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Małgorzata Nattich-Rak 1,* , Maria Dąbkowska 2 and Zbigniew Adamczyk 1,*
1 Jerzy Haber Institute of Catalysis and Surface Chemistry Polish Academy of Science,

Niezapominajek 8 Street, 30-239 Cracow, Poland
2 Department of Medical Chemistry, Pomeranian Medical University, Rybacka 1 Street,

70-204 Szczecin, Poland; maria.dabkowska@pum.edu.pl
* Correspondence: malgorzata.nattich-rak@ikifp.edu.pl or ncnattic@cyf-kr.edu.pl (M.N.-R.);

ncadamcz@cyf-kr.edu.pl or zbigniew.adamczyk@ikifp.edu.pl (Z.A.); Tel.: +48-12-6395122 (M.N.-R. & Z.A.);
Fax: +48-12-4251923 (M.N.-R. & Z.A.)

Received: 30 September 2020; Accepted: 2 November 2020; Published: 5 November 2020 ����������
�������

Abstract: Human serum albumin (HSA) layers are adsorbed on mica under controlled diffusion
transport at pH 3.5 and various ionic strengths. The surface concentration of HSA is directly determined
by AFM imaging of single molecules. It is shown that the adsorption kinetics derived in this way is
quantitatively described using the random sequential (RSA) adsorption model. The electrokinetic
characteristics of the HSA layers at various pHs comprising their zeta potential are acquired in
situ while using the streaming potential method. It is shown that at pH 3.5 the zeta potential
of mica becomes positive for HSA concentrations above 3000 µm−2. At larger pHs, HSA layers
exhibit negative zeta potential for the entire range of coverage. Thorough characteristics of these
monolayers at various pHs were performed applying the colloid deposition method involving
negatively charged polystyrene microparticles. The kinetics of their deposition and their maximum
coverage are determined as a function of the HSA layer surface concentration, pH, and ionic strength.
An anomalous deposition of microparticles on substrates also exhibiting a negative zeta potential is
observed, which contradicts the Derjaguin, Landau, Vervey, Overbeek (DLVO) theory. This effect is
interpreted in terms of heterogeneous charge distribution that results from molecule concentration
fluctuations. It is also shown that the maximum concentration of microparticles abruptly decreases
with the electric double-layer thickness that is regulated by changing ionic strength, which indicates
that their deposition is governed by electrostatic interactions. One can argue that the results obtained
in this work can be exploited as useful reference data for the analysis of deposition phenomena of
bioparticles on protein layers.

Keywords: albumin adsorption; albumin monolayers; human serum albumin; kinetics of albumin
adsorption; maximum coverage of albumin; polymer microparticles; streaming potential measurements

1. Introduction

Controlled protein adsorption is a prerequisite for their efficient purification and separation
by filtration, chromatography, for biosensing, bioreactors, immunological assays, tissue culture, etc.
Particularly important are adsorption phenomena of blood plasma proteins on various biomaterials,
because they govern the response of the human body to implanted materials [1]. For example, the most
abundant protein in blood plasma, human serum albumin (HSA) is used for preparing anti-adherent
coatings preventing the adsorption of proteins, platelets, viruses, and bacteria on hemodializer
membranes, pacemakers, prostheses, catheters, etc. [2–4]. HSA also serves as a biomarker of several
diseases such as rheumatoid arthritis, ischemia, cancer, obesity [5,6] and is applied in medicine to treat
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blood loss, hemorrhage, chronic and acute liver failure, or hypoalbuminemia [7]. Another application
of HSA concerns its use as a blocking agent by preparing immunoglobulin covered microparticles
(latexes) exploited in a plethora of agglutination immunoassays [8].

The albumin molecule is a α-chain protein consisting of 585 amino acids with the molar mass
calculated from its primary chemical structure of 66,439 g mol−1 [9]. The crystalline structure of the
albumin molecule consists of 69% α-helix and it contains 17 disulphide bonds [9–12]. The isoelectric
point of the molecule is equal to 5 [12–14]. Its shape is irregular exhibiting no symmetry, approximately
resembling a heart shape [11,15], which corresponds to the N-form existing for the pH above 4.3
and below 8.0 [7]. For pH below 4, the HSA molecule acquires in NaCl solutions a more extended
conformation, the so called F-form.

Because of its significance, the adsorption of albumins on various substrates has been
studied by a variety of experimental techniques, such as radioisotope labeling [16], in situ
fluorescent TIRF technique [17,18], reflectometry [19], X-ray photoelectron spectroscopy (XPS) [20–22],
ellipsometry [23,24], OWLS [25,26], atomic force microscopy [27,28], the streaming potential
method [27,28], and the quartz crystal microbalance (QCM) [29,30].

