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Bovine β-lactoglobulin (LGB) is a transport protein that can bind to its structure hydrophobic bioactive mole-
cules. Due to the lack of toxicity, high stability and pH-dependent molecular binding mechanism, lactoglobulin
can be used as a carrier of sparingly soluble drugs. Dynamic light scattering has confirmed LGB's tendency to cre-
ate oligomeric forms. The hydrodynamic diameter of LGBmolecules varies from 4 nm to 6 nm in the pH range of
2–10 and ionic strength I=0.001–0.15M,which corresponds to the presence ofmonoor dimeric LGB forms. The
LGB zeta potential varies from 26.5mV to−33.3 mV for I=0.01M and from 13.3mV to−16mV for I=0.15M
in the pH range of 2–10. The isoelectric point is at pH 4.8. As a result of strong surface charge compensation, the
maximum effective ionization degree of the LGB molecule is 35% for ionic strength I=0.01 M and 22% for I=
0.15M. The effectiveness of adsorption is linkedwith the properties of the protein, aswell as those of the adsorp-
tion surface. The functionalization of gold surfaces with β-lactoglobulin (LGB) was studied using a quartz crystal
microbalance with energy dissipation monitoring (QCM-D). The effectiveness of LGB adsorption correlates
strongly with a charge of gold surface and the zeta potential of the molecule. The greatest value of the adsorbed
mass was observed in the pH range in which LGB has a positive zeta potential values, below pH 4.8. This obser-
vation shows that electrostatic interactions play a dominant role in LGB adsorption on gold surfaces. Based on the
adsorbed mass, protein orientation on gold surfaces was determined. The preferential side-on orientation of LGB
molecules observed in the adsorption layer is consistent with the direction of the molecule dipole momentum
determined bymolecular dynamics simulations of the protein (MD). The use of the QCM-Dmethod also allowed
us to determine the effectiveness of adsorption of LGB on gold surface. Knowing the mechanism of LGB adsorp-
tion is significant importance for determining the optimum conditions for immobilizing this protein on solid sur-
faces. As β-lactoglobulin is a protein that binds various ligands, the binding properties of immobilized β-
lactoglobulin can be used to design controlled protein structures for biomedical applications.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

β-Lactoglobulin (LGB), which belongs to the lipocalin superfamily, is
the major whey protein in cow's milk. Under physiological conditions
(pH 7 and concentration N 50 μM) LGB is predominantly dimeric [1,2].
Self-association of LGB to form larger oligomers has been reported in
the pH range 3.7–5.2 with a maximum at approximately pH 4.6, just
below the isoelectric point [2,3]. The oligomerization is more pro-
nounced for isoform A than for isoform B indicating the involvement
of specific interactions in this process [3]. The biological function of
LGB is still unclear. It can bind to physiologically relevant ligands such
as steroids, fatty acids, retinoids, vitamin D, cholesterol and local anes-
thetics [4–7]. Despite of many investigations of LGB, adsorption on
).
different surfaces, such as stainless steel [8], chromium [9,10], silicon
[11], silica substances [12], polysulfone and polystyrene [13,14], the
mode of the mechanism of its adsorption on a solid surface, especially
on metals, remains to be clarified [15]. Understanding the adsorption
behavior of LGB on metal surfaces is essential for the reduction of bio-
fouling, a problem observed during food and drug production. Analysis
of the experimental data shows that there are still inconsistent opinions
about the mechanism of β-lactoglobulin protein adsorption concerning
adsorption kinetics, structural reorientation or conformation, and pro-
tein aggregation whether in a solution or on the surface [16,17].

The properties of the adsorbed protein layer are highly dependent
on the shape, effective charge and structure of the protein as these fac-
tors influence surface affinity, surface coverage, and hydration of the
layer. The reversibility of the protein adsorption process depends on
the polarity, hydrophobicity and surface roughness. Also, in the case of
proteins, a preferential interaction with the surface is observed, a
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consequence of occurrence of the heterogeneous surface of the protein
molecule. The development of new analytical techniques makes it pos-
sible to study protein adsorption with increasing accuracy [14,18–21].
Techniques such as quartz crystal microbalance (QCM), or surface plas-
mon resonance (SPR) enable a highly sensitive, qualitative, realtime,
label-free, and noninvasive detection of adsorbed macromolecules.

In this work, we determined several basic physicochemical proper-
ties of LGB, including the diffusion coefficient (expressed as hydrody-
namic diameter), electrophoretic mobility, which made it possible to
determine the isoelectric point, and the non-compensated charge of
the LGB molecule. As a substrate for adsorption, we chose gold owing
to the fact that this metal is an attractive surface for many biological
and medical applications, mostly due to its chemical stability and bio-
compatibility. Also, the number of investigations concerning the use of
a gold surface in modern science is constantly increasing. In our previ-
ous work, by using a wide range of methods, we demonstrated that
the conditions under which the adsorption occurred had a significant
influence on the structure and properties of the adsorbed protein
layer [22–24]. To qualitatively describe the LGB adsorption process on
the surface of gold, we have determined the zeta potential of gold
using the streaming potential method. The high sensitive technique of
a quartz crystal microbalance with dissipation monitoring (QCM-D) al-
lows us to determine the adsorbed amount and the visco-elastic proper-
ties of the adsorbed layer. Experimental data obtained from the QCM-D
measurements were analyzed using the Sauerbrey based model to ac-
quire quantitative information about viscoelastic properties of the pro-
tein layers formed on gold surfaces. These investigations lead to a
more profound understanding of the self-assembling behavior of LGB
layers, which are interesting candidates for drug delivery systems.

