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Abstract: Adsorption kinetics of myoglobin on silica was investigated using the quartz crystal
microbalance (QCM) and the optical waveguide light-mode spectroscopy (OWLS). Measurements
were carried out for the NaCl concentration of 0.01 M and 0.15 M. A quantitative analysis of the
kinetic adsorption and desorption runs acquired from QCM allowed to determine the maximum
coverage of irreversibly bound myoglobin molecules. At a pH of 3.5–4 this was equal to 0.60 mg m−2

and 1.3 mg m−2 for a NaCl concentration of 0.01 M and 0.15 M, respectively, which agrees with the
OWLS measurements. The latter value corresponds to the closely packed monolayer of molecules
predicted from the random sequential adsorption approach. The fraction of reversibly bound protein
molecules and their biding energy were also determined. It is observed that at larger pHs, the
myoglobin adsorption kinetics was much slower. This behavior was attributed to the vanishing
net charge that decreased the binding energy of molecules with the substrate. These results can be
exploited to develop procedures for preparing myoglobin layers at silica substrates of well-controlled
coverage useful for biosensing purposes.

Keywords: adsorption of myoglobin; myoglobin layers; myoglobin zeta potential; OWLS measure-
ments; QCM measurements; silica sensor; zeta potential of myoglobin

1. Introduction

Adsorption of proteins at various surfaces is a prerequisite of their separation by fil-
tration and chromatography, for biosensing, bioreactors, tissue culture and immunological
assays [1–4]. Because of its vital significance, this phenomenon has been extensively stud-
ied using numerous experimental techniques and theoretical approaches [5–14]. However,
despite this effort there still persist controversies concerning important aspects of protein
adsorption, such as the nature of driving forces, reversibility of this process, the extent of
molecule conformational changes, etc. [6].

In an attempt to unveil protein adsorption mechanisms, we focus attention in this
work on myoglobin making up 0.3–10% of the muscle mass of terrestrial and diving
mammals, respectively [15,16]. It is a globular protein characterized by an ellipsoidal shape
consisting of a single polypeptide chain (153 amino acids, eight helices) and a single iron
protoporphyrin or heme moiety and is thus classified as a metalloprotein. Its molar mass
derived from chemical composition is equal to 17,800 g mol−1, which was confirmed by
neutron scattering measurements [17], and the density is equal to 1.35 g cm−3 [18]. Other
properties and functions of myoglobin have been investigated in ref. [19].

Myoglobin is responsible for oxygen storage and transport to muscles [18,20–23]. It
also serves as an efficient biomarker of acute myocardial infections, cardiac injury and
renal failure [24].

Because of its important biological role, the adsorption of myoglobin on various
surfaces was studied usually with the aim of preparing biosensors. In ref. [25], the immobi-
lization of myoglobin and hemoglobin using the matrix-assisted pulsed laser evaporation
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(MAPLE) technique on a surface plasmon resonance transducer was investigated. Protein
immobilization was characterized by Fourier transform infrared spectroscopy (FTIR), trans-
mission electron microscopy (TEM) and atomic force microscopy (AFM). It was shown
that the protein films exhibited suitable bioactivity. The obtained protein films allowed
ultra-sensitive detection of glucose.

In ref. [26], myoglobin was immobilized on sodium alginate films to produce oxygen
facilitated transport membranes, exploiting the fact that it is a single-site oxygen biocarrier.
Yamaguchi A. et al. [27,28] studied the adsorption of myoglobin at mesoporous silica using
the differential scanning calorimetry and the optical absorption spectroscopy methods in
order to determine the role of pH and pore size.

In ref. [29], the adsorption of myoglobin, bovine serum albumin and thyroglobulin on
titania layers sputtered on silica was studied at pH 7.4 by ellipsometry. Using AFM ambient
air imaging, both the rms, the skewness and surface kurtosis of the substrate surfaces were
determined and correlated with the adsorption kinetics and the protein film thickness.

The influence of myoglobin concentration on the structure of its layers at different
hydrophobic surfaces (polystyrene and octadecyltrichlorosilane) was studied in ref. [30] by
neutron reflectometry. Because the protein layers exhibited hydrophilic properties, it was
postulated that myoglobin molecules are attached to the substrates by their hydrophobic
parts and expose the hydrophilic parts into the bulk solution.

There are also several investigations focused on myoglobin adsorption on various
nanoparticles [31,32], which leads to soft and hard corona formation.