However, despite its significance, no research so far has been devoted to the interesting issue of
colloid particle deposition on albumin layers, with the exception of Ref. [31], where only a single pH
equal to 3.5 was studied.

Because of the deficit of systematic studies, the primary goal of this work is to quantitatively
determine the adsorption kinetics of albumin molecules on the model substrate consisting of
mica sheets. The HSA monolayers of well-defined coverage produced in this way are used as the
supporting substrates for investigation the deposition of negatively charged polymer microparticles.
Valid information about mechanisms of microparticles binding to protein layers can be acquired
because the particle coverage is directly determined by the optical and the atomic force microscopies
and interpreted in terms of the random sequential adsorption (RSA) model. This has significance for
basic sciences because our results obtained for a well-defined system can serve as reference data for
assessing the range of validity of the mean-field electrostatic interaction theory.

Additionally, our results can be utilized as useful reference data for the analysis of deposition
phenomena of bioparticles at protein covered surfaces. This has practical significance for the regulation
of the bioadhesive properties of surfaces.

2. Materials and Methods

In this work, human serum albumin in the form of a lyophilized powder 99% ((Sigma–Aldrich
(Merck), St. Louis, MO, USA) having the nominal fatty acid content of 0.02% was used. The purity
of albumin solutions and its molar mass were determined by the Gel Filtration Chromatography
using Superdex 200-column (San Francisco, CA, USA) and via SDS-PAGE electrophoresis in Laemmli
system [32]. Afterward, the gel was fixed and silver stained [33].

The mass concentration of albumin after dissolving the powder in appropriate electrolyte solutions
at various pHs and after filtration was determined by the densitometer (Anton Paar, type DMA 5000M,
Graz, Austria). Accordingly, the density of concentrated albumin solutions (500–2000 mg L−1) as well
as the supernatant solutions that were acquired by membrane ultrafiltration were measured while
using regenerated cellulose filter (Millipore, NMWL 30 kDa, Tullagreen, Ireland). Afterward, the mass
concentration of the albumin solution was calculated from the formula derived in Ref. [27].
These concentrated stock solutions of albumin were diluted to a desired bulk concentration
(usually 0.1–10 mg L−1) prior to each adsorption experiment without using the filtration procedure.

Negatively charged sulfate microparticles, a commercial product of Invitrogen (Eugene, OR, USA),
were used in the colloid deposition experiments.

The diffusion coefficient of albumin molecules and particles was determined by dynamic light
scattering (DLS) while using the Zetasizer Nano ZS instrument from Malvern (Cambridge, UK).
The hydrodynamic diameter was calculated from the Stokes–Einstein equation.
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The particle size distribution was also determined using the laser diffractometer (Particle Size
Analyzer LS 13 320, Beckman Coulter, Indianapolis, IN, USA).

The electrophoretic mobilities of albumin molecules and particles were measured while using the
Laser Doppler Velocimetry (LDV) technique.

The adsorption of HSA on freshly cleaved mica sheets was carried out under diffusion conditions
in a thermostated cell. The HSA coverage was adjusted varying the adsorption time and its bulk
concentration. The surface concentration of HSA layers formed in this way was determined by AFM
imaging in air using the NT-MDT Solver BIO device (Moscow, Russia) with the SMENA SFC050L
scanning head [28,31,34,35]. From the AFM micrographs, the average number of adsorbed albumin
molecules per unit area was determined by an image analysis software (1945).

These protein covered mica sheets were used in the particle deposition experiments separately
performed in the diffusion cell for a defined time up to 24 h. The particle coverage was determined
in situ by a direct optical microscope imaging under wet conditions, and ex situ via AFM imaging
according to the method that was described in our previous works [1,31]. Briefly, the particles were
counted over 10 equal sized areas chosen at random over mica sheets. The net number of considered
particles was ca. 2000. The relative error of these measurements was less than 2%, as determined by
variance analysis. In this way, the surface concentration of particles (number of particles per unit area),
Nl, was determined as a function of deposition time.

