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Abstract: Plasmin protease plays an important role in many processes in living systems, including
milk. Monitoring plasmin activity is important for control of the nutritional quality of milk and
other dairy products. We designed a biosensor to detect the proteolytic activity of plasmin, using
multiharmonic quartz crystal microbalance with dissipation (QCM-D). The β-casein immobilized
on the hydrophobic surface of 1-dodecanethiol on the AT-cut quartz crystal was used to monitor
plasmin activity. We demonstrated detection of plasmin in a concentration range of 0.1–20 nM, with
the limit of detection about 0.13 ± 0.01 nM. The analysis of viscoelastic properties of the β-casein
layer showed rapid changes of shear elasticity modulus, µ, and coefficient of viscosity, η, at plasmin
sub-nanomolar concentrations, followed by modest changes at nanomolar concentrations, indicating
multilayer architecture β-casein. A comparative analysis of viscoelastic properties of β-casein layers
following plasmin and trypsin cleavage showed that the higher effect of trypsin was due to larger
potential cleavage sites of β-casein.

Keywords: acoustic sensor; plasmin; trypsin; β-casein; cleavage; QCM-D; multiharmonic analysis;
viscoelasticity

1. Introduction

Milk is a highly nutritional food composed of biologically active molecules that include
proteases responsible for catalytic breakdown of the peptide bond of proteins, which in turn
changes organoleptic properties of milk [1,2]. Consequently, the detection of the enzymatic
activity of milk proteases is crucial for the control of nutritional properties of milk during
its processing in the dairy industry [3,4]. Other non-enzymatic proteins in milk, such as
caseins and whey proteins, are also important from a nutritional and technological point
of view.

In an acid environment at pH 4.6, caseins tend to precipitate, while whey proteins re-
main in solution according to their primary structure and on the basis of post-translational
modifications such as phosphorylation and glycosylation [5]. Caseins are the most abun-
dant proteins in milk. They are organized in micellar macrostructures consisting of sub-
micelles characterized by a hydrophilic surface and hydrophobic core. Caseins are divided
into four groups based on their behavior in the presence of calcium ions: αs1- and αs2-
caseins precipitate in the presence of low calcium concentrations (6 and 2 mM, respectively,
at 1% protein concentration, pH 7), β-casein precipitates with medium calcium concen-
trations (approximately 15 mM), while κ-casein precipitates at higher calcium concentra-
tions [6]. In this work β-casein was used as a substrate to study the proteolytic activity of
plasmin. The monitoring of this protease is important, as the cleavage of β-casein causes
alterations in the stability and coagulation properties of milk, which is important for the
processing of dairy products. Plasmin is also responsible for nutritional changes in milk
due to the formation of bioactive peptides following the proteolytic cleavage of caseins.
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These peptides can provide particular nutraceutical characteristics, such as antimicrobial,
antioxidant and immunomodulatory effects, but can also induce allergic reactions or intol-
erance in some predisposed individuals [4,7]. In addition, the high protease activity can
cause the formation of precipitates or gelatinous portions in milk following heat treatment,
which is not desirable for dairy production. The proteases present in milk can be of an
endogenous nature (native in milk) or exogenous (produced by psychrotrophic bacteria) [8].
While it is possible to control the presence of exogenous proteases by acting on the viability
of the bacteria, the presence of endogenous proteases is harder to control and is not always
possible to monitor [9]. It is therefore important to design sensors capable of detecting the
concentration and activity of the plasmin. This serine protease is in milk and blood mainly
as an inactive zymogen (plasminogen), and both are heat stable, unlike their inhibitors
and activators [10]. Plasmin can hydrolyze caseins, but it does not easily hydrolyze whey
proteins. It also has a physiological role in lactation and in the digestion of milk [11]. Con-
sequently, the development of the sensor for monitoring the plasmin activity is important
for quality control of the dairy products.