2. Materials and methods

2.1. Materials

A mixture of isoforms A and B of bovine β-lactoglobulin (≥90%,
Sigma) was used in the study of adsorption. The protein was dis-
solved in a high purity NaCl solution with a controlled ionic strength
(I = 0.001, 0.01, 0.15 M). The protein solutions were used without
additional purification.

2.2. Chromatography of LGB

Fast Protein Liquid Chromatography (FPLC) was used to analyze a
mixture of A and B isoforms of bovine LGB. Separation of the isoform
mixture was carried out using the ion-exchange chromatography
method with the FPLC ÄKTA purifier system (GE Healthcare).

Separation was performed on aMonoQ GL 5/50 anion exchange col-
umn (GE Healthcare) at a flow rate of 2 ml/min at room temperature.
For the separation process, high purity deionized water and 0.7 M so-
dium acetate with pH 6.3 were used [25].

2.3. UV–vis measurements

The LGB adsorption spectrumwasmeasured for protein solutions at
concentrations of 1–1000 ppm at an ionic strength of I=0.001 MNaCl,
using a UV–vis Evolution 300 spectrophotometer (Thermo Scientific) at
wavelengths from 190 to 1100 nm.

2.4. Density measurements

The density of LGB solutions was measured using a DMA 5000 M
density meter (Anton Paar), which is based on the oscillating U-tube
method. The measurements were conducted for a concentration range
from 100 to 7000 ppm at pH 6.5 and ionic strength of I = 0.001 M
NaCl at 25 °C.
2.5. Viscosity measurements

Viscosity was measured using a Lovis 2000 M/ME rolling ball
microviscometer (Anton Paar). The apparatus measured viscosity in
the range from0.3 to 10,000mPa·swith an accuracy of 0.05%.Measure-
ments on LGB solutions were conducted for a concentration range from
100 to 7000 ppm at an ionic strength of I=0.001 M NaCl at 25 °C.

2.6. Dynamic light scattering and electrophoretic mobility measurements

The size of LGBmolecule wasmeasuredwith the dynamic light scat-
tering (DLS) method using Zetasizer Nano ZS (Malvern). This technique
measures the time-dependent fluctuations in the intensity of scattered
light that occur because particles undergo Brownianmotion. The analy-
sis of these intensityfluctuations enables the determination of the diffu-
sion coefficients of particles, which are converted into a size
distribution.

The electrophoretic mobility of LGB solutions was measured using
the Doppler effect (LDV – Laser Doppler Velocimetry). The results
were used to determine zeta potential and isoelectric point (i.e.p.) of
the studied protein.

The hydrodynamic diameter and electrophoreticmobility of LGB at a
concentration of 1000 ppm in a NaCl electrolyte solution were mea-
sured for three ionic strengths (I = 0.001 M, I = 0.01 M, I= 0.15 M)
at pH ranging from 2 to 10.

2.7. Quartz crystal microbalance with dissipation (QCM-D)

Adsorption of the protein on a gold surface was monitored using a
quartz crystal microbalance with energy dissipation monitoring (Q-
Sense E1, Biolin Scientific). The flow rate in the measurement system
was controlled via a peristaltic pump. The baseline was determined by
a 10min flow of NaCl solution with an appropriate ionic strength. Ad-
sorption of the protein at a concentration of 5 ppm was conducted for
t = 90 min. After adsorption, the system was rinsed with a NaCl
solution of specified ionic strength for t=90min. Adsorption was con-
ducted at a pH ranging from 3.5 to 9, the pH was adjusted by the addi-
tion of high purity HCl or NaOH. The measurements were conducted at
25 °C.

2.8. Surface zeta potential of gold QCM-D sensor

The surface zeta potential ofmacroscopic solids such as the gold sen-
sor used in the QCM-D experiments is commonly determined from the
streaming potential measurements using the classical Helmholtz-
Smoluchowski equation

ζ ¼ dUstr

dΔp
� η
ε � ε0

� κB ð1Þ

where dUstr/dΔp is the streaming potential coefficient, η and ε are the
viscosity and dielectric coefficient of water, ε0 is the vacuum permittiv-
ity, and κB is the electric conductivity of the aqueous solution. According
to Eq. (1) the streaming potential, which is a d.c. voltage generated by
the flow of an aqueous solution through a capillary surrounded by the
sample surface gets compensated by the bulk conductivity of the elec-
trolyte solution. The approximation of the conductance of the flow
channel by the bulk conductivity is valid for the zeta potential analysis
of non-conductive material surfaces. However, in the case of the gold
sensor, the QCM-D quartz disk is covered by a conductive gold layer,
which serves as the adsorbent surface but also as the electrode for acti-
vating the sensor oscillation in the QCM-D experiment. The additional
conductance introduced by the gold surface and its effect on the stream-
ing potential coefficient are not considered by Eq. (1) and commonly
lead to an apparent zeta potential only. Therefore the alternative ap-
proach for surface zeta potential analysis, i.e., the measurement of
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streaming current, was used instead. The zeta potential is then calcu-
lated according to

ζ ¼ dIstr
dΔp

� η
ε � ε0

� L
A

ð2Þ

where dIstr/dΔp is the streaming current coefficient, and L and A are the
lengths and the cross-section of the flow channel. The knowledge of the
cell constant L/A of the flow channel restricts the application of Eq. (2)
to the zeta potential analysis in single capillaries with a regular cross-
section, e.g., circular, square, or rectangular. Two gold sensors (14 mm
diameter, 300 μm thickness) are mounted opposite of each other inside
the Adjustable Gap Cell for 14mmDisks and separated by a distance of
approx. 100 μm. This sample arrangement introduces a flow channel,
whose shape may be approximated by a rectangular channel. Although
the average length and width estimate a cell constant L/A=1, calibra-
tion with a non-conductive polymer show L/A= 1.5. Such calibration
is based on the fact that for a non-conductive material surface, the
zeta potential results calculated from Eqs. (1) and (2) coincide (pro-
vided that the ionic strength is high enough to suppress any contribu-
tion of interfacial conductance).