The electrokinetic characteristics of albumin layers were acquired in situ using the streaming
potential (SP) method [27,28,36,37]. A microfluidic cell in the form of the parallel plate channel was
applied where a laminar flow of the electrolyte (or the protein suspension) was generated applying
the regulated hydrostatic pressure difference: ∆P. The resulting streaming potential is measured by a
pair of AgCl electrodes for various pressures in order to obtain the slope of the Es vs. ∆P dependence.
The overall cell electric conductivity (Ke) was determined using another pair of platinum electrodes.
Knowing the slope of the streaming potential ∆Es vs. ∆P dependence, the zeta potential of HSA layers
on mica was calculated from the Smoluchowski relationship

ζ =
ηKe

ε

(∆Es

∆P

)
(1)

where η is the dynamic viscosity of the solvent and ε is the dielectric permittivity of the electrolyte.
The ionic strength of the albumin and particle suspensions was fixed by the addition of NaCl

solutions, whereas the pH was adjusted by the addition of either HCl or NaOH solutions, with the
exception of pH 7.4, fixed by a PBS buffer. In order to keep the ionic strength at a constant level,
while the HCl concentration was increased the NaCl concentration was decreased by the same amount.
In the case of PBS buffer, the ionic strength was fixed at either 0.01 or 0.15 M. The pH value was
measured before and after each experiments and the registered changes amounted to ca. 2% for pH 7.4
and ca. 5% for pH 5.5 (kept fixed without any addition of HCl or NaOH) for the maximum particle
deposition time of 24 h. In the case of HSA adsorption runs, lasting up to 30 min, the pH change was
only 1%.

The temperature of all experiments was equal to 298 K.

3. Results and Discussion

3.1. Physicochemical Characteristics of Albumin Solutions

The primary bulk characteristics of albumin solutions comprised the diffusion coefficient,
the hydrodynamic diameter and the electrophoretic mobility that were determined at various pHs
and ionic strengths while using the DLS and the LDV methods, respectively. The average diffusion
coefficient of HSA molecules for the NaCl concentration range of 10−3 to 0.15 M and pH 3.5–9 was equal
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to 6.1 ± 0.20 × 10–7 cm2s−1 (at T = 298 K). Knowing the experimental values of the diffusion coefficient,
the hydrodynamic diameter denoted by dH was calculated from the Stokes–Einstein relationship

dH = kT/3πηD (2)

where k is the Boltzmann constant, T is the absolute temperature, and D is the diffusion coefficient of
the molecule.

Figure 1 shows the experimental values of the hydrodynamic diameter calculated from Equation (2)
for various ionic strengths and pHs. One can observe that the average value of dH was equal to
7.5 ± 0.20 nm for pH 3–9.

Figure 1. Dependence of the hydrodynamic diameter of human serum albumin (HSA) molecules on
pH calculated from Equation (2): (�) 0.15 M, (♦) 5 × 10−2 M, (#) 10−2 M. The dashed line shows the
average value of the hydrodynamic diameter equal to 7.5 nm.

On the other hand, the electrophoretic mobility of HSA molecules for various ionic strengths and
pHs, denoted by µe, was measured while using the LDV method. The zeta potential ζp, was calculated
from the Henry formula [1,31,38].

ζp =
η

ε f (κa)
µe (3)

where f (κa) is the dimensionless Henry function, a = dH/2, κ−1 = (εkT/2e2I)1/2 is the electric
double-layer thickness, e is the elementary charge, and I is the ionic strength of the electrolyte solution.

Figure 2 shows the dependence of ζp on pH calculated from Equation (3) for various ionic strength.
As seen, the zeta potential of HSA molecules remains positive for pH < 5 for all ionic strengths.
At pH 3.5 it is equal to 45 and 22 mV for ionic strength of 10−2 M and 0.15 M, respectively. For pH
range above 5 it becomes negative and equal to −42 and −20 mV at pH 7.4 and ionic strength of 10−2 M
and 0.15 M, respectively. Therefore, the results that are shown in Figure 2 indicate that the isoelectric
point of HSA appears at pH 5.
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Figure 2. The dependence of the zeta potential of HSA molecules on pH calculated from Equation (3)
using the experimental values of the electrophoretic mobility µe: (1) (#) 10−2 M; (2) (♦) 5 × 10−2 M;
(3). (�) 0.15 M. The solid lines are the fits of experimental data and the vertical dashed lines denote the
pH values of 3.5, 5.5, and 7.4, respectively, used in the microparticle deposition experiments.

Analogous characteristics were acquired for the polystyrene particles applying the DLS, the laser
diffractometry and the LDV methods. The hydrodynamic diameter of particles was equal to 810± 10 nm,
which agrees with the laser diffractometry value of 820 ± 10 nm. Their zeta potential calculated from
Equation (3) while using the measured electrophoretic mobility was strongly negative and equal to
−100 and −60 mV at pH 3.5, for ionic strength of 0.01 and 0.15 M, respectively (see Figure 3). It is
also practically independent of pH. On the other hand, the zeta potential of the mica substrate was
determined using the streaming potential method. It was also negative and equal to −40 and −30 mV
at pH 3.5, for ionic strengths of 0.01 and 0.15 M, respectively (at pH 3.5). However, in contrast to the
particle zeta potential, it markedly decreased with pH (see Figure 3).