Various approaches were reported for the detection of plasmin and its activity. This
includes in particular fluorescence spectroscopy, which uses fluorogenic peptides as a
substrate for plasmin cleavage [12]. For example, Dacres et al. designed a bioluminescence
resonance energy transfer (BRET)-based biosensor for plasmin detection. Following pro-
teolytic activity by the plasmin, the initial BRET ratio decreased with increasing plasmin
concentration. This allowed a limit of detection (LOD) of 0.86 nM for bovine plasmin
in whole milk to be determined [13]. Plasmin has also been detected by electrochemical
sensors. For this purpose Ohtsuka et al. [14] used a specific peptide substrate modified at
NH2-terminal by ferrocene (Fc) as a redox label and at C-terminal by cysteine. The cysteine
residues allowed chemisorption of the peptides at the gold electrode. The cleavage of
peptides by plasmin resulted in a decrease of the amplitude of the ferrocene redox current,
which served as analytical signal. Using this method, they found a LOD of 50 ng/mL
(0.57 nM). Castillo et al. used this approach for detection of plasmin in milk with LOD
of 0.56 ± 0.03 nM. This was much lower in comparison with optical UV-Vis detection
method (LOD = 3.68 ± 0.04 nM) [15]. For practical applications, and especially for the
detection of the plasmin in non-transparent liquids such as milk, the acoustics methods
are very useful. In this case the substrate for plasmin cleavage, such as short peptides or
β-casein, are immobilized at the piezoelectric transducer. The cleavage of the substrate
resulted in loss of mass and increase of the resonant frequency of acoustic sensor. Sensors
of this type are based on acoustic waves such as thickness shear mode (TSM), quartz crystal
microbalance (QCM) and electromagnetic piezoelectric acoustic sensor (EMPAS). All these
methods were used for detection plasmin or trypsin (see Dizon et al. for recent review [16]).
For example, using the EMPAS, Románszki et al., designed a sensor for plasmin based
on a β-casein layers formed at hydrophobic surfaces of octadecanethiol. This approach
substantially increased sensitivity of plasmin detection because the hydrophilic groups
of β-casein were exposed to the water environment and therefore were more accessible
to plasmin. The sensitivity of this method allowed detection of plasmin at concentration
32 pM [17]. Poturnayova et al. designed a QCM biosensor for plasmin using peptide
substrate [18] or β-casein layers [19] immobilized at the thin gold layers of the piezocrystal.
A LOD of 0.65 nM (peptide substrate) and 0.17 nM (β-casein) were reported. Similarly,
Tatarko et al. used a β- and κ-casein layers to identify the differences in the activity of
trypsin and plasmin. A machine learning algorithm allowed detection of plasmin within
less than 2 min and a LOD of 0.5 nM [20].

In this work, a β-casein layer was adsorbed on the hydrophobic surface formed by
1-dodecanethiol chemisorbed at the thin gold layer of AT-cut quartz. In contrast with
previous works, the QCM method with dissipation (QCM-D) at multiharmonic mode
has been used. This approach allowed not only the detection of plasmin activity, but
also the analysis of the changes of viscoelastic properties of β-casein layers during the
cleavage by plasmin. Moreover, using the Voinova–Voigt viscoelastic model [21,22], it was
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possible to quantify the variations of viscoelastic parameters during plasmin cleavage and
to describe the architecture of the β-casein layer. The viscoelastic properties of β-casein
layers following plasmin cleavage were compared with those caused by trypsin using the
results of a recently published paper [23].

2. Materials and Methods
2.1. Chemicals

The aqueous solutions were prepared using deionized water produced by Pure Lab
Classic UV (Elga Water Systems, High Wycombe, UK) and filtered with a 0.22 µm mem-
brane filter (Merck-Millipore, Darmstadt, Germany). Tris(hydroxymethyl)aminomethane
(TRIS, Trizma® base, Sigma-Aldrich, Darmstadt, Germany) buffer 10 mM of pH 7.0 was
used in all aqueous solutions with pH adjustment achieved by adding a few drops of
concentrated HCl in deionized water. Bovine β-casein was purchased from Sigma-Aldrich
(≥98%, Mw ≈ 24,000 g/mol) and solubilized in the TRIS buffer at a concentration of
0.1 mg/mL. Bovine plasmin (PLA) (Mw ≈ 88,092 g/mol) was obtained from Roche Di-
agnostics (Mannheim, Germany). The plasmin concentrations in the TRIS buffer used
in the experiments were in the range 0.1–20 nM. 1-dodecanthiol (DDT) was purchased
from Sigma-Aldrich (≥98%) and used for the preparation of a hydrophobic self-assembled
monolayer (SAM) chemisorbed on QCM gold electrodes. Hydrogen peroxide (30% H2O2),
ammonia (26% NH4OH), 96% ethanol, HCl and NaOH powder were obtained from Slavus
(Bratislava, Slovakia). All reagents and solvents were used without further purification.

2.2. Cleaning of QCM Crystals and Preparation of β-Casein Layers

Prior to sensor preparation, the AT-cut QCM crystals with gold electrodes on both sides
(Total Frequency Control Ltd., Storrington, UK, working area, 0.2 cm2, with fundamental
resonance frequency of 8 MHz) were carefully cleaned with a Piranha basic solution (26%
NH4OH: 30% H2O2: H2O in volume ratio 1:1:5) for 25 min followed by rinsing with
deionized water. They were then rinsed with ethanol and dried under nitrogen flow. Then,
the crystals were introduced into an incubation chamber to which a 0.5 mL of 1 mM of
1-dodecanethiol dissolved in ethanol had been added. The chambers were sealed with
parafilm (Sigma-Aldrich) kept overnight at room temperature (20 ± 2 ◦C). The crystals
were then rinsed with ethanol and dried under a nitrogen flow.