The streaming currentwas sensed by highly reversible Ag/AgCl elec-
trode. The zeta potential of gold sensors was determined in an aqueous
solution of 0.01 M NaCl at different pH adjusted with 0.05 M HCl and
0.05 MNaOH, respectively. Throughout the series of surface zeta poten-
tial analyses, the electrolyte solution was continuously purged with ni-
trogen (N2 5.0) to prevent dissolution of carbon dioxide (CO2) from the
ambient.

To evaluate the effect of frequent sensor cleaning after each QCM-D
experiment and to confirm the absence of Na+ and Cl− ion adsorption,
measurements were also performed in 0.001 M NaCl and for new and
used gold sensors.

3. Results and discussion

3.1. Physicochemical properties of LGB

The crystal structure of LGB has been reported by several groups.
Similar to other proteins of the lipocalin family, the core of themolecule
Fig. 1.Crystal structure ofβ-lactoglobulinwith a cartoon representation of the secondary structu
4IB8) is shown in green, whereas pink color represents structure of isoform B (PDB ID: 4IBA).
is an eight-stranded up-and-down beta-barrel comprising of beta-
strands A to H (Fig. 1) [26].

The ninth beta-strand (I) is responsible for dimerization [1,27–29].
The long hydrophobic pocket located inside the beta-barrel is the pri-
mary ligand-binding site. The entrance to the binding pocket is
surrounded by the flexible loops: AB, CD, EF and GH, whereas loops
BC, DE and FG are located at the bottom of the beta-barrel [30]. Small
fragments of the LGB chain consist of three alpha-helices [31]. Ligand
binding in the beta-barrel has been confirmed by numerous crystal
structures. However, the presence of alternative binding sites has al-
ready been postulated. Among them are the hydrophobic groove be-
tween alpha-helix and beta-barrel, a surface site near the entrance to
the beta-barrel close to Trp19-Arg124, and the dimerization interface
[1,28]. Only the first site has been confirmed by the crystal structure
of LGB with vitamin D3 [32].

LGBwas thefirst protein inwhichpolymorphismwas found, and ten
isoforms have been identified. The two prevalent isoforms of LGB in
milk, isoforms A and B, differ by two amino acid substitutions: Asp64
and Val118 in isoform A are replaced in isoform B with glycine and ala-
nine, respectively [33,34]. Even though the primary structure is differ-
ent for isoforms A and B, the studies performed by circular dichroism
and X-ray diffraction proved that both variants have the same three-
dimensional structure [35,36]. To determine the ratio between individ-
ual isoforms, present in the purchased preparation, the FPLC method
was used (Fig. S1). Based on the surface area of the peak, the LGB-A to
LGB-B ratio was found to be 2:1.

TheUV–vis study showed that the LGB spectrum in theUV range has
two maxima (Fig. S2). The maximum at a wavelength of 193 nm is
assigned to the peptide bond, whereas the absorption in the 260–290
nmrangewith amaximumat 278 nmoriginates fromaromatic residues
of amino acids, mainly Trp and Tyr, in the polypeptide chain. An LGB
molecule has Trp residues at positions 19 and 61, and Tyr residues at po-
sitions 20, 42, 99 and 102. The absorption value of the LGB solution in
the studied concentration range (from 1 ppm to 100 ppm) increased
from 0.01 to 0.12 in accordancewith the Beer-Lambert law, with amax-
imum at 278 nm. At a wavelength of 193 nm, the absorbance ranges
from 0.2 to 2.9.

The density of LGB solutions at concentrations from 100 to 7000
ppmwasmeasured at an ionic strength of I=0.001 M. The dependence
of LGB solution density on LGB concentration is linear. The apparent
re elements: beta-strands (letters A–I) andα-helix (α). The structure of isoformA (PDB ID:



Fig. 2. a) LGB solution densities as a function of LGB concentration, b) LGB relative density (ρe/ρsus) as a function of weight fraction (w) for ionic strength I=0.001M NaCl at pH= 5.5.

98 B. Jachimska et al. / Bioelectrochemistry 121 (2018) 95–104
protein density ρp was determined on the basis of the dependence of
the relative density (ρe/ρsus) on the weight fraction (w) (Fig. 2) using
the equation:

ρp ¼ ρe

1þ tgα
ð3Þ

where ρe is the solvent density and tg α is the tangent of the relative
density slope ρe/ρsusp as a function of weight fraction.

The value of the LGB apparent density was found to be 1.32 g/cm3,
which is close to 1.33 g/cm3, as reported by Renard [37].

The dynamic viscosity η and kinematic viscosity νweremeasured at
physiological pH in the concentration range of 100–7000 ppm at an
ionic strength of 0.001 M. Both η and ν increase as protein concentra-
tion increases. The dynamic viscosity of LGB solutions at concentrations
from 100 to 7000 ppm varied from 0.9913 to 1.0200 mPa·s, whereas
the kinematic viscosity varied from 0.9927 to 1.0203 mm2/s.