However, this analysis of literature data indicates that there are few systematic in-
vestigations focused on measurements of myoglobin adsorption kinetics at substrates of
well-defined surface properties and morphology, which can yield reliable information
about plausible mechanisms of this process.

Therefore, in this work we performed such measurements by applying quartz crystal
microbalance (QCM) combined with optical waveguide light mode spectroscopy (OWLS)
methods, which facilitated in situ and real-time investigations. Additionally, the mor-
phology of the adsorbed protein layers was determined by ex situ AFM investigations. A
quantitative analysis of the kinetic adsorption and desorption runs enabled to determine
the maximum coverage of irreversibly and reversibly bound myoglobin molecule fractions.
Also, the equilibrium adsorption constant that characterized the binding energy of re-
versibly bound molecules was acquired. It is expected that our investigations furnish valid
information about the adsorption mechanism of myoglobin molecules. This knowledge
can be exploited to develop a procedure for preparing myoglobin layers at silica substrates
of well-controlled coverage that can be used for biosensing purposes.

2. Materials and Methods

In our investigations, myoglobin stemming from equine skeletal muscles supplied in
the form of a lyophilized powder 95–100% (Sigma-Aldrich) was used.

Other chemical reagents such as sodium chloride and hydrochloric acid were com-
mercial products of Sigma-Aldrich and were used without additional purification. Ul-
trapure water was obtained using the Milli-Q Elix&Simplicity 185 purification system
from Millipore.

The concentration of myoglobin, after dissolving the powder in appropriate electrolyte
and pH and after filtration, was spectrophotometrically determined using a Shimadzu
UV-2600 apparatus exploiting the peak absorption at 409 nm.

In the electrophoretic mobility and the dynamic light scattering measurements, carried
out using the Zetasizer Nano ZS instrument of Malvern, stock solutions characterized
by myoglobin concentration equal to 300–500 mg L−1 were used. For performing the
adsorption kinetics experiments, the stock solutions were diluted to the desired bulk
concentration, typically 5–10 mg L−1. Levels of pH in the range of 3–9 were adjusted by
the addition of either HCl or NaOH, whereas a pH of 7.4 was fixed by the PBS buffer.
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From the electrophoretic mobility data, the zeta potential of myoglobin molecules was
calculated using the Henry formula.

On the other hand, the zeta potential of silica as a function of pH and for different
ionic strengths was determined by the streaming potential measurements performed in
a microfluidic four-electrode cell [33]. The Smoluchowski model was used in order to
calculate the zeta potential from the experimentally acquired streaming potential.

The quartz microbalance (QCM) measurements of myoglobin adsorption kinetics
were carried out according to the procedure previously applied in ref. [34] using the
quartz/silicon dioxide (SiO2) sensors supplied by QSense, Gothenburg, Sweden. The
sensors were cleaned before each experiment in a 30-minute-old mixture of 96% sulfuric
acid (H2SO4), hydrogen peroxide (30%) and pure water in the volume ratio 1:1:1 for 2 min.
Afterward, the sensors were rinsed by deionized water at 80 ◦C for 30 min and dried out in
a gentle stream of nitrogen gas.

The coverage of myoglobin was calculated from the Sauerbrey equation [34,35].

ΓQ = −CQ
∆ f
n0

(1)

where ΓQ is the protein coverage, CQ is the Sauerbrey constant equal to 0.177 mg m−2

Hz−1 for the 5 MHz AT-cut quartz sensor [34,35], ∆ f is the frequency change and n0 is the
overtone number.

After completing the adsorption/desorption run, myoglobin molecules on silica
sensors were imaged using ambient air atomic force microscopy (AFM), NT-MDT Solver
BIO device with the SMENA SFC050L scanning head.

The optical waveguide light-mode spectroscopy (OWLS) measurements of myoglobin
adsorption kinetics were carried out using the Microvacuum Ltd., (Budapest, Hungary)
instrument equipped with a flow cell comprising a silica-coated waveguide (OW 2400,
Microvacuum). The adsorbing substrates were planar optical waveguides (OW 2400 from
MicroVacuum, Budapest, Hungary) made of glass (refractive index 1.526) covered by a film
of Si0.78Ti0.22O2 with a thickness of 170 nm, and with a refractive index of 1.8. A grating
embossed in the substrate enabled the light to be coupled into the waveguide layer. The
sensor surface was coated with an additional layer (10 nm) of pure SiO2 [36]. Adsorption to
the waveguide surface alters the interfacial refractive index and, therefore, the in-coupling
angles of the laser light was monitored. Assuming an optically uniform adsorbed layer, the
mass of adsorbed protein can be calculated from the Feijter formula [37]

All measurements were performed at 298 K.

