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Quartz crystal microbalance (QCM) biosensor for detection plasmin (PLA) in milk using β-casein as a substrate
immobilized at piezocrystal surface was reported. The cleavage of β-casein induced by PLA within the concen
tration range 0.1–40 nM resulted in an increase of series resonant frequency, fs, and a decrease of motional
resistance, Rm, due to removal of short peptide fragments from the crystal surface and decrease of viscosity
contribution, respectively. The sensor was verified in both raw and spiked milk samples of various origins (cow,
goat, sheep). The sensor response has also been studied for trypsin and α-chymotrypsin activities. Sensor tech
nology achieved a limit of PLA detection (LOD) 167.16 ± 39.36 pM at pH 7.4. Similar LOD, 121.98 ± 18.30 pM,
was confirmed by Enzyme Linked Immunosorbent Assay (ELISA) test performed in-parallel with the biosensor
measurements. Atomic force microscopy (AFM) confirmed cleavage effect of PLA on the surface covered by
β-casein.

1. Introduction
Proteolysis is an important process in milk in which the plasmin
(PLA) plays important role. The PLA system is rather complicated that
involves PLA activation and inhibitions. PLA is activated from plas
minogen by plasmin activators such as urokinase and tissue plasmin
ogen activators. PLA is a serine protease of ~85 kDa that specifically
cleaves at the carboxylic side of lysine and arginine bonds in milk pro
teins, mostly in β-casein (Ismail & Nielsen, 2010). The activity of PLA
towards milk proteins is optimal at pH 7.5 and 37 ◦ C. In the milk, the
PLA is partially free and partially associated with casein micelles, mostly
β-casein, although other caseins such as αs1-, αs2-and γ-caseins can be
involved in PLA-casein interactions (Gunning, Fong, Watson, Philo, &
Kemsley, 2019; Mara, Roupie, Duffy, & Kelly, 1998). The concentration
of PLA increases in milk during stage of lactation and at mastitis infec
tion (Bastian, Brown, & Ernstrom, 1991). The elevated PLA activity
towards milk proteins affects the texture and flavor of dairy products.
Therefore, the information on PLA activity is important for providing
desirable quality of dairy products and for reducing of the processing
costs (Bastian & Brown, 1996).
However, determination of PLA activity in milk does not belong yet
to the regular assays in most of the dairy laboratories. Currently, Enzyme