Figure 3. Cont.
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Figure 3. The dependence of the zeta potential on pH: (1) (•) HSA (Laser Doppler Velocimetry (LDV)
method); (2) (N) bare mica (streaming potential method); (3) (�) microparticles (LDV method). Part (a)
ionic strength 10−2 M; part (b) ionic strength 0.15 M.

The results shown in Figures 2 and 3 suggest that an efficient adsorption of HSA molecules on
mica is expected at pH < 5, especially pH 3.5, where its zeta potential is strongly positive and opposite
to the zeta potential of mica.

3.2. Adsorption Kinetics of HSA on Mica

The adsorption of HSA layers on mica was carried out under diffusion-controlled transport
according to the procedure that was described in previous works [28,31,36]. Single molecules adsorbed
on the freshly cleaved mica sheets after a defined prescribed period of time were imaged using the ex
situ AFM. Figure 4 presents a typical monolayer adsorbed at pH 3.5 and ionic strength equal to 10−2 M.
Using the AFM enumeration technique, the average number of HSA molecules adsorbed on unit area
of the substrate is directly determined. The molecule surface concentration acquired in this way is
expressed as the number of HSA molecules per one square micrometer. One should underline that this
procedure is advantageous, because, in the determination of the surface concentration, no information
about the shape and hydration degree of the HSA molecules is needed.
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Figure 4. Dependence of the surface concentration of HSA, N [µm−2] on the cb t1/2 [mg L−1 min1/2]
parameter. The points denote experimental results obtained by a direct AFM enumeration of adsorbed
HSA molecules at pH 3.5, I = 0.15 and 0.01 M and cb range 0.2 to 1 mg L−1. The inset shows the AFM
image of the HSA layer on mica.

HSA adsorption experiments that were carried out at pH 3.5 for various bulk mass concentrations,
denoted by cb and expressed in mg L−1, are shown in Figure 4 as the dependence of the surface
concentration of HSA on the surface concentration of the cb t1/2 parameter. As seen, the experimental
data that were obtained for various bulk concentrations and ionic strengths agree with theoretical results
(depicted by the solid line) stemming from the hybrid random sequential adsorption model [39]. In the
case of an irreversible, diffusion-controlled adsorption mechanism, this model predicts the following
formula for lower protein surface concentration range, where the blocking effects are negligible [39,40]

N = 2
(D
π

) 1
2
t

1
2 nb (4)

where nb = cb/m1 is the bulk number concentration of HSA molecules and m1 is the mass of a
single molecule.

However, for larger surface concentrations, a direct AFM enumeration of adsorbed albumin
molecules becomes less accurate.

Therefore, in this case, the streaming potential method was applied, which allows for studying
in situ the adsorption/desorption kinetics of HSA under various physicochemical conditions.
Additionally, using this method, thorough acid-base characteristics of the protein layers can be
carried out. The experimental data that were acquired at pH 3.5, 5.5, 7.4, are shown in Figure 5. It can
be observed that at pH 3.5, the zeta potential of mica abruptly increases with the albumin surface
concentration and becomes positive for N > 3000 µm−2. For larger N, the zeta potential asymptotically
attains a plateau value that is close to the bulk zeta potentials of HSA, determined by the electrophoretic
mobility method.
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Figure 5. The dependence of the zeta potential of mica ζ on the surface concentration of HSA expressed
in µm−2. The points denote experimental results obtained from the streaming potential measurements
for I = 0.15 M and various pH: (1) (•) pH 3.5; (2) (N) pH 5.5; and, (3) (�) pH 7.4.

The solid lines denote exact theoretical results calculated from the three-dimensional (3D)
electrokinetic model, Equations (5) and (6) and the dashed lines show the bulk zeta potentials of HSA
derived from the bulk electrophoretic mobility measurements.

The experimental dependence of the zeta potential on the surface concentration of albumin
derived from the streaming potential measurements is interpreted in terms of the electrokinetic model
described in Ref. [41], where the three-dimensional fluid velocity and electric potential distributions
are considered. While using this approach, the expression for the streaming potential of interfaces
covered by protein molecules assumes the form

ζ(Θ) = Fi(Θ)ζi + Fp(Θ)ζp (5)

where Θ = N Sg is the absolute (dimensionless) coverage of HSA molecules, Sg is the characteristic
cross-section of molecules, ζi is the zeta potential of bare interface, ζp is the particle (protein) zeta
potential in the bulk, and Fi(Θ), Fp(Θ) are the dimensionless functions.