3. Results and Discussion
3.1. Physicochemical Characteristics of Myoglobin Molecules and Silica

The diffusion coefficient and the electrophoretic mobility of myoglobin molecules were
determined using the Dynamic Light Scattering (DLS) and the Laser Doppler Velocimetry
(LDV) methods, respectively. The average diffusion coefficient for the pH range 3–8 was
equal to 1.2 ± 0.1 × 10−6 cm2 s−1. This corresponds to the hydrodynamic diameter of
the myoglobin molecules dH calculated from the Stokes–Einstein relationship equals to
4.1 ± 0.2 nm.

The dependence of the zeta potential of myoglobin molecules on pH for NaCl con-
centrations equal to 0.01 and 0.15 M is presented in Figure 1. As can be seen, it assumes
positive values at pH < 5 and approaches 38 and 15 mV at pH 3.5, for NaCl concentration of
0.01 and 0.15 M, respectively. At pH > 5, the zeta potential becomes negative, approaching
−20 and−10 mV, at pH 7.4 (PBS) for NaCl concentration of 0.01 M and 0.15 M, respectively.
It should be observed, however, that for the pH range 4.5–6, the zeta potential assumes
small values, especially for the 0.15 M NaCl concentration, comparable with the experi-
mental error bounds. Therefore, a precise determination of the myoglobin isoelectric point
(iep) is rather difficult.
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Figure 1. Dependence of the zeta potential on pH for: 1. myoglobin molecules in 0.01 M, NaCl 
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0.01 M, NaCl (the streaming-potential measurements). 
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equal to −15 and −50 mV, respectively. It is assumed that that the zeta potential of the silica 
sensor used in the QCM investigations is equal to the above data pertinent to the Si/SiO2 
wafer.  

The surface topography, comprising the roughness of the QCM sensors, was deter-
mined by atomic force microscopy (AFM) carried out in a semi-contact mode under am-
bient conditions. It was confirmed that the sensors were characterized by the root mean 
square roughness equal to 0.90 nm. It should be mentioned that in contrast to ref. [29] the 
skewness and surface kurtosis of the substrate surfaces were not determined because of a 
rather large tip radius exceeding 10 nm.  

3.2. The Kinetics of Myoglobin Adsorption 
A representative QCM adsorption/desorption kinetic run performed for the myoglo-
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Figure 1. Dependence of the zeta potential on pH for: 1. myoglobin molecules in 0.01 M, NaCl (LDV
measurements), 2. myoglobin molecules in 0.15 M, NaCl (LDV measurements), 3. silica in 0.01 M,
NaCl (the streaming-potential measurements).

On the other hand, the zeta potential of oxidized silicon wafers was determined by
the streaming potential measurements carried out according to a procedure described
elsewhere [38]. As can be seen in Figure 1 at pH 3.5 and 7.4 the wafer zeta potential is
equal to −15 and −50 mV, respectively. It is assumed that that the zeta potential of the
silica sensor used in the QCM investigations is equal to the above data pertinent to the
Si/SiO2 wafer.

The surface topography, comprising the roughness of the QCM sensors, was de-
termined by atomic force microscopy (AFM) carried out in a semi-contact mode under
ambient conditions. It was confirmed that the sensors were characterized by the root mean
square roughness equal to 0.90 nm. It should be mentioned that in contrast to ref. [29] the
skewness and surface kurtosis of the substrate surfaces were not determined because of a
rather large tip radius exceeding 10 nm.

3.2. The Kinetics of Myoglobin Adsorption

A representative QCM adsorption/desorption kinetic run performed for the myo-
globin bulk concentrations of five mg L−1, NaCl concentration of 0.01 M and pH of 3.5 is
shown in Figure 2.
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Figure 2. Part (a) the kinetics of myoglobin adsorption on silica sensor determined by QCM, flow rate 2.5 × 10−3 cm3 s−1, 
bulk protein concentration equal to 5 mg L−1, 0.01 M NaCl, pH 3.5. At the time of 30 min, the rinsing run was initiated by 
flushing pure electrolytes at the same ionic strength and pH. The inset shows the primary frequency shift ΔFq (left hand 
axis) and dissipation ΔD (right hand axis) as a function of time at the following overtones: ●—7th, ●—9th, ●—11th. Part 