The diffusion coefficient of LGB was determined using the DLS
method. From this value the hydrodynamic diameter (DH) of LGB mol-
ecules was calculated from the Stokes equation:

DH ¼ kT
3πηD

ð4Þ

where D is the diffusion coefficient, and η is the dynamic viscosity of
water, k the Boltzmann constant, T the absolute temperature.

The hydrodynamic diameter of LGB molecules ranges from 4 nm
to 7 nm for pH 2–10 and I = 0.001–0.15 M. At a low ionic strength
(I = 0.001 M), LGB monomers are present, whereas an increase in
the solution ionic strength results in the formation of dimers. At
Fig. 3. Hydrodynamic diameter (DH) of LGBmolecules as a function of pH in the range 2–10 for
represents i.e.p., dotted lines in panel a shows the range below and abovewhich LGB aggregates
to dimer according to Eq. (5).
extreme pH values, aggregates with a radius of 700 nm and 1200
nm are present (Fig. 3). The size of aggregates increases with the
solution's ionic strength. This is consistent with data reported in
the literature, which shows that at pH 3.7–5.2, LGB irreversibly
forms oligomers: this effect is greatest at pH 4.6 [3]. The tendency
for aggregation is the consequence of the low charge of protein
around the isoelectric point. At high pH N9.5, protein lost natural
structure and occurs in oligomeric denatured form.

It is advantageous to approximate the true protein shape by a prolate
spheroid shape because its hydrodynamic radius can be calculated ana-
lytically using the expression [38]

RH ¼
a λ2−1
� �1=2

cosh−1λ
ð5Þ

where λ=a / b is the aspect ratio parameter having major significance
for predicting the hydrodynamic behavior of spheroidal particles, and b
and a are the shorter and the longer semiaxes of the spheroid,
respectively.

With the assumption of a prolate spheroid shape and Eq. (5), the LGB
monomer (4.0 × 4.4 × 3.7 nm, λ = 1.18, RH = 2.56 nm) and dimer
(7.7 × 4.4 × 4.2 nm, λ = 1.83, RH = 3.23 nm) have a hydrodynamic
diameter of DH = 5.12 nm and DH = 6.46 nm, respectively. These cal-
culated diameters are indicated as dashed horizontal lines in Fig. 3b.

Using laser Doppler velocimetry (LDV), electrophoretic mobility of
protein solutions was measured in the pH range 2.5–10.5. Changes in
the electrophoretic mobility of an LGB solution as a function of pH is
shown in Fig. 4a for three ionic strengths. Thus determined electropho-
retic mobility varies from−3.9 to 3.3 × 10−8 m2(V·s)−1 and from−1.9
I=0.001M (■ green), I=0.01M (● red) and 0.15M (▲ blue). The dashed vertical line
, dashed horizontal lines in panel b shows theDH limitswhere LGB transfers frommonomer



Fig. 4. Changes in a) electrophoretic mobility μe, b) zeta potential ζ of LGB and c) effective chargeNc of LGB as a function of pH for ionic strengths I=0.001M (● blue) I=0.01M (▼ red)
and I=0.15M (■ green). The dashed line shows i.e.p. for LGB.
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to 1.6 × 10−8 m2(V·s)−1 for solutions with ionic strengths I= 0.01 M
and I= 0.15 M, respectively. For ionic strength I= 0.001 M measure-
mentswere performed only in pH range from3.5 to 6.5, and electropho-
retic mobility varies from −3.0 to 2.0 × 10−8 m2(V·s)−1.

The measured dependence of electrophoretic mobility on the solu-
tion pH and the hydrodynamic diameter made it possible to estimate
the zeta potential of LGB molecules (Fig. 4b) from Henry's formula:

ζ ¼ 3ημe

2εf κað Þ ð6Þ

where ζ is the zeta potential, μe is the electrophoretic mobility, ε is
the dielectric constant, η is the viscosity and f(κa) is Henry's func-
tion (f(κa) = 1.0 for I = 1 × 10−3 M, 1.03 for I = 1 × 10−2 M, 1.1
for I = 0.15 M). The isoelectric point (i.e.p.) of LGB was also deter-
mined: it has the same value (pH 4.8) within the range of ionic
strength studied. This value lies in the range of 4.7–5.2 reported in the
literature [39–42]. As isoform A has i.e.p. located at higher pH than iso-
form B (the presence of an Asp residue at position 64 makes it slightly
more negatively charged as compared to isoform B) [8], and taking
into consideration that the studied preparation contained isoforms A
and B in the ratio 2:1, the i.e.p. 4.8 is near the lower end of the range
of values reported in the literature.

In solutions with an ionic strength of I = 0.01 M, zeta potential, ζ
ranged from −33.3 to 26.5 mV, whereas in solutions with a higher
ionic strength of I = 0.15 M, values of zeta potential ζ ranged from
Fig. 5. Location of polar amino acid residues on LGB surface: glutamic acid (green), aspar
−16.0 to 13.3 mV. The obtained zeta potential values show that the
net charge of LGB molecules at pH b 4.8 is positive, whereas at pH
N 4.8, the protein molecules are negatively charged.

The effective charge (q) of LGB was calculated from the electropho-
retic mobility and the hydrodynamic radius using the Lorentz-Stoke
equation:

q ¼ kT
D

μe ¼ 6πηRHμe ð7Þ

Taking into account the value of the elementary electric charge, e =
1.602 · 10−19 C, the average number of elementary charges per mole-
cule, Nc, was calculated by:

Nc ¼ 6πηRH

e
μe ð8Þ

In the range of pH 2.5–10.5, the value of Nc varied from −8.5 to 6.7
and from −4.2 to 3.4 in solutions with ionic strengths of I = 0.01 M
and I=0.15M, respectively (Fig. 4c).