The Fi function accounts for the decreased flow rate in the vicinity of the interface due to adsorbed
molecules, and the Fp function characterizes the magnitude of the streaming current originating from
the electrical double-layer surrounding the adsorbed molecules.

The Fi(Θ), Fp(Θ) functions were calculated for a broad range of coverage by numerically
evaluating the flow field past spherical particles that were attached to a planar interface [41] while
using the multipole expansion method. The exact numerical results were interpolated by the following
analytical functions [42]

Fi(Θ) = e−CiΘ

Fp(Θ) = apΘ+ bp
(
1− e−CiΘ

) (6)

where the Ci, ap and bp dimensionless coefficients assume for spherical particles and thin electric
double-layers the limiting values of 10.2 and 0.202 and 0.618, respectively [42].
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The absolute coverage was calculated using the characteristic cross-section of HSA molecules Sg

that was equal to 37 nm2 [1,27,31].
The experimental data obtained at pH 3.5 are adequately reflected by the electrokinetic model

expressed by Equations (5) and (6) (depicted by the solid line 1) indicating that the plateau coverage
of HSA is ca. 10,000 µm−2, which corresponds to the absolute coverage 0.37, as seen in Figure 5.
Given that at pH 3.5 the zeta potential of albumin molecules is positive and opposite to the zeta
potential of mica, such an efficient adsorption of HSA can be adequately rationalized in terms of the
attractive electrostatic interactions as quantitatively performed in previous works [1,31].

However, a more complicated situation appears at pH 5.5 and 7.4 (curves 2 and 3 in Figure 5),
where a significant adsorption of HSA is also observed with the maximum coverage attaining
ca. 8000 µm−2. This is anomalous behavior because HSA molecules exhibit at these pHs a negativel zeta
potential (see Figure 2), i.e., of the same sign as the mica substrate zeta potential. Therefore, from the
mean-field DLVO theory [43,44], one can predict that the electrostatic interaction between albumin
molecules and the mica should be repulsive, prohibiting HSA molecule adsorption.

However, this effect can be explained if one realizes that the zeta potential determined either by
the electrophoretic or the streaming potential methods is a mean-field quantity averaged over the
entire molecule or large substrate surface areas. In the scale of nanometers, the charge distribution
over the HSA molecule is largely heterogeneous for the entire range of pH and it is characterized by
the presence of positive and negative patches [27]. This prediction has been confirmed by molecular
dynamic modeling that was performed for analogous bovine serum albumin (BSA) molecule [45,46].
Such a heterogeneous charge distribution is expected to play an appreciable role for the length scale
below the size of the HSA molecule, which can be approximated by its hydrodynamic diameter
equal to 7.5 nm. Because, for the electrostatic interactions, the appropriate length scale is the electric
double-layer thickness, one can calculate that this corresponds to the ionic strength above 0.002 M [40].

In order to quantitatively prove this hypothesis, extensive series of particle deposition experiments
were carried out where the kinetics and the maximum coverage were determined as a function of the
HSA layer density at various ionic strengths and pHs.

3.3. HSA Layer Characteristics by Colloid Deposition

The polymer particle deposition on HSA layers was carried out according to the following
procedure: firstly, the albumin layer of a defined coverage was adsorbed on a mica sheet, as described
above, afterward the mica sheet without drying was immersed in the particle suspension of the defined
bulk concentration. Then, after completing the particle deposition, the particle surface concentration,
denoted and Nl, was determined by the optical microscopy under wet conditions or AFM imaging.
For this purpose, the number of particles deposited over equal-sized surface areas was determined
and their dimensionless coverage was calculated as Θl = Nl × Sgl (where Sgl is the cross-section area of
the microparticle). Figure 6 presents the deposition kinetics derived in this way as the dependence of
Θl on t1/2 determined for various HSA monolayer surface concentrations, pH 5.5 and ionic strength
of 0.15 M. It can be observed that for the largest HSA surface concentration of 2 × 103 µm−2,
the microparticle coverage increases almost linearly with t1/2 and afterward, for t1/2 > 15 min 1/2