Figure 2. Part (a) the kinetics of myoglobin adsorption on silica sensor determined by QCM, flow rate 2.5 × 10−3 cm3 s−1,
bulk protein concentration equal to 5 mg L−1, 0.01 M NaCl, pH 3.5. At the time of 30 min, the rinsing run was initiated by
flushing pure electrolytes at the same ionic strength and pH. The inset shows the primary frequency shift ∆Fq (left hand
axis) and dissipation ∆D (right hand axis) as a function of time at the following overtones: •—7th, •—9th, •—11th. Part
(b) the AFM image of the silica sensor with adsorbed myoglobin molecules, part (c) the height profile of the protein layer
adsorbed at the sensor. Part (d) the AFM image of the clean silica sensor, part (e) the height profile of the clean silica sensor.
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One can observe that the protein coverage (calculated from Equation (1) as an average
from the third to seventh overtones) rapidly increases in a linear way attaining after the
time of 30 min a plateau value equal to 1.5 mg m−2. Afterward, upon flushing with pure
electrolyte solution at the same flow rate, a significant decrease in the coverage is observed
yielding a stationary value equal to 1 mg m−2, which corresponds to irreversibly bound
molecule fraction. This is illustrated in Figure 2b, which shows the AFM image of the
myoglobin layer at the silica sensor with a typical height profile. However, one should
mention that due to the roughness of the silica sensor, a quantitative evaluation of the
myoglobin molecule coverage is not feasible.

It should be pointed out that the protein coverage derived from QCM measurements
does not correspond to the true physical (dry) coverage, defined as the mass of adsorbed
protein molecules per unit area, because of the hydrodynamic coupling effects previ-
ously observed for other proteins [34,36]. Therefore, the physical (dry) coverage Γ can be
calculated as

Γ = ΓQ(1− H) (2)

where ΓQ = Γ + Γs is the protein coverage derived from QCM measurements, Γs is the
coupled solvent coverage (mass) and H is the hydration function [34,35,39].

The hydration function can be determined as described in ref. [34] using the solution of
the mass transfer equation governing protein molecule transport to the sensor. It is shown
that under the convective diffusion regime, the adsorbed protein coverage is described by
the linear relationship

Γ = kccbt (3)

where kc is the mass transfer rate constant and cb is the bulk concentration of a protein.
One should mention that Equation (3) is valid for a broad range of protein and

nanoparticle coverage slightly below the maximum coverage [40].
The kc constant can be calculated either via numerical solutions of the mass transfer

equation considering the flow pattern in the QCM cell, or more convenient performing
calibrating deposition kinetic measurements using nanoparticles characterized by a large
density. In this way, it was determined in ref. [41] using gold nanoparticles that the kc
constant for the QCM cell used in this work is given by

kc = C f Q
1
3 D

2
3 (4)

where Cf = 19 cm−2/3 is the constant depending on the cell geometry, Q is the volumetric
flow rate of the protein solution and D is the diffusion coefficient of protein molecules.

For myoglobin, using the above diffusion coefficient, one obtains kc = 2.9 × 10−3 L
m−2 s−1 = 2.9 × 10−4 cm s−1 for the flow rate of 2.5 × 10−3 cm3 s−1.

Using Equation (2) one can express the hydration function in the following form

H = 1− kccbt
ΓQ(t)

(5)

where ΓQ(t) is the time- dependent coverage derived from QCM measurements.
Such kinetic runs obtained for different bulk protein concentrations are plotted in

Figure 3 as the dependence of the normalized coverage ΓQ/cb on the adsorption time
t. One can see that these results can be fitted by a linear dependence in respect to the
adsorption time given by

ΓQ/cb = kQt (6)

where kQ is equal to 4.4 ± 0.1 × 10−3 L m−2 s−1 = 4.4 ± 0.1 × 10−4 cm s−1.
The applicability of Equation (5) confirms that the hydration function of myoglobin

layers was independent of the coverage; therefore, the hydration function assumes the form

H = 1− kc

kQ
(7)
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Therefore, by virtue of Equation (3), the dry protein coverage can be calculated as

Γ = ΓQ
kc

kQ
(8)
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five independent runs performed at different bulk suspension concentrations (5 and 10 mg L−1); 0.01 M NaCl, flow rate of
2.5 × 10−3 cm3 s−1, pH 3.5 and 4. The dashed line shows the dry mass calculated from Equation (3).