2.3. Experimental Set-Up

The crystal with immobilized DDT were mounted in an acrylic flow-through cell of a
volume of approximately 100 µL (JKU Linz, Austria). The gold electrodes of the piezoelec-
tric disc were connected to a SARK-110 vector analyzer (Seeed, Shenzhen, China) by means
of a coaxial cable. This device was connected to a computer via USB communication for
control and data acquisition via software written in Python [24]. In this configuration, only
one side of the crystal was exposed to the liquid. During the measurements, the crystals
were held upright and in flow mode using a GeniePlus syringe pump (Kent Scientific,
Torrington, CT, USA) to draw solutions directly from a vial. The liquids flowed into the cell
chamber via an inlet tube and flowed away via an outlet tube towards the pulling syringe.

2.4. Measurements of the Resonant Frequency and Their Overtones

The vector analyzer allowed monitoring of all steps of the preparation of β-casein lay-
ers and their cleavage by plasmin. The measurements were performed at room temperature
(20 ± 2 ◦C) at a flow rate of 50 µL/min. Initially, ethanol and then TRIS buffer were flushed
into the QCM flow cell to remove any excess of weakly adsorbed DDT molecules on the
surface and to obtain a stable initial signal for a time corresponding to about 55–60 min.
Meanwhile, β-casein and plasmin solutions were freshly prepared before their injection
in the flow cell. The sample flow was stopped when the solutions had to be changed.
After each solution change, a certain stabilization time was necessary before proceeding
to the next step, except in the case of plasmin incubation, as it was decided that less time
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was needed to visualize enzyme activity. After the initial TRIS buffer wash, the crystal
was incubated with 0.1 mg/mL β-casein solution for 45 min until the signal reached its
stabilization. A low concentration of β-casein was necessary to form a protein monolayer,
because at higher concentrations the protein forms micelles and prevents the formation
of a compact layer [17]. Then, the crystal was washed with TRIS buffer to remove the
weakly bound β-casein until a stable frequency of the QCM was reached. Finally, 0.1–20 nM
plasmin solutions were flowed over the surface bound β-casein. Each QCM crystal with
β-casein layer was then incubated with one plasmin concentration for 30 min. Subsequently,
the surface was rinsed with TRIS buffer to remove the plasmin and stop the enzymatic
reaction until a stable baseline was obtained. Multifrequency analysis was carried out for
all measurements, starting from the fundamental resonance frequency, 8 MHz and the
following four overtones (3rd, 5th, 7th, 9th corresponding to 32 MHz, 35 MHz, 56 MHz
and 72 MHz). The multiharmonic QCM-D method allows gravimetric measurements on
the thin film simultaneously with the stiffness of the layer, thus allowing quantitative
characterization of the protein adlayer before and after the plasmin enzymatic activity.
Using traditional QCM, it is impossible to simultaneously calculate the viscoelastic values
of β-casein layers.

2.5. The Basic Parameters of QCM and the Analysis of the Viscoelastic Properties of the
Protein Layers

Since the experiments carried out made it possible to obtain information on the
variations in resonance frequencies and dissipation, it is necessary to explain some physical
properties related to these values. Among them, the important relationship that exists
between the variation of the resonance frequency and the mass adsorbed on the surface of
the crystal is described by the Sauerbrey equation [25].

∆ f = −
2n f 2

0√
ρqµq

∆m
A

(1)

where ∆f (Hz) is the change of the resonance frequency, n and f 0 are the overtone number
and the fundamental frequency, respectively, ∆m is the variation of the mass adsorbed
on the surface, A is the active area of the quartz crystal, µq and ρq are the shear modulus
(2.947 × 1010 Pa) and the density (2.648 × 103 kg m−3) of the quartz, respectively [25]. This
equation is strongly valid for thin rigid layers in a vacuum. However, for crystal that made
contact with liquid, the viscosity caused dissipation of the acoustic wave, which affected
the resonance frequency. Therefore, analysis of the changes in the frequency and dissipation
is also important for the study of the viscoelastic properties of the organic layers at the
crystal surface contacted with aqueous solution. Most recently we applied multiharmonic
analysis of viscoelastic properties of β-casein layers following cleavage by trypsin [23].
This analysis has been based on a Voinova–Voigt model using following equations [21,22]:

∆ f ≈ − 1
(2πρ0h0)

[(
η3

Γ3

)
+ h1ρ1ω− 2h1

(
η3

Γ3

)2
(

η1ω2

µ2
1

+ ω2η2
1

)]
(2)

D ≈ 1
(π fnρ0h0)

[(
η3

Γ3

)
+ 2h1

(
η3

Γ3

)2
(

η1ω

µ2
1

+ ω2η2
1

)]
(3)

where ω is the angular frequency of the acoustic wave, ρ0 and h0 are the density and the
thickness of the QCM crystal, respectively, and η1, ρ1, h1, and µ1 are the viscosity, density,
thickness and shear elastic modulus of the adlayer. For proteins, an average density is
1.35 × 103 kg m−3 and the thickness of the protein layer can be obtained by dividing
the mass per unit of area by density. Γ3 is the decay length of the shear wave in liquid

expressed as: Γ3 =
√

2η3
ωρ3

[26]. ρ3 = 998.2 kg/m3 and η3 = 1.0016 mPa s are the density and
dynamic viscosity of diluted aqueous solutions at 20 ◦C, respectively. The dissipation factor
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is proportional to the decay length: D = Γ3/f0 [27]. In the evaluation of the rigidity of the
adlayer, the following criterium can be applied:

∆ fn

n
≈ k (4)

This relationship states that if the normalized frequency shift ∆fn/n is similar at differ-
ent resonant frequencies, the adlayer fulfills stiffness criteria and the Sauerbrey equation
can be used for mass calculations. Another criterion to verify that the adlayer is rigid
or viscoelastic is based on the calculation of the ratio ∆Dn/∆fn. If this ratio is less than
10−8 Hz−1 [28], the adlayer can be considered rigid and it is possible to calculate its mass
using Sauerbrey equation, while with a value greater than 4 × 10−7 Hz−1 [29] the adlayer
can be considered as viscoelastic. The adlayer can be considered rigid when the following
relationship is true:

∆Dn

∆ fn
� 1

f0
(5)

In this work the changes in frequency and dissipation of the QCM crystal were
measured in multiharmonic mode to monitor the assembly of a β-casein layer and its
cleavage by plasmin. It was demonstrated that the β-casein layer can be used for label-
free detection of the plasmin proteolysis. Furthermore, by means of the Voinova–Voigt
viscoelastic model [22,30], it was possible to quantify the changes in viscoelastic values and
describe the architecture of the β-casein layer.

The measurements of the proteolytic activity at a given plasmin concentration were
carried out at least three times. The reproducibility of the experiments was acceptable as
it was demonstrated by a low standard deviation. Assembly of a single layer of β-casein
led to similar frequency changes, suggesting similar packing density and acceptable re-
producibility. The obtained data were fitted using a Python script that calculates the peak
parameters using an equation from a work by Yoon et al. [31]. The fitted parameters were
statistically processed and plotted using OriginPro 8 software (OriginLab Corporation,
Northampton, MA, USA). All results are presented as mean ± standard deviation (SD).
The mass and thickness of the β-casein adlayer, before and after plasmin treatment, were
calculated using the fitted data. The viscoelastic properties of the adlayer before and
after enzyme incubation were also analyzed from fitting the data to the Voinova–Voigt
viscoelastic model using Python code.

3. Results and Discussion
3.1. The Formation of β-Casein Layers and Their Cleavage by Plasmin

In the first series of experiments we studied the kinetics of the changes of resonant
frequency and the overtones following formation of β-casein layers at the surface of
1-dodecanethiol (DDT) at the QCM transducer, as well following the addition of 10 nM
plasmin. From Figure 1 it is seen that the kinetics of frequency changes can be divided into
five phases that allow description of the sensor behavior after various surface modifications.

The first phase (1) corresponds to the stabilization of the frequency after washing the
crystal surface covered by SAM from 1-dodecanethiol with TRIS buffer. The steady-state
frequency has been then used as a baseline for the subsequent phenomena occurring at the
surface. In the second phase (2), the crystal is incubated with a β-casein at a concentration
of 0.1 mg/mL, below the critical micellar concentration (CMCβ-casein = 0.5 mg/mL [32]).
Thus, the protein layer has been formed from monomers of β-casein. It is seen that the
resonant frequency decreases, evidencing β-casein adsorption on the hydrophobic DDT
layer. Following the stabilization of the frequency, the crystal surface was rinsed again
with the TRIS buffer. A slight increase in the resonances; frequency during the third
phase (3) can be interpreted as a removal of weakly bound β-casein molecules from DDT
surface [33]. Once the frequency stabilized, the β-casein layer was incubated with a plasmin
at a concentration of 10 nM for 30 min (phase 4). Consequently, β-casein blank was omitted
in Figure 2 because the incubation with the enzyme occurs when the signal has already
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stabilized. The cleavage of β-casein by plasmin resulted in partial removal of the β-casein,
which has been detected as an increase in the resonance frequency. In the last phase (5),
rinsing of crystal surface was carried out with TRIS buffer until frequency stabilized. In
order to compare changes in frequency for higher harmonics, we normalized frequency
change, dividing it by overtone number n. The corresponding plot of the kinetics of the
changes of normalized frequencies is presented on Figure 1b. It is seen here that the
normalized curves do not overlap, evidencing viscosity contribution to frequency response.
The changes in viscosity can be assessed by analyzing the changes in dissipation, ∆D. The
kinetics of the changes of dissipation at five frequencies are shown on Figure 2.
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Figure 2. Plot of the dissipation changes, ∆D, of the QCM crystal vs. time after incubation with
different solutions at fundamental resonance frequency until 9th overtone: (1) initial rinsing of the
1-dodecanethiol-coated crystal with TRIS buffer; (2) incubation with 0.1 mg/mL β-casein; (3) rinsing
with TRIS buffer to remove weakly bound β-casein; (4) incubation with plasmin at concentration of
10 nM for 30 min; (5) final rinsing with TRIS buffer.