Isoform A (LGB-A) contains 47 charged amino acid residues (15 ly-
sine residues, 3 arginine residues, 11 aspargine acids, 16 glutamic
acids, 2 histidines), which can be protonated or deprotonated. In the
molecule of isoform LGB-B, there are 46 charged amino acid residues,
because the aspargine acid residue at position 64 is replaced by glycine.
The positions of polar amino acid residues are shown in Fig. 5.
gine acid (blue), lysine (yellow), arginine (orange), histidine (pink) [PDB ID: 1BSQ].
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The net charge of the LGB A molecule is −8.7e, whereas that of the
LGB-B molecule is −7.7 (at pH 7.0). At pH values below the i.e.p., LGB
molecules are protonated and the theoretical average charge in acidic
solutions at pH = 3.5 is 17.3 (17.4 for LGB-B); in solutions with pH
above i.e.p., LGB molecules donate protons and acquire a negative
charge of −7.5 (−6.5 for LGB-B) at a native value of pH = 6.3,
whereas in alkaline medium of pH = 9.5 the protein molecule has a
charge of −19.3 (−18.1 for LGB-B) [43].

In analyzing the 3D structure of the studied protein and taking into con-
sideration themodified number of charged amino acid residues, the nomi-
nal number of charges Nm was determined [44]. The effective ionization
level α of the LGB molecule is equal to the ratio of the average number of
elementary charges Nc to the nominal number of charges Nm in the mole-
cule at a given pH, α=(Nc /Nm)·100%. At μe=−2.1 × 10−8m2(V·s)−1

(I=0.01M, pH 6.3) and RH=2.35 nm, Nc is equal to 5.2. As the nominal
number of charges in an LGB molecule is 26 and 25 for LGB-A and
LGB-B, respectively, the effective ionization level α is 20.0% for isoform
A and 20.8% for isoform B. In a solution with ionic strength I=0.15 M,
μe =0.9 × 10−8 m2 (V·s)−1 (pH 6.3, RH = 2.4 nm, Nc = 1.0) the effec-
tive ionization level α=4.0% for isoform A and 3.8% for isoform B.

Both the nominal number of charges Nc and the effective ionization
level strongly depend on the solution's ionic strength and pH. The
value of the effective ionization level for a solution with an ionic
strength of I = 0.01 M is five times higher than that for a solution
with an ionic strength of I = 0.15 M at the same pH. The obtained
value of the effective ionization level shows that the phenomenon of
compensation of a nominal number of charges Nm occurs. In analyzing
the protonation of a protein molecule, it is extremely important to
know how charged amino acid residues are spatially arranged. The
amino acid residues that affect the net charge can be located on the sur-
face of the molecule or inside the molecule, which is of key importance
for the exchange of protons and adsorption on the surface of protein
molecule [24].
3.2. Zeta potential of gold surface

Fig. 6 shows the pH dependence of the surface zeta potential for the
gold sensors used in the QCM-D adsorption experiments. The zeta po-
tential was first determined at the native pH of the aqueous 0.01 M
NaCl solution, i.e., at pH 5.5–6, followed by a titrationwith acid to obtain
the i.e.p. The gold sensors were then maintained in the measuring cell,
pH
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Fig. 6. pH dependence of zeta potential for pristine (◊, □) and used-and-cleaned (Δ, ○)
gold sensor disks for QCM-D adsorption experiments determined in 0.01 M NaCl. Open
squares (pristine sensor) and open circles (used sensor) represent the repeated titration
from high to low pH.
rinsed with deionized water and the streaming current was repeatedly
measured in fresh 0.01 M NaCl before titration to high pH. Subse-
quently, the titration was reversed again now starting at high pH and
proceeding towards the i.e.p. again.

The change of the electrolyte solution and the exposure of the gold
surface to water and acidic conditions do not affect the zeta potential,
which confirms the high stability and chemically inert behavior of
gold in aqueous surroundings. The titration from high to low pH, how-
ever, shifts the i.e.p. from pH 3.7 to slightly lower pH 3.4. We assume
that carbonate ions dissolved in the NaOH stock solution accumulate
at the gold surface and drive the gold-water interface more acidic. The
nitrogen purge of the electrolyte solution,which is continuously applied
throughout the measurement, is little effective to remove CO3

2– ions. On
the other hand, we observe a reproducible i.e.p. at pH 3.3 for pristine
gold sensors but again a shift in the i.e.p. similar to the used sensors
for ameasurement in 0.001 MKCl (Fig. S4). Schrems et al. [45]. reported
an i.e.p. 2.9 for gold sensors measured in an aqueous 0.001 M KCl solu-
tion and a zeta potential of ζ=−33mV at pH 5.6. The zeta potential at
pH 5.6 matches the result obtained for pristine gold sensors in 0.001 M
KCl (Fig. S3) but the i.e.p. reported by Schrems et al. is further shifted to
lower pH due to the missing nitrogen purge of the electrolyte solution.
At the higher ionic strength of 0.01 M, the double layer at the gold-
water interface gets further compressed and the decline of the double
layer potential is steeper. The effect of ionic strength in the range of
0.001–0.01 M on the zeta potential of gold is more pronounced than
the corresponding effect on LGB. The contribution of interfacial charge
introduced by the adsorption of water ions (hydroxide, OH−, and hy-
dronium, H3O+) on the gold surface adds to the explanation of this dif-
ference [46].