Using the previously determined value of kc = 2.9 × 10−3 L m−2 s−1 one can calculate
from Equation (7) that H = 0.34. For comparison, in the case of albumin (HSA) adsorption
at the silica sensor, the hydration function in the limit of low coverage was equal to 0.65 at
pH 3.5 and 0.01 M NaCl concentration [42]. Given that the hydrodynamic diameter of the
myoglobin molecule equal to 4.1 nm it is much smaller than the one of the HSA molecule,
equal to 7.9 nm [43] the lower value of the hydration function can be attributed to the
sensor roughness effect discussed in ref. [43].

The QCM kinetic runs shown in Figure 2 was also thoroughly analyzed in respect
to the desorption regime in order to determine the reversibly bound protein fraction,
the equilibrium adsorption constant and the binding energy. One can see that during
the desorption the coverage decreased from 1.5 mg m−2 to 0.9 mg m−2 after the time of
30 min. Using the above estimated value of the hydration function, one can calculate
from Equation (3) that the dry coverage of irreversibly bound myoglobin is equal to
0.60 ± 0.1 mg m−2 (at 0.01 M NaCl and a pH of 3.5–4). It is interesting to mention that
for albumin (HSA) the coverage was equal to 0.7 mg m−2 under the same pH and NaCl
concentration [43].

It is interesting to compare the QCM kinetics with that derived from OWLS measure-
ments, which is presented in Figure 4. It can be seen that the kinetic is fully analogous to
that recorded by QCM (see Figure 2a), i.e., it is characterized by a rapid and linear increase
in the coverage for the time up to five minutes. Afterward, the coverage increases at a
much smaller rate and, upon flushing with pure electrolyte solution at the same flow rate,
the coverage decreases to 0.7 mg m−2 due to the desorption of weakly bound molecules.
This stationary coverage agrees within error bounds with the QCM result.
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2.5 × 10−3 cm3 s−1, bulk protein concentration equals to 5 mg L−1, ionic strength 0.01 M, pH 4. At
the time of 45 min the rinsing run was initiated by flushing pure electrolyte at the same ionic strength
and pH.

On the other hand, the myoglobin desorption kinetics can be quantitatively analyzed
using the method developed in ref. [13]. The equation describing protein desorption
kinetics under convective-diffusion transport can be approximated by the formula

Γr(t) = Γr0 e−
kc

B0Ka t (9)

where Γr(t), Γr0 are the time dependent and the initial coverage of reversibly bound protein
fractions, B0 is the blocking constant for the reversibly bound molecule fraction and Ka is
the equilibrium adsorption constant.

From Equation (9) one can deduce that Ka can be determined from the formula

Ka = −
kc

B0sl
(10)

where sl is the slope of the dependence of ln[Γr(t)/Γr0] on the desorption time td.
It should be observed that the ratio Γr(t)/Γr0 is equal to ΓQCMr(t)/Γ QCMr0 because

the hydration function is constant for this coverage range. The dependencies of ln[Γr(t)/Γr0]
on the desorption time obtained for pH 3.5 and 4 (0.01 M NaCl, flow rate 2.5× 10−3 cm3 s−1)
are shown in Figure 5. One can observe that the experimental data can be fitted by a
straight line characterized by the slopes equal to −6.8 × 10−4 and −2.0 × 10−3 s−1 for
pH 3.5 and 4, respectively. Considering that kc = 2.9 × 10−4 cm s−1 and assuming B0 = 0.5,
one can calculate from Equation (9) that Ka = 0.85 and 0.29 cm for pH equal to 3.5 and 4,
respectively. The decrease in the adsorption constant can be interpreted as due to a rapid
decrease in the zeta potential of myoglobin molecules with pH (see Figure 1).
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of ln[Γr(td)/Γr0] on the desorption time td; silica sensor, pH 3.5 (triangles), pH 4 (circles), NaCl
concentration 0.01 M, flow rate 2.5× 10−3 cm3 s−1. The lines represent linear fits of experimental data.

Knowing Ka one can determine the binding energy (energy minimum depth) φm from
the following equation derived in ref. [13]

φm/kT +
1
2

ln
(
|φm|
πkT

)
= ln(δm/Ka) (11)

where 2δm is the energy minimum width.
Using the above value of the Ka constant and assuming 2δm = 3 nm, one obtains from

Equation (11) that the binding energy for the reversibly adsorbed myoglobin molecules is
equal to −16.5 and −15.5 kT for pH 3.5 and 4, respectively.

It is interesting to mention that similar values of Ka = 1.2 cm and φm equal to −17.8 kT
were previously determined in ref. [43] for the human serum albumin (HSA) desorption
from silica sensor (at pH 3.5, 0.01 M NaCl concentration) applying an exact solution of the
mass transfer equation.