(225 min) the maximum coverage, denoted hereafter byΘmx, is asymptotically attained. It was equal to
0.52 for the adsorption time of 1400 min, which almost coincides with the maximum coverage predicted
from the RSA model [40] equal to 0.51 for particles of 820 nm in diameter at the ionic strength of 0.01 M.
Figure 7a shows a micrograph of the particle monolayer deposited under these conditions acquired by
optical microscopy under wet condition. This means that the entire HSA covered mica surface was
available for particle deposition, which exhibited the behavior of a uniformly accessible surface. It is
also confirmed in separate measurements that no particle desorption occurred over prolonged time
period (up to 48 h) if they were conditioned in electrolyte solution of the same pH and ionic strength.
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Figure 6. The kinetics of particle deposition on HSA layers determined by optical microscopy and
AFM imaging for ionic strength 0.15 M, pH 5.5, bulk microparticle concentration 0.5% (5000 mg L−1).
The points denote the experimental data obtained for various HSA monolayer coverage adsorbed
at pH 3.5 and ionic strength of 0.01 M: (1) (�) N = 2 × 103 [µm−2]; (2) (•) N = 7.5 × 102 [µm−2];
(3) (•) N = 3 × 102 [µm−2]; (4) (N) N = 80 [µm−2]. The solid lines are fits of experimental data and the
dashed line shows the theoretical results calculated from the RSA model for positively charged particles
of the size equal to 820 nm.

Given that the zeta potential of the HSA layer of the surface concentration equal to 2 × 103 µm−2

is negative and equal to −20 mV and the particle zeta potential is equal to −60 mV, the results that are
represented by curve 1 in Figure 6 are anomalous and cannot be accounted for by the DLVO theory.

However, for smaller HSA surface concentration of N = 7.5 × 102 µm−2, the particle deposition
was considerably less efficient (see line 2 in Figure 6), being characterized by the maximum coverage
equal to 0.13 (attained after 24 h) i.e., four times smaller than previously. Finally, for N equal to
3 × 102 µm−2, the particle deposition was practically negligible.

Figure 7. Cont.
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Figure 7. Micrographs of particle layers on top of HSA layers on mica acquired by optical microscopy
under wet conditions, dark field illumination. (a) particle coverage 0.52, HSA surface concentration
N = 2 × 103 µm−2, (b)particle coverage 0.20, HSA surface concentration N = 7.5 × 102 µm−2,
(c) particle coverage 0.08, HSA surface concentration N = 6 × 102 µm−2, and (d) particle coverage 0.02,
HSA surface concentration N = 4 × 102 µm−2.

The results that are shown in Figure 6 confirm that the particle coverage is uniquely related to
the surface concentration of the supporting albumin layer. As suggested in Ref. [1,31] this functional
dependence, albeit nonlinear, can be exploited for a precise determination of the surface concentration of
albumin or for the determination of its bulk concentration at the level of 10−9 M. In Ref. [31] analogous
kinetic runs as those shown in Figure 6 (measured for HSA layers at pH 3.5) are quantitatively
interpreted applying the random site sequential adsorption (RSSA) model.

In order to further investigate this anomalous particle deposition kinetics, systematic experiments
were performed that were aimed at determining the influence of ionic strength at different pHs on the
maximum coverage of particle attained after 24 h.

In Figure 8a,b, the results of such measurements performed at pH 5.5 and 7.4, respectively, and ionic
strengths varying between 0.15 and 0.02 M are presented. As seen, the dependencies of the maximum
particle coverage on the HSA surface concentration exhibit an interesting feature. Thus, the particle
deposition efficiency (parametrized as the maximum coverage attained after 24 h) remains negligible at
low HSA coverage and rapidly increases after exceeding the threshold values of N, depending on ionic
strength. Accordingly, at pH 5.5, these threshold concentrations are equal to 1000 and ca. 2000 µm−2 for
ionic strengths of 0.05 and 0.03 M, respectively. It should be mentioned that an analogous behavior was
previously reported for particle deposition on HSA layers at pH 3.5, although the threshold coverage
was significantly lower [31]. Interestingly, at ionic strength of 0.02 M the particle deposition efficiency
becomes practically negligible. Analogous results are acquired at pH 7.4 (see Figure 8b), where the
threshold value of HSA is equal to 1000 and ca. 3000 µm−2 for ionic strength of 0.05 and 0.03 M,
respectively. Given that ionic strength does not affect the van der Waals interactions, these results
unequivocally confirm that particle deposition on HSA layers was mainly governed by electrostatic
interactions. However, these interactions should be treated as discrete in the nanoscale rather than
continuous, as assumed by the DLVO theory.
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Figure 8. The dependence of the maximum coverage of microparticles on the HSA layers of various
surface concentration determined by optical microscopy and AFM imaging. The points denote the
experimental data obtained for various ionic strengths of the particle suspension: (1) (#) 0.15 M;
(2) (N) 0.05 M; (3) (
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This concept was previously applied to quantitatively interpret the particle deposition data on
fibrinogen [43,44] and HSA [1,31] layers. It is assumed that, due to the density fluctuations, a few
closely spaced protein molecules form adsorption sites (clusters) that exhibit a local positive charge,
whereas the average charge of the layer remains negative. The magnitude of the charge, and hence
the binding strength of a site, increases with the number of protein molecules. It is also considered
that the probability of forming sites composed of larger number of molecules rapidly increases with
the coverage of the adsorbed layer. However, one should emphasize that this model can produce
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physically sound results if there appear patches on adsorbed molecules that bear a charge of opposite
sign to the particles, i.e., positive in the present case of albumin molecules. Because of this assumption,
the results that are shown in Figure 8 indicate that at pH 5.5 and 7.4 such patches indeed existed on
HSA molecules yielding a heterogeneous charge distribution in the monolayer. Moreover, these results
allow for deriving information regarding the size of the positive patches on HSA molecules at these
pHs. This becomes feasible if the particle deposition efficiency is plotted against the double-layer
thickness described by the formula.