Linked Immunosorbent Assay (ELISA) is only one commercially avail
able test for determination of PLA concentration. Another expensive
techniques such as HPLC, gel electrophoresis, 2,4,6-trinitrobenzene-sul
fonic acid (TNBSA) assay and fluorometric methods can also be
employed for PLA activity assay (Chove, Grandison, & Lewis, 2011;
Dupont, Lugand, Rolet-Repecaud, & Degelaen, 2007; Saint-Denis,
Humbert, & Gaillard, 2001). However, these methods do not allow
monitoring of the kinetics of the cleavage of β-casein, and thus cannot be
used for detection PLA activity. Moreover, these instruments require
certain level of expertise. The above-mentioned drawbacks can be
overcome by means of sensor technology (Dizon, Tatarko, & Hianik,
2020). However, so far only limited works for PLA detection by bio
sensors were published.
The development of electrochemical sensor for detection PLA has
been reported by Ohtsuka, Maekawa, Waki, and Takenaka (2009). In
this work, the self-assembled monolayers of short ferrocene (Fc) peptide
complex
(Fc-Lys-Thr-Phe-Lys-Gly-Gly-Gly-Gly-Gly-Gly-Cys)
were
adsorbed onto the gold surface by chemisorption. Addition of PLA
resulted in specific cleavage of the peptide in Lys-Gly site. The subse
quent removal of the Fc-Lys-Thr-Phe-Lys fragment caused a decrease of
the redox current. This method has also been verified in the milk sam
ples in our previous work, in which the comparison of sensitivity of
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electrochemical and optical methods of PLA detection was performed. It
has been shown that the electrochemical sensor detecting PLA has limit
of detection (LOD) of 0.56 ± 0.03 nM, whereas much lower sensitivity
was obtained using UV–Vis spectroscopy (LOD = 3.68 ± 0.04 nM)
(Castillo et al., 2015). Similar approach was used by
González-Fernández, Avlonitis, Murray, Mount, and Bradley (2016) for
trypsin detection. They optimized the detection procedure by incorpo
rating methylene blue (MB) as a redox probe and by extending the
peptide with polyethylene glycol linker. This sensor was capable of
trypsin detection with LOD = 0.25 nM.
Although electrochemical sensors are known to be useful and suffi
ciently sensitive, labeling of the peptide with redox probe presents some
drawbacks. The peptides labeled by Fc or MB are currently not among
custom products of companies specialized on peptide synthesis. Modi
fication of peptides with redox probes is rather expensive, and therefore
limiting the application of electrochemical sensors in dairy laboratories.
For this purpose, development of label-free methods is desirable Among
them, the mass-sensitive acoustic methods are of special interest. Such
acoustic methods are based on measurement of series resonant fre
quency, fs, and motional resistance, Rm, of the protease cleavage at the
surface of AT-cut quartz crystal modified by protein substrate. Thickness
shear mode (TSM) technique is one of such acoustic method and its
applicability for activity measurement of various plasminogen activa
tors has been already demonstrated (Ghazali & Hayward, 2008). TSM
has been used for detection PLA in our previous work (Poturnayova
et al., 2016). In this work, the self-assembled monolayer of short pep
tides has been prepared at thin gold layer of quartz crystal by chemi
sorption. Addition of PLA caused an increase of resonant frequency and
a decrease of motional resistance. The LOD (= 0.65 nM) was comparable
with those based on the electrochemical methods. Moreover, the sensor
has been verified in milk samples with recovery of approx. 63%.
Improved approach has been proposed in our recent works where
β-casein was used as a substrate. The quartz crystal microbalance with
dissipation (QCMD) for detection of the cleavage of α-, β- and κ-caseins
by trypsin and PLA has been applied (Tatarko et al., 2018). The LOD for
detection of trypsin (0.2 nM) and PLA (0.5 nM) was comparable with
those based on short peptide substrates. It was also possible to distin
guish between the trypsin and PLA cleavage of ß-casein shortly (less than
2 min) using machine learning algorithm. The best detection limit for
PLA (32 pM) was reached and reported also in our previous work using
an ultra-high frequency electromagnetic piezoelectric acoustic sensor
(EMPAS) (Romanszki et al., 2018). It has been shown that the sensitivity
of the cleavage of ß-casein by PLA depends on the method of casein
immobilization. The most sensitive response was obtained when hy
drophobic surface was used to prepare ß-casein layers.
Due to the association of PLA molecules with casein micelles in real
milk samples, the application of the sensor in such complex system re
quires optimization of PLA isolation. It is also desirable to compare the
sensitivity of PLA detection by acoustics methods with standard assay
used in dairy laboratories, such as ELISA. Therefore, the aim of this study
is to demonstrate the capability of research quartz crystal microbalance
(RQCM) in detection of PLA in real milk samples of various origin (cow,
goat, sheep) and make comparison with the traditional ELISA assay. The
cleavage of ß-casein by PLA at surfaces has been confirmed also by
atomic force microscopy (AFM).