The kinetics in the dissipation traces can also be divided into five phases. In contrast
with the resonant frequency (Figure 1a), the dissipation increases after the first phase (1),
followed by adsorption of β-casein on the second phase (2). This is due to the viscosity con-
tribution of relatively soft β-casein layer. The observed overshoot at this phase may be due
to the dynamic nature of β-casein assembly. At first it assembles as a soft layer (increases
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in the dissipation), followed by ordering and rearrangement of the adlayer (decrease in
the dissipation). After signal stabilization, the crystal was washed by TRIS buffer during
the third phase (3), when reduction in dissipation was observed. We attribute this change
in dissipation to the removal of weakly bound β-casein molecules. The incubation of the
β-casein layer with a 10 nM plasmin for 30 min resulted in a decrease of the dissipation
due to partial removal of the β-casein layer (phase 4). In the final phase (5), a rinsing of
the surface of the crystal with a TRIS buffer was performed until a steady-state frequency
was reached.

The average changes of D and fn values of each stable baseline (phases 2, 3 and 5), with
respect to the initial stabilization in phase (1), were determined for fundamental frequency
and all overtones. The results are summarized in Table 1.

Table 1. Normalized resonance frequency changes from fundamental to the 9th overtone, after
β-casein incubation (baseline 2 (b2)), after rinsing (baseline 3 (b3)) and after treatment with 10 nM
plasmin concentration (baseline 5 (b5)) compared to initial stabilization. The dissipation variation
values obtained after the same baselines are also shown.

Parameter/
Harmonics No. Fundamental 3rd 5th 7th 9th

∆fb2/n, Hz −120.0 ± 21.9 −113.8 ± 3.8 −111.9 ± 3.0 −104.0 ± 3.1 −103.4 ± 7.0
∆fb3/n, Hz −90.9 ± 10.9 −89.3 ± 3.7 −86.6 ± 4.7 −83.8 ± 4.5 −81.8 ± 5.2
∆fb5/n, Hz −37.5 ± 16.7 −61.5 ± 2.4 −59.1 ± 2.5 −58.6 ± 3.7 −58.2 ± 3.9
∆Db2, 10−6 8.7 ± 1.9 4.5 ± 1.0 3.6 ± 0.9 3.4 ± 0.7 3.0 ± 0.7
∆Db3, 10−6 6.8 ± 2.2 3.8 ± 0.8 3.1 ± 0.6 2.6 ± 0.7 2.2 ± 0.7
∆Db5, 10−6 4.9 ± 2.8 3.0 ±0.8 2.4 ± 0.6 2.0 ± 0.6 1.6 ± 0.6

3.2. Formation of β-Casein Adlayer, Assessment of its Viscoelastic Nature and Applicability of the
Sauerbrey Equation

The Sauerbrey Equation (1) allows calculation of the mass deposited on the QCM
crystal and its portion removed due to the plasmin cleavage. The details of data analysis
can be found in our recent publication focused on trypsin detection [23]. Here we will focus
on the analysis of viscoelastic properties of the β-casein layers by plasmin cleavage.

Figure 1b shows that different harmonics do not overlap during the adsorption of
the β-casein on the 1-dodecantethiol monolayer (phase 2). This suggests that the β-casein
adlayer is not fully rigid and also exhibits viscous properties. However, after washing the
surface by TRIS buffer, the harmonics overlap, suggesting that removal of the weakly bound
β-casein diminishes the viscosity effect (phase 3). Following incubation of β-casein with
plasmin, the adlayer undergoes mass loss (phase 5), and the harmonics tend to converge
(overlap), except for the fundamental frequency, which does not show the same trend. This
result agrees with our recently published data on the cleavage of β-casein by trypsin [23].
The overshoot at the beginning of the adlayer formation has already been observed and
explained in other works [34,35].

The ∆Dn/∆fn ratio is a parameter commonly used for analysis of the adlayer rigid-
ity [36]. The values of ∆Dn/∆fn obtained for higher harmonics (Table 2) satisfy the inequal-
ity (5) as they are less than 1/f 0 = 1.25 ×·10−7 Hz−1. Consequently, the changes of the mass
of β-casein adlayer was calculated and compared to previous studies.

Table 2. The relationships between the dissipation and frequency changes in the stabilizations of
phases 2 (b2), 3 (b3) and 5 (b5) for fundamental frequency and for 3rd to 9th overtones.

Parameter/
Harmonics No. Fundamental 3rd 5th 7th 9th

∆Db2/∆fb2, Hz−1 7.2 × 10−8 4.0 × 10−8 3.2 × 10−8 3.3 × 10−8 2.9 × 10−8

∆Db3/∆fb3, Hz−1 7.5 × 10−8 4.2 × 10−8 3.6 × 10−8 3.2 × 10−8 2.7 × 10−8

∆Db5/∆fb5, Hz−1 1.3 × 10−7 4.9 × 10−8 4.1 × 10−8 3.3 × 10−8 2.8 × 10−8
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The changes in 3rd, 5th and 7th overtones (phase 2, Figure 1) have been used for
estimation of the mass changes using Equation (1). However, the 9th harmonic was not
used in the calculation since, as it can be seen in Figure 1b, this overtone tends to overlap
with the previous harmonics at baselines in all the measurements performed. Therefore, in
order to avoid data redundancy and repetition of calculations with the same values; only
overtones until the 7th were considered.