Besides the interfacial charge by adsorbedwater ions, the quartz sur-
face, which remains uncovered by the gold electrode surface of the
QCM-D sensor and thus gets exposed to the aqueous solution, is ex-
pected to contribute to the surface zeta potential of gold sensors. The
outer quartz ring of the sensors has a width of 1 mm, which makes
their total surface composed of 73.5% gold and 26.5% quartz. The i.e.p.
for fused silica is reported at pH 2.9 [47]. Assuming the same surface
roughness for the quartz substrate and the thin-film gold coating, the
specific surface areas for SiO2 and Au are equal to the corresponding
geometric areas, and the assumption of area-weighted contributions
of quartz and gold to the as determined zeta potential ζmeasured applies.
The correct zeta potential of gold may then be calculated according to
[48].

ζmeasured ¼ x ζgold þ 1−xð Þ ζquartz ð9Þ

with x=0.735.
The i.e.p. for solely the gold surface of the QCM-D sensor, which is

experienced by LGB during the adsorption experiment, is then esti-
mated at pH 4 and thus matching the i.e.p. of material surfaces that
lack functional groups [46].

In summary the gold surface and gold-water interface, respectively,
is positively charged below the experimentally determined i.e.p. 3.5 and
negatively charged above the calculated i.e.p. 4. Below pH 3.5 and above
pH 4.8 (i.e., the i.e.p. of LGB), LGB and gold are equally charged whereas
in the range of pH 3.5–4.8, protein and adsorbant surface assume an op-
posite charge. The relative charging behavior is reflected by the kinetics
and efficiency of LGB adsorption on gold discussed in the next section.

3.3. LGB adsorption on gold surface

Adsorption of LGB onto a gold surface was studied by QCM-D. The
measurements were conducted in NaCl electrolyte solutions with
ionic strengths of 0.001, 0.01 and 0.15M (Fig. S4). The solution concen-
tration of LGBused during adsorptionwas5 ppm. To characterize the ef-
fect of pH on the LGB adsorption on the gold surface, measurements
were conducted at pH ranging from 3.5 to 9.5.
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Adsorption of LGB onto the QCM-D sensor surface results in a con-
siderable decrease in Δf and a slight increase in ΔD over time, where
Δf and ΔD are the changes in the frequency and dissipation of the oscil-
lating QCM-D sensor, respectively. The registered curves of the depen-
dence of Δf and ΔD on time of protein adsorption in 0.001 M NaCl at
different pH are shown in Fig. 7. The curves have a similar shape: the
greatest changes in Δf take place in the initial phase of the experiment,
themaximum occurs for moderately acidic medium, whereas when the
pH of the LGB solution exceeds the i.e.p., the value of Δf gradually, but
significantly decreases. In a solution with an ionic strength of I =
0.001M at pH ranging from 3.5 to 4.5, the resonance frequency reaches
the lowest value; whereaswith increasing pH in a range from 5.5 to 9.5,
a strong decrease in Δf takes place. The values of Δf in solutions with
ionic strengths of 0.01 and 0.15 M (Fig. S4) also decrease with an in-
crease in pH in the range of 5.5–9.5, but this decrease is not as distinct
as in the experiment conducted at an ionic strength of 0.001 M. An in-
crease in the ionic strength causes screening of the protein charge,
which consequently leads to a decrease in repulsive electrostatic forces
between protein molecules, thus facilitating the formation of a packed
adsorption layer on the sensor surface.

When the system is rinsed after adsorption with NaCl solution, it
does not cause significant changes inΔf or ΔD; this shows that irrevers-
ible adsorption of LGB occurs. At an ionic strength of I= 0.15 M, only
2–5% of the proteins desorb, whereas at smaller ionic strengths (I =
0.01 M, I=0.001 M) desorption ranges from 15 to 25% of the protein,
depending on pH.

In all experiments conducted at different values of pH and ionic
strength, the LGB layers are characterized by a small dissipation (ΔD b

1 × 10−6) which shows that the layers of adsorbed protein are rigid.
From the resonance frequency values, using the Sauerbrey model, the
mass of adsorbed LGB layer was found. The Sauerbrey model describes
the linear dependence between the resonance frequency and the mass
adsorbed onto the sensor surface, as described by:

Γ ¼ −C
Δ f
n

ð10Þ

where Γ is the adsorbed mass (ng/cm2), C is the sensor constant (17.7
ng/cm2), Δf is the change in the resonance frequency, and n is the over-
tone mode.

The decrease in the resonance frequency corresponds to the increase
in the adsorbed mass. The Sauerbrey model is in good agreement with
themeasurements when used to describe “rigid layers”which are char-
acterized by low dissipation. In all our experiments (at ionic strengths
from 0.001 to 0.15 M), the greatest values of adsorbed protein mass
were observed at acidic pH values about 3.5–4.5, whereas at pH
5.5–9.5, a distinct decrease in the mass of adsorbed LGB can be ob-
served. The maximum value of ΓLGB at individual ionic strengths is
Fig. 7.Resonance frequency (Δf) and dissipation (ΔD) as a function of time (t) for ionic strength
the sensor with an electrolyte solution.
232.6 ± 1.1 ng/cm2 for I=0.001M, 264.7± 1.3 ng/cm2 for I=0.01 M
and 307.8 ± 1.4 ng/cm2 for I= 0.15 M, which shows that the mass of
adsorbed protein increases with an increase in the solution ionic
strength. The maximum of the adsorbed protein mass is often observed
for solutions with pH close to the protein's isoelectric point [49,50].