(EDC),
N-Hydrox
Dimethylaminopropyl)-N′ -ethylcarbodiimide
ysuccinimide (NHS), ethanolamine, trypsin from bovine pancreas (EC
Number: 3.4.21.4, TPCK Treated, essentially salt-free, lyophilized
powder, ≥10,000 BAEE units/mg protein, Mw ≈ 23800 g/mol, T1426),
α-chymotrypsin from bovine pancreas (EC Number: 3.4.21.1, type II
lyophilized powder ≥40 BAEE units/mg protein, Cat. No. C4129, Mw ≈
25000 g/mol), β-casein and κ-casein were purchased from Sigma Aldrich
(Germany). Ammonia (26% NH4OH), hydrogen peroxide (30% H2O2),
96% ethanol, HCl, NaOH, Na2HPO4, KH2PO4, KCl and NaCl were ob
tained from Slavus (Slovakia). We used also micellar casein prepared by
standard method described in paper by Aoki et al. (1998). All reagents
and solvents were of analytical grade and used without further
purification.
PLA was freshly prepared before each experiment by activation of
plasminogen according to the procedure described by Castillo et al.
(2015). Briefly, plasminogen was activated by urokinase using 1 mg
plasminogen:35000 U urokinase ratio based on modified literature
protocols (Garcia-Risco, Recio, Molina, & López-Fandino, 2003;
Schroeder, Nielsen, & Hayes, 2008). After activation, the concentration
of the PLA was determined by measuring the absorbance change at 405
nm wavelength in 60 s of a series of spectrozyme-PL solutions prepared
in Tris (2-amino-2-(hydroxymethyl)propane-1,3-diol) buffer (20 mM
Tris + 150 mM NaCl at pH 7.4), digested by the active enzyme, as
described by Kolev, Léránt, Tenekejiev, and Machovich (1994). The
active PLA concentration was obtained as a parameter, determined from
the fitting of the Michaelis–Menten equation (See Supplementary ma
terial for detailed procedure). All experiments were carried out at 20 ◦ C.
The PLA isolated from different kind of milk has been also used. PLA
was isolated from milk shortly prior the experiment to ensure its utmost
cleavage activity. In experiments, 10 mM phosphate-buffered PBS (10
mM Na2HPO4, 2 mM KH2PO4, 2.7 mM KCl and 137 mM NaCl) pH 7.4
and 8.9 was used as a working buffer and prepared in deionized water
produced by Pure Lab Classic UV (Elga Water Systems, UK).
Origin of the samples: The pasteurized and ultra heat treated (UHT)
milk (cow, goat and sheep) used in this study were commercially
available and were obtained from local supermarkets (Hungary or
Slovakia), stored at 4 ◦ C and analyzed before expiration date. Raw milks
(RM) were collected from dairy industry tank (Ovartej Kft., Mosonma
gyarovar, Hungary) or from local farms in Slovakia transferred under
cooling conditions and kept refrigerated at 4 ◦ C for analysis. Protein,
lactose and fat contents were analyzed by infrared spectroscopy (Mil
koscan FT2 Foss, Foss Ltd., Hillerod, Denmark) (See Supplementary
material).
2.2. Instrumentation
Research Quartz Crystal Microbalance (RQCM): This method is
excellent for various analytical applications (Lyle, Hayward, &
Thompson, 2002; Saitakis & Gizeli, 2012; Scarano, Mariani, & Minunni,
2016; Skladal, 2003). The measurement of series resonant frequency, fs,
and motional resistance, Rm, were performed by Maxtek RQCM (Inficon,
USA) in flow cell described by Cavic and Thompson (2002). The accu
racy of measurement considering the background noise was 0.3 Hz and
0.1 Ohm for fs and Rm, respectively. AT-cut quartz crystals (Total Fre
quency Control Ltd., Storrington, UK) with 8 MHz fundamental fre
quency covered with polished gold electrodes at both sides (working
area 0.2 cm2) were used as a platform for casein immobilization. All
experiments were performed in flow mode using GeniePlus syringe
pump (Kent Scientific, USA) with constant flow rate 50 μL min− 1.
Enzyme-Linked ImmunoSorbent Assay (ELISA) is a standard immuno
chemical method. Briefly, the antibodies selective to PLA were immo
bilized at the surface of microstrip. After addition of PLA, the second
antibodies conjugated with horseradish peroxidase (HRP) were added.
Addition of a colorless enzyme substrate, 3,3′ ,5,5′ -tetramethylbenzidine
(TMB), generated a colored reaction product. TMB becomes blue under
HRP enzyme-catalyzed reaction. This reaction was terminated by

2. Materials and methods
2.1. Reagents
Bovine plasmin (PLA) (EC Number: 3.4.21.7, Mw ≈ 88092 g/mol)
was obtained from Roche Diagnostics (Cat. No. 10602370001, Man
nheim, Germany). Spectrozyme-PL substrate was obtained from Amer
ican Diagnostica (Germany). Urokinase from human urine (EC Number:
232.917.9, Cat. No. 672112), plasminogen bovine (EC Number:
232.641.9, Cat. No. P9156), 11-mercaptoundecanoic acid (MUA), N-(32
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addition of sulphuric acid (Garcia et al., 1991). The color change was
measured spectrophotometrically at a wavelength of 450 nm using
BioTek microstrip reader (Vermont, USA). Quantitative sandwich ELISA
kit MBS030128 (MyBioSource, San Diego, USA) was used for determi
nation of the PLA in undiluted milk. The detection range of the ELISA kit
was 0.367–11.76 nM with LOD = 121.98 ± 18.30 pM. The calibration
curve is shown on Fig. S5 of Supplementary material.