The average frequency changes corresponded to the formation of β-casein layer
(Figure 1b, phases 2–3) were determined as ∆fn = 86.6 ± 5.2 Hz. According to the Sauerbrey
Equation (1), this corresponds to the mass density of the β-casein adlayer 6.0 ± 0.4 mg/m2.
The obtained value correlates well with those reported in the literature [17,23,35,37]. The
adsorbed mass density before the buffer rinse was 7.5 ± 0.4 mg/m2, corresponding to the
structure of a double layer in which the inner layer is denser than outer layer which is,
however, partially removed after washing [33].

The thickness of the adsorbed layer, hf, was quantified using the mass changes (∆m),
the active area of the QCM crystal (A = 0.2 cm2) and the averaged density of a protein
(ρp = 1.35 g/cm3). The following equation was used for calculation of the layer thickness:

h f =
∆m

A·ρp
(6)

The thickness of the adlayer after rinsing with the buffer was found to be 4.4 ± 0.3 nm,
compared to 5.6 ± 0.3 nm before the wash [17,23,33,38,39].

The viscoelastic values of the β-casein adlayer were also calculated using the Voinova–
Voigt model. The 1-dodecanetiol monolayer is thinner (1.6 nm) than the β-casein layer and
smaller than the penetration depth (112 nm). This suggests that it does not significantly
contribute to the viscoelastic values. In the case of bare QCM crystals immersed in water, the
penetration depth (Γ3) is about 250 nm [40]. The value of penetration depth of 3rd overtone
Γ3 for β-casein adlayer after TRIS washing has been calculated to be Γ3 =112.0 ± 0.6 nm,
which is similar to the value of 104 ± 1 nm obtained in our recent work [23].

The changes in viscosity coefficient (η) and shear modulus (µ) of β-casein layer
were also calculated. The following values were obtained: µ = (6.4 ± 1.3) × 104 Pa,
η = (10.8 ± 4.4) × 10−4 Pa s. These values are of the same order of magnitude as those
reported in the literature [41,42] as well as in our recent paper [23]. Considering that the
results obtained are consistent with those published earlier, we continued the study of the
effect of plasmin on the physical properties of the β-casein layer.

3.3. Effect of Plasmin on the Viscoelastic Properties of β-Casein Adlayer

The results of the study of the kinetics of the changes in frequency, ∆fPla, and dissipa-
tion, ∆D, at various concentrations of plasmin (0.1–20 nM) are presented in Figure 3. As
can be seen, with increased plasmin concentration the frequency increases (Figure 3a) and
dissipation decreases (Figure 3b).

This clearly evidences the cleavage of the β-casein by the plasmin that causes a de-
crease of the mass of the casein adlayer and consequently increases the resonant frequency.
The decrease of the dissipation is likely due to the removal of the outer, softer part of the
β-casein layer.
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An inverse Michaelis–Menten model was used to analyze the variations of the 3rd
overtone due to enzymatic activity. The fundamental frequency, as it had a wide variability
due to greater sensitivity to spurious events occurring on the electrode borders, was not
used in the analysis. Moreover, the harmonics higher than the 3rd were not included in
the analysis because they tended to overlap. In this model, normalized (∆fN) frequency
changes were used to minimize the variations in the amount of adsorbed β-casein, ∆fcasein,
according to the equation:

∆ fN =
∆ fPla

∆ fcasein
·100 (%) (7)

where ∆fPla is the frequency change following the removal of β-casein from the QCM crystal
surface by plasmin. Subsequently, ∆fN can be expressed as inverse Michaelis–Menten
model [17]:

∆ fN = (∆ fN)MAX
[Pla]

KM + [Pla]
(8)

where [Pla] is the plasmin concentration, (∆fN)MAX is the maximum frequency change in
saturating conditions and KM is the inverse Michaelis–Menten constant describing the
plasmin concentration at which half of the maximum enzyme reaction speed is achieved.
Using this equation, we fitted the experimental data presented in Figure 4a as a plot of ∆fN
vs. concentration of plasmin. The Equation (8) can be linearized by the Lineweaver–Burk
coordinates (Figure 4b), which allow the values of (∆fN)MAX and KM to be independently
determined from the linear fit. The following values were obtained from the linear fit
(Figure 4b): (∆fN)MAX = 34.28 ± 0.79% and KM = 0.90 ± 0.02 nM.