Analogous kinetic measurements were performed for the NaCl concentration of
0.15 M, with the aim of determining the influence of ionic strength on the maximum
coverage of irreversibly bound protein. A typical QCM run shown in Figure 6a confirms
that the protein coverage linearly increases with the adsorption time attaining the maximum
value of 2.5 mg m−2 at after the time of 30 min. Afterward, upon flushing with pure
electrolyte solution at the same flow rate, the coverage monotonically decreases, attaining
a stationary value equals to 2 mg m−2. The AFM image of the myoglobin layer at the silica
sensor after completing the desorption run is shown in Figure 6b. Using this stationary
coverage and the above estimate of the hydration function, one obtains 1.3 ± 0.1 mg m−2

as a plausible value of the dry coverage, which is more than two times larger than that for
0.01 M NaCl. For comparison, the dry coverage of irreversibly bound albumin at silica
sensor at pH 3.5 and 0.15 M NaCl determined in ref. [44] from QCM measurements was
equal to 1.4 ± 0.05 mg m−2, which agreed with the experimental data obtained for HSA
adsorption at mica using the streaming potential method [45].



Int. J. Environ. Res. Public Health 2021, 18, 4944 10 of 15

Int. J. Environ. Res. Public Health 2021, 18, x 10 of 15 
 

and the above estimate of the hydration function, one obtains 1.3 ± 0.1 mg m−2 as a plausi-
ble value of the dry coverage, which is more than two times larger than that for 0.01 M 
NaCl. For comparison, the dry coverage of irreversibly bound albumin at silica sensor at 
pH 3.5 and 0.15 M NaCl determined in ref. [44] from QCM measurements was equal to 
1.4 ± 0.05 mg m−2, which agreed with the experimental data obtained for HSA adsorption 
at mica using the streaming potential method [45].  

t [min]
0 10 20 30 40 50 60

0.0

0.5

1.0

1.5

2.0

2.5

3.0
ΓQ [mg/ m2]

t [min]
0 10 20 30 40 50 60

ΔF[Hz]

-18
-16
-14
-12
-10

-8
-6
-4
-2
0
2

ΔD x10-6 [Hz]

-15

-10

-5

0

 
(a) 

(b)  (c)  

Figure 6. Part (a) the kinetic of myoglobin adsorption on silica sensor determined by QCM, flow rate 2.5 × 10−3 cm3 s−1, bulk 
protein concentration equal to 10 mg L−1, 0.15 M NaCl, pH 3.5. At the time of 35 min the rinsing run was initiated by 
flushing pure electrolyte at the same ionic strength and pH. The inset shows the primary frequency shift ΔFq (left hand 
axis) and dissipation ΔD (right hand axis) as a function of time at the following overtones: ●—3rd, ●—5th, ●—7th, ●—9th, 
●—11th. Part (b) the AFM image of the silica sensor with adsorbed myoglobin molecules. Part (c) the height profile of the 
protein layer adsorbed at the sensor 

It should be mentioned that analogous kinetic runs, as shown in Figure 6, were ac-
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Figure 6. Part (a) the kinetic of myoglobin adsorption on silica sensor determined by QCM, flow rate 2.5 × 10−3 cm3 s−1,
bulk protein concentration equal to 10 mg L−1, 0.15 M NaCl, pH 3.5. At the time of 35 min the rinsing run was initiated by
flushing pure electrolyte at the same ionic strength and pH. The inset shows the primary frequency shift ∆Fq (left hand
axis) and dissipation ∆D (right hand axis) as a function of time at the following overtones: •—3rd, •—5th, •—7th, •—9th,
•—11th. Part (b) the AFM image of the silica sensor with adsorbed myoglobin molecules. Part (c) the height profile of the
protein layer adsorbed at the sensor.

It should be mentioned that analogous kinetic runs, as shown in Figure 6, were
acquired for pH 4 characterized by the same maximum coverage within experimental
error bounds.

Analogous measurements derived from OWLS for NaCl concentration of 0.15 M
presented in Figure 7 indicate that the stationary coverage of myoglobin after the desorption
was equal to 1.5 mg m−2, which is also two times larger than for an NaCl concentration of
0.01 M.
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2.5 × 10−3 cm3 s−1, bulk protein concentration equal to 5 mg L−1, ionic strength 0.15 M, pH 4. At the
time of 50 min the rinsing run was initiated by flushing pure electrolyte at the same ionic strength
and pH.