κ−1 = (εkT/2e2I)
1/2

(7)

One can calculate that the double-layer thickness varies between 0.79 and 3.05 nm for the NaCl
concentration of 0.15 and 0.01 M, pertinent to the measurements shown in Figure 8.

In Figure 9, these experimental data are plotted as the dependence of the normalized particle
coverage Θl/Θmx on the electric double-layer thickness κ−1. It is seen that the normalized microparticle
coverage abruptly decreases attaining a negligible value at κ−1 > 2 nm for both pHs of 5.5. and 7.4.
Hence, these results confirm that, at pH above the isoelectric point, there exists positively charged
patches on HSA molecules with a characteristic dimension of 2 nm, which is considerably lower
than the HSA molecule dimension of 7.5 nm. For comparison, it is seen in Figure 9 that, at pH 3.5,
the decrease in the particle deposition efficiency with the double-layer thickness is less abrupt because
it vanishes at the distance of 6 nm, which is comparable with the HSA molecule size.

Figure 9. The normalized maximum coverage of microparticles on the saturated HSA monolayer vs.
the electric double-layer thickness κ−1: 1 (
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4. Conclusions

Applying the AFM, the streaming potential and in situ colloid deposition methods involving
negatively charged polystyrene particles, thorough characteristics of human serum albumin (HSA)
layers on mica were acquired.

It was shown that albumin molecules irreversibly adsorb at pH up to 7.4, where both the mica
substrate and the molecules exhibit a negative zeta potential. This anomalous effect, contradicting the
mean-field DLVO theory, was rationalized in terms of a heterogeneous charge distribution on the HSA
molecule characterized by the presence of positive and negative patches.

The kinetics and the maximum coverage of the particles were determined as a function of the
HSA layer surface concentration, in order to quantitatively verify this hypothesis. It was confirmed
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that, for ionic strength of 0.15 M, the HSA layers efficiently immobilize the particles at pH 5.5 and 7.4.
It is suggested that the quasi-linear functional relationships between the particle coverage and the
HSA molecule surface concentration acquired in this way can be exploited in order to quantitatively
determine the coverage of albumin under in situ conditions.

On the other hand, for ionic strength below 0.15 M, the irreversible immobilization of particles
was only observed after attaining a threshold HSA surface concentration, which abruptly increased for
lower ionic strength. This anomalous deposition of negatively charged particles on surfaces bearing
negative zeta potential was interpreted in terms of the random site adsorption model when considering
the presence of positively charged patches on HSA molecules at pHs above its isoelectric point. It was
also confirmed that the characteristic size of the positively charged patches is equal to ca. 2 nm.

Our results indicating that, for a defined range of ionic strength, the non-specific deposition of
particles on HSA layers of controlled surface concentration can be suppressed, which has a practical
significance for efficiently performing immunological assays.
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36. Dąbkowska, M.; Adamczyk, Z. Ionic strength effect in HSA adsorption on mica determined by streaming
potential measurements. J. Colloid Interface Sci. 2012, 366, 105–113. [CrossRef]