The limit of plasmin detection was calculated using the following relationship:
LOD = 3.3 SD/κ, where (κ) is the slope of the curve of the graph in Figure 4a in the linear
sub-nanomolar interval of plasmin and SD is the standard deviation of the y-intercept of
the regression line for same concentration interval. We found these values to be κ = 12.11
and SD = 0.13 and the corresponding value of LOD was found to be 0.13 ± 0.01 nM. The
sensitivity of the developed biosensor is also sufficient for practical application considering
that the plasmin concentration in cow’s milk is approximately 5 nM [19]. The comparison
of the sensitivity of plasmin detection by various methods is presented in Table 3.
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Table 3. Comparison of the results of studies conducted on the plasmin detection using differ-
ent methods.

Substrate Method of
Detection

Plasmin
Source Assay Medium Linear

Range, nM LOD, nM Detection
Time, min KM, nM Ref.

RLuc2-Peptide-GFP BRET Human TB 0.09–3.29 0.03 10 ND [13]
RLuc2-Peptide-GFP BRET Bovine TB 0.48–8.41 0.26 10 ND [13]
RLuc2-Peptide-GFP BRET Human 50% milk/TB 0.78–44.16 0.25 10 ND [13]
RLuc2-Peptide-GFP BRET Bovine 50% milk/TB 1.19–29.92 0.86 10 ND [13]

Chromogenic substrate * Colorimetry Human 50% milk/TB ND 1.8 40 ND [13]
Cromogenic substrate * Colorimetry Bovine 50% milk/TB ND 0.5 40 ND [13]

Short peptide DPV Human 0.2 M HClO4 1–12 0.6 60 ND [14]
Short peptide CV Bovine PB 1–2.5 0.56 60 2.5 [15]
Short peptide CV Bovine Milk (2.8% fat) 1–2.5 0.6 60 0.8 [15]

Spectrozyme PL Colorimetry Bovine PB 5–30 3.68 40 ND [15]
β-casein adlayer EMPAS Bovine PB 0.032–10 0.032 30 3.29 [17]

Short peptide QCM Bovine PB 1–20 0.65 30 ND [18]
β-casein QCM Bovine PB 0.1–5 0.17 50 ND [19]
β-casein QCM Bovine PB 1–10 0.5 >100 ND [20]
κ-casein QCM Bovine PB 1–10 0.2 >100 ND [20]

Fibrinogen-AuNPs Colorimetry Human Human serum 0–50 0.4 60 ND [43]
Fibrinogen-Au NPs on

MCEM LDI-MS Human PB 0–10 0.1 60 ND [44]

Short peptide Magnetic Bovine PB 0.001–11 0.12 2 ND [45]
RLuc8.6-Peptide-

TurboFP635
Optical,
BRET Human Human plasma

7.5% 22.5–215.4 11.9 10 ND [46]

β-casein Mechanical Bovine Water 0.33–13.3 0.7 >60 ND [47]

β-casein Ultrasound
spectroscopy Bovine PB 0.2–5 0.2 15–30 1.06 [48]

β-casein QCM Bovine PB 0.1–1.0 0.13 15–30 0.9 This
work

BRET—bioluminescence resonance energy transfer; Chromogenic substrate *—D-Val-Leu-Lys-4-nitroanilide dihy-
drochloride; CV—cyclic voltammetry; DPV—differential pulse voltammetry; Fib-AuNPs—fibrinogen-modified
gold nanoparticles; GFP—green fluorescent protein; KM—Michaelis–Menten constant; LDI-MS—pulsed-laser
desorption/ionization mass spectrometry; MCEM—mixed cellulose ester membrane; RLuc2—Renilla luciferase;
TB—TRIS buffer; PB—Phosphate buffer.

The sensitivity of acoustics methods of detection, Table 3, is close to the BRET tech-
niques. An additional advantage of acoustic techniques is that they are label-free and can
be used in non-transparent liquids such as raw milk.