This considerable increase in the maximum coverage of myoglobin with the NaCl
concentration (ionic strength) can be interpreted in terms of the decreased range of lateral
electrostatic interactions among adsorbed molecules, which are governed by the electric
double-layer thickness [45,46]. Indeed, for 0.01 NaCl concentration, the double-layer
thickness is equal to 3.1 nm, which exceeds the radius of the myoglobin molecule, whereas
for 0.15 M NaCl the double-layer thickness decreases to 0.8 nm, which is more than two
times smaller than the molecule radius. Therefore, in the latter case, the lateral repulsion
among adsorbed molecules is practically eliminated and the maximum coverage should
attain the value pertinent to the non-interacting molecules approximated as hard spheres.
The maximum coverage of myoglobin calculated from the random sequential adsorption
(RSA) model for hard spheres was equal 1.2 to 1.5 mg m2, for the molecule cross-section
area of 11 to 13 nm2, respectively [46]. This comparison confirms that the electrostatic
interactions play a significant role and control the maximum coverage of irreversibly
adsorbed molecules.

Electrostatic interactions are also expected to affect the myoglobin molecule desorp-
tion rates. This can be quantitatively analyzed plotting as previously the dependence of
ln[Γr(td)/Γr0] on the desorption time, see Figure 8. One can observe that the experimental
data obtained for 0.15 M, NaCl concentration (pH 3.5) can be fitted by a straight line char-
acterized by the slope equal to −2.7 × 10−3 s−1. Considering that kc = 2.9 × 10−4 cm s−1

and assuming B0 = 0.5 one can calculate from Equation (10) that Ka = 0.21 cm compared
to the previous value of 0.85 cm obtained for 0.01 M NaCl and pH 3.5. Using the above
value of the Ka constant and assuming 2δm = 0.8 nm one obtains from Equation (11) that
the binding energy for the reversibly adsorbed myoglobin molecules is equal to −16 kT.
These results indicate that indeed the increased ionic strength caused a decrease in the
equilibrium adsorption constant and the molecule binding strength.
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Figure 8. Myoglobin desorption kinetics derived from QCM and expressed as the dependence of
ln[Γr(td)/Γr0] on the desorption time td; silica sensor pH 3.5, NaCl concentration 0.15 M, flow rate
2.5 × 10−3 cm3 s−1.

In order to investigate the role of electrostatic interactions, a further series of mea-
surements were performed using the QCM method at larger pHs, equal to 5.5 and 7.4.
The results shown in Figure 9 confirm that the myoglobin adsorption kinetics at both
pHs is considerably less efficient compared to pH 3.5, both in respect to the initial rate
and the maximum coverage attained after longer adsorption time. Thus, at pH 5.5, the
myoglobin coverage after the adsorption time of five minutes is four times smaller, and
for pH 7.4 almost ten times smaller compared to pH 3.5. These experimental data can be
qualitatively interpreted considering the dependencies shown in Figure 1 where one can
observe that at a pH larger than five the myoglobin molecule zeta potential vanishes and
then becomes negative at pH 7.4. Therefore, it is expected that the electrostatic interactions
of myoglobin molecules with the negatively charged sensor should be much weaker at
these pHs, prohibiting stronger adhesion contact of single molecules to be formed.
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Figure 9. The kinetics of myoglobin adsorption on the silica sensor determined by QCM, flow rate
2.5 × 10−3 cm3 s−1, bulk protein concentration equal to 10 mg L−1. Part (a); ionic strength 0.01 M,
1. pH 3.5, 2. pH 5.5, 3. pH 7.4. Part (b); ionic strength 0.15 M, 1. pH 3.5, 2. pH 5.5, 3. pH 7.4.

However, given that a measurable adsorption of myoglobin at pH 5.5 and 7.4 is
observed, one can suppose that the sensor and the protein molecule charge heterogeneity



Int. J. Environ. Res. Public Health 2021, 18, 4944 13 of 15

can play a significant role. Because however, a quantitative interpretation of this effect
requires detailed information about the morphology of the sensor, its chemical composition
and charge distribution in the nanoscale, which is not currently not available. Another
plausible explanation of the measurable, albeit much slower, myoglobin adsorption at
pH 5.5 and 7.4 compared to pH 3.5 may consist in the protein solution aggregation, which
was quantitatively analyzed in ref. [46] and extensively discussed in the review [47].