From the QCM-D results, it can be inferred that β-lactoglobulin is
more strongly adsorbed at pH values below its i.e.p., which is associated
with the dominant role of electrostatic interactions [10,14]. Positively
charged LGBmolecules interact with the negatively charged sensor sur-
face. This demonstrates the generally observed fact that adsorption is fa-
vored when the protein and the surface have opposite charges because
electrostatic attraction facilitates migration of protein molecules to-
wards the surface [14,51]. At pH values above the i.e.p. of LGB, both
the protein molecule and the gold surface are negatively charged: in
spite of this, LGB is adsorbed on the surface of gold bymeans of interac-
tions with positive domains on the protein surface. In this case, how-
ever, the intensity of adsorption is much smaller. This shows that in
LGB adsorption, hydrophobic forces have a smaller effect than electro-
static forces.

It is known from the literature that LGB occurs in the form of mono-
mers or dimers – depending on the environmental conditions. The di-
mensions of monomer and dimer molecules are: 4.0 nm × 4.4 nm ×
3.7 nm and 7.7 nm × 4.4 nm × 4.2 nm [34,52,53], and their molecular
weights are 18.3 kDa and 36.6 kDa, respectively. Using the Random Se-
quential Adsorption (RSA)model for an ellipsoid [54], the surface excess
ΓLGBRSA was determined for an LGB monolayer by:

ΓRSALGB ¼ MLGB

na � ALGB
� ΘRSA ð11Þ

with

Asideonab
LGB ¼ π � a � b ð12Þ

where a, b and c are the ellipsoid semi-axes, ΓLGBRSA is the theoretical sur-
face excess [ng/cm2], na is the Avogadro number, MLGB is the molecular
weight of LGB,ALGB is a parallel projection of the ellipsoid andΘRSA is the
maximum surface coverage. The values of ΘRSA were determined using
the RSA model for an ellipsoid [54]. The calculated values of the surface
excess for various orientations of LGB molecules in a monolayer are
given in Table 1.

The calculated values of ΓLGBRSA for all orientations of themonomer and
for the dimer in the side-on orientation are similar, and their average
values (ΓLGBav

RSA) are 135.0 ng/cm2 and 136.8 ng/cm2, respectively: the
value for the dimer in the end-on orientation is almost twice that high
and is equal to 269.5 ng/cm2.

Peraz-Fuentez [14] based on MD simulation, QCM-D and AFMmea-
surements determined that LGB creates rigid layers on the surface with
I=0.001M. The dashed line shows the end of LGB adsorption after t=90min and rinsing



Table 1
Surface excess ΓLGBRSA for an LGB monomer and dimer.

Monomer Dimer

Dimension [nm] 4.0 × 4.4 × 3.7 7.7 × 4.4 × 4.2
MLGB [kDa] 18.3 36.6
Orientation Side on/end on Side on End on
Structure

b/a 0.84–0.93 0.54–0.57 0.54
ALGB [nm2] 11.6–13.8 25.4–26.6 14.5
ΘRSA 0.560–0.570 0.585 0.565
ΓLGBRSA [ng/cm2] 123.1–146.4 133.6–140.0 269.5
ΓLGBav

RSA [ng/cm2] 135.0 ± 11.7 136.8 ± 4.5 269.5
ΓLGBav

RSA + 50 % H2O [ng/cm2] 270.0 ± 23.0 273.6 ± 9.0 539.0

MLGB – molecular weight, b/a - ellipsoid elongation (b and a are the shorter and the longer semiaxes of the spheroid), ALGB – parallel projection of the ellipsoid, ΘRSA –maximum surface
coverage [55], ΓLGBRSA - surface excess, ΓLGBav

RSA - average surface excess, ΓLGBav
RSA+50 % H2O average surface excess taking into account H2O.
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a thickness of 3 nm, and the surface area occupied by the protein mole-
cule is equal to 14.4 nm2.

Using the VMD software and the structural data (PDB ID: 1BEB), a
graphical representation of the LGB molecule dipole moment was gen-
erated (Fig. S5). The distribution of charges shows that the LGB mole-
cule is characterized by a heterogeneous distribution of charges on the
surface [55–58]. In themodelled structures, the vector of the LGB dipole
moment runs along β-sheets of B, C, D, and the direction from the neg-
atively charged area to thepositively charged area coincideswith the di-
rection of sheets B, D. In the case of a dimer molecule, the dipole
moment is oriented perpendicular to sheet I which is the place where
the monomers contact each other, and then runs towards the alpha
helix. The dipolemoments of themonomer and dimer have different di-
rections, which show that other amino acid residues are responsible for
the adsorption of monomers and dimers. The value of the dipole mo-
ment in the model structures calculated using the VMD software is
665 D for the monomer and 997 D for the dimer at pH 7.4.

The dependence of the adsorbed mass of LGB on pH for the studied
ionic strengths is shown in Fig. 8. The values of ΓLGBav

RSA for individual
orientations of the LGB molecules in the adsorbed layers are also indi-
cated. The dashed line represents the mass of an LGB monolayer
(ΓLGB), whereas the green dashed line represents the adsorbedmass tak-
ing into accountwatermolecules present in the adsorbed layer ΓLGBav

RSA

+ 50 % H2O for individual orientations. Based on the paper by Pessen
Fig. 8.Adsorbedmass ΓLGB [ng/cm2] determined from QCM-D as a function of pH for three
ionic strengths: I=0.001M (■ yellow), I=0.01M (▲ orange) and I=0.15M (● red) -
The horizontal dashed lines represent the adsorbed mass ΓLGB calculated by Eq. (10) for
the monomer and dimer in the side-on orientation (green) and for the dimer in the
end-on orientation (blue). The vertical line represents i.e.p. for LGB and gold surface.
et al., it can be concluded that the hydration level of the LGB layer is
about 50% [59].