http://dx.doi.org/10.1021/la800548p
http://www.ncbi.nlm.nih.gov/pubmed/18512882
http://dx.doi.org/10.1016/j.freeradbiomed.2013.12.023
http://dx.doi.org/10.1016/0021-9797(83)90329-6
http://dx.doi.org/10.1021/la0017781
http://dx.doi.org/10.1021/la101674b
http://www.ncbi.nlm.nih.gov/pubmed/20568822
http://dx.doi.org/10.1016/0166-6622(92)80171-W
http://dx.doi.org/10.1006/jcis.1994.1314
http://dx.doi.org/10.1016/S0142-9612(97)00114-2
http://dx.doi.org/10.1021/la049158d
http://dx.doi.org/10.1006/jcis.1994.1303
http://dx.doi.org/10.1016/S0040-6090(98)00363-0
http://dx.doi.org/10.1039/ft9949000587
http://dx.doi.org/10.1006/jcis.1996.4528
http://dx.doi.org/10.1021/la3036677
http://www.ncbi.nlm.nih.gov/pubmed/23057706
http://dx.doi.org/10.1016/j.colsurfb.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23010053
http://dx.doi.org/10.1016/j.colsurfb.2018.04.017
http://dx.doi.org/10.1016/j.jcis.2018.06.063
http://www.ncbi.nlm.nih.gov/pubmed/30005240
http://dx.doi.org/10.1016/j.colsurfb.2015.07.011
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1002/elps.1150080203
http://dx.doi.org/10.1021/la403715s
http://dx.doi.org/10.1021/la2038119
http://www.ncbi.nlm.nih.gov/pubmed/22026755
http://dx.doi.org/10.1016/j.jcis.2011.09.030


Colloids Interfaces 2020, 4, 51 16 of 16

37. Adamczyk, Z.; Nattich, M.; Wasilewska, M.; Zaucha, M. Colloid particle and protein
deposition—Electrokinetic studies. Adv. Colloid Interface Sci. 2011, 168, 3–28. [CrossRef] [PubMed]

38. Swan, J.W.; Furst, E.M. A simpler expression for Henry’s function describing the electrophoretic mobility of
spherical colloids. J. Colloid Interface Sci. 2012, 388, 92–94. [CrossRef]

39. Smoluchowski, M. Drei Vortreag ueber diffusion, Brownische Molekularbewegung und Koagulation von
Kolloidteilchen. Phys. Zeit 1916, 17, 557–571.

40. Adamczyk, Z. Particles at Interfaces: Interactions, Deposition, Structure; Elsevier B.V.: Amsterdam,
The Netherlands, 2006.

41. Adamczyk, Z.; Sadlej, K.; Wajnryb, E.; Nattich-Rak, M.; Ekiel-Jeżewska, M.; Bławzdziewicz, J.
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42. Ekiel-Jeżewska, M.L.; Adamczyk, Z.; Bławzdziewicz, J. Streaming Current and Effective ζ-Potential for
Particle-Covered Surfaces with Random Particle Distributions. J. Phys. Chem. C 2019, 123, 3517–3531. [CrossRef]

43. Van Oss, C.J.; Docoslis, A.; Wu, W.; Giese, R.F. Influence of macroscopic and microscopic interactions on
kinetic rate constants I. Role of the extended DLVO theory in determining the kinetic adsorption constant
of proteins in aqueous media, using von Smoluchowski’s approach. Colloids Surf. B Biointerfaces 1999, 14,
99–104. [CrossRef]

44. Van Oss, C.J. Chapter Three—The Extended DLVO Theory. Interface Sci. Technol. 2008, 16, 31–48.
45. Kubiak-Ossowska, K.; Tokarczyk, K.; Jachimska, B.; Mulheran, P.A. Bovine Serum Albumin Adsorption at a

Silica Surface Explored by Simulation and Experiment. J. Phys. Chem. B 2017, 121, 3975–3986. [CrossRef]
46. Nattich-Rak, M.; Adamczyk, Z.; Wasilewska, M.; Sadowska, M. Revealing fibrinogen monolayer

conformations at different pHs: Electrokinetic and colloid deposition studies. J. Colloid Interface Sci.
2015, 449, 62–71. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cis.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21621181
http://dx.doi.org/10.1016/j.jcis.2012.08.026
http://dx.doi.org/10.1016/j.cis.2009.09.004
http://dx.doi.org/10.1021/acs.jpcc.8b10068
http://dx.doi.org/10.1016/S0927-7765(99)00028-4
http://dx.doi.org/10.1021/acs.jpcb.7b01637
http://dx.doi.org/10.1016/j.jcis.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25453169
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Physicochemical Characteristics of Albumin Solutions 
	Adsorption Kinetics of HSA on Mica 
	HSA Layer Characteristics by Colloid Deposition 

	Conclusions 
	References