4. Conclusions

It is shown that adsorption and desorption kinetics of myoglobin on the silica sensor
at different ionic strengths and pHs under flow conditions can be determined by applying
the QCM and the OWLS measurements. A quantitative analysis of the experimental runs
enabled to determine the maximum coverage of irreversibly bound myoglobin molecule.
At a pH of 3.5, this was equal to 0.60 and 1.3 mg m−2 for a NaCl concentration of 0.01
and 0.15 M, respectively. The latter value agrees with the maximum coverage pertinent
to a closely packed monolayer of molecules predicted from the random sequential ad-
sorption model. It is argued that these results confirm that lateral interactions among
adsorbed protein molecules stemming from the presence of electric double layers play a
significant role.

Additionally, a proper interpretation of the desorption runs induced by electrolyte
rinsing furnished a valid estimate of the equilibrium adsorption constant and the binding
energy of the reversibly bound molecules.

It is also confirmed that at a pH above five, the adsorption of myoglobin was con-
siderably less effective. This was attributed to the vanishing net charge of molecules that
decreased their binding energy with the substrate. A residue adsorption of myoglobin at
pH 5.5 and 7.4 was interpreted in terms of the sensor charge heterogeneity.

Beside significance to basic science, these results can be exploited to develop a re-
liable procedure for preparing myoglobin layers of well-controlled coverage, useful for
biosensing purposes.
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34. Kubiak, K.; Adamczyk, Z.; Cieśla, M. Fibrinogen adsorption mechanism at the gold substrate revealed by QCM-D measurements
and RSA modeling. Colloids Surf. B 2016, 139, 123. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.9b09900
http://doi.org/10.1098/rsfs.2012.0012
http://doi.org/10.1016/j.cis.2010.12.007
http://doi.org/10.1021/ac3015092
http://www.ncbi.nlm.nih.gov/pubmed/22861174
http://doi.org/10.1016/j.biomaterials.2011.10.059
http://www.ncbi.nlm.nih.gov/pubmed/22088888
http://doi.org/10.1002/jbm.a.35235
http://doi.org/10.1016/j.talanta.2014.08.063
http://www.ncbi.nlm.nih.gov/pubmed/25476294
http://doi.org/10.1016/j.aca.2014.10.031
http://doi.org/10.1016/j.cocis.2018.08.002
http://doi.org/10.1016/j.cocis.2018.11.004
http://doi.org/10.1016/j.apsusc.2020.147671
http://doi.org/10.1002/pro.300
http://www.ncbi.nlm.nih.gov/pubmed/19953516
http://doi.org/10.1126/science.1234192
http://doi.org/10.1016/S0022-2836(05)80270-0
http://doi.org/10.1111/j.1432-1033.1995.tb20381.x
http://www.ncbi.nlm.nih.gov/pubmed/7851391
http://doi.org/10.1016/0022-2836(75)90131-X
http://doi.org/10.1242/jeb.00243
http://www.ncbi.nlm.nih.gov/pubmed/12756283
http://doi.org/10.1242/jeb.01172
http://doi.org/10.1016/j.abb.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15752722
http://doi.org/10.1016/j.freeradbiomed.2014.05.005
http://doi.org/10.3390/s20195572
http://doi.org/10.1590/0104-1428.1818
http://doi.org/10.2116/analsci.18P371
http://www.ncbi.nlm.nih.gov/pubmed/30531104
http://doi.org/10.1021/acsomega.0c02602
http://www.ncbi.nlm.nih.gov/pubmed/32954149
http://doi.org/10.3390/nano11020357
http://www.ncbi.nlm.nih.gov/pubmed/33535535
http://doi.org/10.1016/j.jcis.2012.09.040
http://doi.org/10.1002/bit.260400804
http://www.ncbi.nlm.nih.gov/pubmed/18601195
http://doi.org/10.1021/acs.langmuir.0c01613
http://doi.org/10.1021/acs.langmuir.7b02496
http://www.ncbi.nlm.nih.gov/pubmed/28841326
http://doi.org/10.1016/j.colsurfb.2015.11.052
http://www.ncbi.nlm.nih.gov/pubmed/26705826


Int. J. Environ. Res. Public Health 2021, 18, 4944 15 of 15

35. Dolatshahi-Pirouz, A.; Skeldal, S.; Hovgaard, M.B.; Jensen, T.; Foss, M.; Chevallier, J.; Besenbacher, F. Influence of nanoroughness
and detailed surface morphology on structural properties and water-coupling capabilities on surface-bound fibrinogen films. J.
Phys. Chem. 2009, 113, 4406. [CrossRef]

36. Wasilewska, M.; Adamczyk, Z.; Sadowska, M.; Boulmedais, F.; Cieśla, M. Mechanism of fibrinogen adsorption on silica sensors at
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