10, i.e. at the bulk environment where the
BSA molecule has increasingly asymmetric (linear) shape.

Variations of the equilibrium foam film thickness with
pH appear to correlate with the change in the extent of the
electrostatic interaction within the adsorbed BSA layer. At
pH = 5.8 the microscopic foam films were the common
films of thickness 64-80 nm, depending on the BSA con-
centration. With the pH decreasing (from pH = 5.8 to 4.8)
the potential of the diffuse electric layer decreases and at
the isoelectric point (pH = 4.8) tends to zero. Therefore,
the films were unstable and ruptured after the appearance
of black spots, because the electrostatic repulsion were at
a minimum since the net charge of the protein adsorption
layer was close to zero.

The results obtained indicate that these significant varia-
tions in the BSA surface activity at different pH are due to
an increased affinity of the BSA molecules to the aqueous
phase, as a result of higher net electrical charge present over
the extended BSA molecule conformers. The net charge on
the protein molecule in the bulk is the pH dependent and
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can be either negative or positive. This is also confirmed
by the pH dependent variations of the time of three phase
contact formation (fTpc) at mica plate with the BSA adsorp-
tion layers, which hydrophobized the mica surface. Short-
ening the frpc at pH = 3.9, in comparison to pH 4.8 and
5.8, indicates the existence of additional attractive electro-
static interaction between the adsorbed positively charged
linear albumin E form and the negatively charged surface of
the colliding bubble. Much longer #1pc at pH = 10 indicates
that there were additional repulsive electrostatic interaction
between the negatively charged bubble surface and similarly
charged BSA molecules present at the mica surface.
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