Sigma-Aldrich). The pH of the sample was adjusted to 4.6. by addition of
HCl or NaOH. This pH corresponds to isoelectric point of casein micelles
(Walstra, Wouters, & Geurts, 2006). Neutral charge of casein micelles
facilitates the dissociation of PLA from their surface. The sample was
then filtrated using Whatmann grade 42 filter paper (Sigma-Aldrich).
Afterwards, the pH of filtrated milk sample has been increased to 6.6.
Following this, 15 mL of filtered milk sample has been then added into
the centrifuge tubes with filter for protein separation (Vivaspin 100k,
Vivaproducts, Inc., MA, USA) and centrifuged at 3500 g during 10 min.
After the centrifugation, the filter from Vivaspin tube was removed and
PLA at the bottom of the tube has been used in the experiments. From 15
mL of milk approx. 0.5–1 mL of the PLA has been prepared.

2.3. Biosensor assembling and plasmin detection
The gold electrodes at the surface of quartz crystal were cleaned
using basic Piranha solution (30% H2O2: 26% NH3: H2O in a 1:1:5 vol
ratios) for 25 min, followed by rinsing with deionized water. This pro
cess was repeated 3 times. Subsequently, the electrodes were rinsed
thoroughly by deionized water, ethanol and then dried under nitrogen.
The immobilization of β-casein was performed at room temperature as
follows. First, the clean piezocrystals were immersed into the incubation
cell and 2 mM ethanolic solution of MUA was added at the surface of the
crystal. Simultaneously, gentle flow of nitrogen was applied in order to
avoid MUA oxidation. The cell was then hermetically closed and incu
bated overnight. After chemisorption of MUA, the surface was rinsed by
ethanol and dried under nitrogen stream. Second, the carboxylic groups
of MUA were activated by addition of the mixture of 20 mM EDC and 50
mM NHS. Third, the quartz crystal was immersed in 1 mg mL− 1 solution
of β-casein in PBS solution. Finally, 1 M ethanolamine (EA) dissolved in
PBS was added at the crystal surface for blocking the remained NHS
esters during 10 min. Washing with PBS finalized the immobilization
procedure. The scheme of β-casein layers as well as their cleavage by
PLA is presented in Fig. 1.
After reaching the steady-state condition, certain concentration of
PLA in PBS was flowed through the cell and the changes of series reso
nant frequency (fs) and motional resistance (Rm) were continuously
measured. One casein-modified surface was cleaved only by one PLA
concentration from the range of 0.1–40 nM. Activity of PLA was
measured before RQCM experiment by spectrophotometric method ac
cording to the method described in section 2.1. After each addition of
PLA and establishment of steady-state conditions, the sensing surface
was rinsed by flow of PBS for eliminating any possible residues.

2.5. Verification of the biosensor in spiked milk
The applicability of the sensor method was also tested in spiked milk
samples prepared from commercial milk products sold in Hungary and
Slovakia. UHT bovine milk with 0.05% fat contents (Riska, Hungary),
pasteurized bovine milk with 3.11% fat contents (Tesco, Bratislava,
Slovakia), raw bovine milk with 4.30% fat contents (Zelený Klátov,
Selce, Slovakia), UHT sheep and goat milk (Kozí vŕšok, Slovakia), with
5.87% and 3.75% fat contents, respectively, and raw sheep and goat
milk (milk farms in Pružina and Zázrivá, Slovakia), with 8.21% and
4.92% fat contents, respectively, have been used. To isolate fat contents,
15 mL of each milk samples was centrifuged 10 min at 3000 rpm. After
centrifugation, the top fat layer was removed, and the milk was further
filtered twice using porous filter paper Whatmann 1 to minimize the
matrix effect of the sample. After this, the supernatant was used for
spiking by PLA.
2.6. Statistical analysis
All experiments were performed at least three time. All results were
presented as mean ± standard deviation (SD). The statistical analysis of
the results has been performed using ANOVA test with significance level
of 0.05 using OriginPro version 7.5 (OriginLab Corporation, MA, USA).
3. Results and discussion