We also analyzed the changes of the β-casein adlayer thickness, Γ3, the viscosity
coefficient, η, and the shear modulus, µ, before and after the incubation of the β-casein
layer with plasmin. The plot of these values as a function of plasmin concentration is
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presented in Figure 5. As can be seen, the β-casein thickness, shear modulus (Figure 5a)
and viscosity coefficient (Figure 5b) decrease with increasing plasmin concentration due to
the partial removal of the β-casein adlayer. Furthermore, at low concentrations of plasmin,
the viscoelastic coefficients decrease more rapidly. It is likely that, at the initial stage of
incubation, the plasmin is able to remove the outer portion of the looser adlayer (more
responsible for viscoelasticity), but probably does not cleave deeper due to the dilution of
the enzyme. At higher plasmin concentrations, however, during the incubation time, the
protease also begins to remove the inner layer of β-casein, but as it becomes denser, the
viscoelastic values decrease less rapidly.
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It is interesting to compare the effect of plasmin on the viscoelastic properties of
β-casein layers with those by trypsin reported in our recent paper [23]. The plot of the
effect of plasmin and trypsin on the changes of shear modulus and viscosity coefficient
as a function of protease concentration is presented on Figure 6. It can be seen that the
changes of both viscoelastic values are similarly rapid at a picomolar range of the protease
concentration. However, at higher, nanomolar concentrations the effect of trypsin on shear
modulus is higher (Figure 6a), but the coefficient of elasticity is lower than those caused by
plasmin (Figure 6b). The rapid changes in the viscoelastic values at picomolar concentration
range can be attributed to the cleavage of N-terminal regions of casein presumably to the
outer layer, which is most exposed in the bulk solution.
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The differences in behavior of viscoelastic values at nanomolar concentrations of
proteases can be interpreted considering the nature of their interaction with β-casein.
Trypsin cleaves proteins from the C side of a lysine or arginine, while plasmin preferentially
cleaves the lysine bond. As a result, trypsin appears to cleavage β-casein more than
plasmin, with 15 potential cleavage sites versus 11 in the case of plasmin [49]. However,
the most interesting finding is that the trypsin exclusive cleavage sites are preferentially
found in the highly hydrophobic carboxyl terminal region of casein. This is schematically
showed in Figure 7. Thus, the portion of potential cleavage sites of β-casein for trypsin
is localized more internally in the β-casein adlayer and is therefore less easily reached by
trypsin (shown by the red arrows in Figure 7).
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Accordingly, at nanomolar trypsin concentrations the proteolytic activity of the hy-
drophobic region of β-casein (C-terminal) increases, and the resulting hydrophobic frag-
ments tend to remain attached to the electrode surface [50].

This would explain the differences in the adlayer viscoelasticity coefficients in the
two experiments: a more hydrophobic fragmented β-casein layer could have a lower
shear modulus than a more intact layer, as the elasticity of the material is also due to the
nature and number of chemical bonds. In addition, such a layer could disperse more
acoustic energy (since it would become less compact) and therefore result in the increase
of the viscosity coefficient, in comparison with the layer exposed to plasmin. Since these
two enzymes differently interact with the β-casein layer, there is the possibility for the
designed biosensors to discriminate contributions from trypsin and plasmin in the presence
of both proteases in a sample. The data analytics could be conducted through advanced
statistics or machine learning algorithm using unique signatures of interaction [20]. We
should mention that the main focus of this study was on the analysis of viscoelastic
properties of the β-casein following cleavage by plasmin and trypsin. High sensitivity of
QCM-D method and simplicity of implementation supports practical applications of this
approach for the detection of plasmin in real milk samples. The QCM method has been
already demonstrated for plasmin detection in milk, which is similar to the detection in the
buffer [19]. The problem of plasmin detection in real milk samples is because plasmin is
associated with casein micelles, requiring an additional step for the plasmin isolation for
the following detection.

4. Conclusions

The multiharmonic QCM-D method enabled detection of plasmin with LOD of
0.13± 0.01 nM and an estimation of an inverse Michaelis–Menten constant, KM = 0.90± 0.02 nM.
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Using changes in the 3rd overtone of QCM, the variation in thickness, shear modulus and
viscosity coefficient of β-casein adlayer following cleavage by plasmin was analyzed. We
showed that β-casein assembles on the hydrophobic surfaces as an asymmetrical double
layer in which the innermost layer is denser than the outermost one. The comparative
analysis indicates that β-casein can adapt different conformations through the thickness
of the layer, so that the innermost zone is made up of the most hydrophobic regions and
the outermost layer is hydrophilic. Further research will target experiments to verify
this concept.

The detailed analysis of the dynamics of the β-casein cleavage by plasmin showed
rapid changes of viscoelastic values and thickness at relatively low (<2 nM) plasmin
concentrations, which was attributed to the removal of the outer part of the looser β-casein
layer, which does disturb the denser inner β-casein layer. The latter is removed at higher
plasmin concentration.

The comparative analysis of the effect of trypsin and plasmin on the viscoelastic
properties of the β-casein layer confirms the casein layered architecture. Exposure of the
protein layer to these enzymes resulted in a different trend in the variation of the shear
modulus and the viscosity coefficient of the adlayer due to different cleavage sites of these
proteases. Trypsin has four more potential cleavage sites on β-casein than the plasmin with
two sites located in the hydrophobic C-terminal region of the protein. Enzyme access to
these sites does not lead to the removal of β-casein but affects its viscoelastic properties.

In summary, the multiharmonic analysis of QCM-D data demonstrated: (1) the detec-
tion of plasmin in subnanomolar concentration range, comparable with the most sensitive
EMPAS and fluorescence detection methods; (2) the possibility of following the dynamic
changes of viscoelastic properties and the thickness of β-casein layer during the cleavage
by plasmin. Thus, the multiharmonic QCM-D methods could be beneficial for studying the
mechanisms of the protease activity at surfaces at various conditions.

Lastly, vibrational methods such as infrared spectroscopy or Raman spectroscopy can
also be used for the study of the enzymatic activity of proteases on β-casein and these
tasks are the subject of further work. However, the cost-effectiveness and simplicity of the
analysis conducted in this work makes the QCM-D method and the use of a β-casein layer
a good candidate for plasmin monitoring.
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