Taking into consideration that the adsorbed mass also includes
water molecules, the value of the adsorbed mass at a level of 232–307
ng/cm2 shows that themolecules have a side-on orientation on the sur-
face of gold. The existence of the side-on orientation is not only inferred
from the QCM-D data but is also confirmed by MD simulations, which
show the preferential orientation of molecules.

As shown by the QCM-D results, the process of LGB adsorption
on the surface of gold is mainly affected by electrostatic interac-
tions. The dependence of the adsorbed LGB mass on the zeta poten-
tial of protein is shown in Fig. S6. The graph shows a strong
correlation between the charge and the effectiveness of protein ad-
sorption. The values of LGB mass adsorbed at the same zeta poten-
tial but at different ionic strengths are similar. Also, the LGB
mass adsorbed at positive zeta potential values is N200 ng/cm2,
whereas that of negatively charged LGB molecules is smaller than
200 ng/cm2. For the sake of comparison, it is worthwhile tracing
changes in the zeta potential of the gold surface. The gold sensor
is highly negatively charged at a high pH and weakly negatively
charged at low pH. The i.e.p. for the gold surface is near pH 3.5. In
the pH range 7.0–9.0 the zeta potential of gold is about −30 mV
(see Fig. 6). Complex asymmetric structure of the protein molecule
affects its adsorption process. Positively charged fragments of the
molecule are oriented towards the negatively charged gold surface.
Under these conditions, electrostatic attraction effectively immo-
bilizes the protein molecule. In the case of pH N4.8, both the LGB
and the gold surface are negatively charged, which is reflected in
the decrease in protein adsorption to the gold surface. The most ef-
fective protein immobilization occurs in the range between pH
3.5–4.8 when the protein is positively charged, and the surface si-
multaneously has a negative charge, which is confirmed by QCM-
D results (Figs. 8 and S6).

Also, based on the QCM-D results, the thickness of the adsorbed
layer can be assessed using formula deff = ΓLGB / ρeff. Assuming that
water accounts for 50% of protein weight and knowing the LGB appar-
ent density ρLGB = 1.32 g/cm3 the effective density was calculated as
ρeff = 1.16 g/cm3. The maximum effective thickness of the layer
adsorbed on gold surface was calculated for the ionic strength in the
range 0.001–0.15 M at pH = 4.5, which is equal to 2.0 nm for I =
0.001M, 2.3 nm for I=0.01M and 2.7 nm for I=0.15 M. These values
show that the thickness of the layer clearly increases with the ionic
strength of the solutions. The calculated values of the effective thickness
of LGB layers adsorbed on the sensor are smaller than the thickness of a
monomericmolecule (3.7 nm). These values are very close to the values
3 nmobtained using AFM for LGB film on polystyrene surface [14]. Dur-
ing adsorption, protein molecules are flattened as a result of interaction
with the gold surface.
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4. Conclusions

Studies using dynamic light scattering have confirmed the tendency
of LGB to create oligomeric forms. The hydrodynamic radius of LGBmol-
ecules varies from4 nmto7 nm for pH ranging from2 to 10 and an ionic
strength of 0.001–0.15 M. The obtained values demonstrate that mono-
meric and dimeric LGB forms are present in the solution. Also, at pH
values below 6 and above 10, the presence of oligomeric forms with a
radius of 700 nm and 1200 nm is observed.

The zeta potential of LGB varies from −33.3 mV to 26.6 mV for I=
0.01 M and from−16.5 mV to 13.4 mV for I=0.15M at the pH ranging
from 2 to 10. The isoelectric point occurs at pH 4.8. The maximum
effective ionization level of the LGB molecule is about 20% for ionic
strength I= 0.01 M and 4% for I= 0.15 M, which shows that surface
charge gets more compensated by the accumulation of oppositely
charged ions in the Stern layer at higher ionic strength.

LGB adsorption on the surface of gold was monitored using the
QCM-D method. LGB layers on the surface of gold are characterized by
low dissipation of energy (ΔD b 1 × 10−6). This shows that rigid layers
are formed. Regardless of the ionic strength, the maximum values of
the adsorbed mass ΓLGB were obtained at pH 3.5–4.5. With an increase
in pH, ΓLGB decreases, and this effect is the greatest at an ionic strength
of I = 0.001 M. The greatest effectiveness of adsorption occurs at an
ionic strength of I = 0.15 M: only 2–5% of the protein undergoes de-
sorption, whereas at lower ionic strength as much as 15–25% LGB un-
dergo desorption.

In general, it can be concluded that electrostatic interactions play the
dominant role in LGB adsorption on the surface of gold. The mass
adsorbed on theQCM-D sensor for positive values of the LGB zeta poten-
tial is N200 ng/cm2, whereas for negatively charged LGB molecules the
adsorbed mass is smaller than 200 ng/cm2. Electric charge has a very
non-homogeneous distribution on the LGB surface, which is proved by
its high dipole moment μD = 665 D for pH= 7.0. Based on the QCM-D
results and the MD charge distribution, one can conclude that LGB mol-
ecules form a monolayer on the sensor surface: this monolayer consists
of monomers or dimers in the preferred side-on orientation. The mech-
anism of LGB adsorption is of significant importance for determining the
optimum conditions for immobilizing this protein on the gold surface.
The binding properties of immobilized β-lactoglobulin can be used to
design controlled protein structures for biomedical applications.
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