2.4. Preparation of milk and extraction of plasmin from milk samples

3.1. Immobilization of β-casein and study of their cleavage by plasmin in
PBS

The plasmin has been isolated from milk as follows. First, the milk
has been centrifuged in a 15 mL centrifuge tube during 5 min at 3000
rpm using centrifuge EBA-21 (Hettich GmbH & Co. KG, Germany). After
centrifugation, the fat layer was removed, and the rest of milk sample
has been filtered using paper filter Whatmann 1 (Cat. No. WHA1001325,

QCM is a sensitive method for study of the properties of thin films
during adsorption or their cleavage by enzymes with resolution better
than 0.4 ng cm− 2 (Poturnayova et al., 2016). In first series of experi
ments, the formation of β-casein layers at the surface of QCM crystal

Fig. 1. Schematic representation of the surface of gold electrode modified by MUA, activated by EDC/NHS with immobilized β-casein and by blocking of the
remained NHS esters by ethanolamine. Scissors represent a cleavage process by plasmin. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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with fundamental frequency of 8 MHz has been studied. For this pur
pose, the QCM crystal was modified by MUA (see section 2.3) and
mounted into the flow cell where it was washed by deionized water in a
flow mode until stable baseline was established. Fig. 2 presents the
changes of resonant frequency, fs, and motional resistance, Rm, after the
further surface modification, such as activation of carboxylic groups of
MUA by NHS/EDC, immobilization of β-casein, and the addition of 5 nM
PLA. The addition of NHS/EDC followed by stream of water and PBS
resulted in sharp changes of both fs and Rm values, possibly due to the
changes of molecular slip between the sensing layer and water envi
ronment caused by shifts in ionic composition. Such sensitivity of the
acoustic values to the changes of ionic conditions has been previously
reported by Wang, Ellis, Lyle, Sundaram, and Thompson (2006). Addi
tion of 1 mg mL− 1 solution of β-casein prepared in PBS resulted in
substantial decrease of fs and increase of Rm values. Subsequent washing
of the surface with PBS caused only in slight increase of fs value and
decrease of Rm. The final changes of measured values after washing steps
that corresponded to the formation of β-casein layer were: Δfs =
− 148.34 ± 30.27 Hz and ΔRm = 4.68 ± 3.35 Ω (mean ± S.D., 50 in
dependent experiments). After reaching the steady-state condition, 5 nM
of PLA dissolved in PBS was flowed through the cell, and the changes in
fs and Rm values were continuously measured. It can be seen that the
presence of PLA resulted in an increase of fs and decrease of Rm which
correspond to the cleavage of β-casein by PLA. Certainly, the increase of
fs corresponds to decrease of thickness or mass of the β-casein layer,
while decrease of Rm value is due to changes of viscoelastic properties
(Nowacki et al., 2015). In a typical QCM experiment, the increase in fs
implies less mass coverage at the sensor surface which is also associated
with a loss in the viscoelasticity indicated by a decrease of Rm. This
conclusion agrees well with our Atomic Force Microscopy (AFM) ex
periments. The AFM experiment has shown that the addition of PLA
resulted in decrease of roughness of the β-casein layer, which may
explain the decrease of Rm due to increase of molecular slip. (See Sup
plementary material for details of AFM experiments).
Based on the kinetic experiments performed at the 0.1–40 nM con
centrations of PLA and at two pH of the buffer, 7.4 and 8.9, activity
calibration curves for frequency and motional resistance changes
(Fig. 3) were constructed. It evident that the lines start to saturate at
approx. 5 nM of PLA. The calibration curves can be modelled with in
verse Michaelis-Menten model of enzymatic reaction in which detailed
aspect was discussed in our previous work (Romanszki et al., 2018).

Significant fs and Rm changes were observed at 0.1 nM of PLA. The LOD
of calibration curves was calculated as 3.3 SD/b; where SD is standard
deviation; and b is the slope of the linear part of the curve within the
concentration range 0.1–5 nM (See Supplementary material for corre
sponding linear plots). The LOD values at pH 7.4 and pH 8.9 were
167.16 ± 39.36 pM and 173.84 ± 28.51 pM, respectively, and both
values were insignificantly different. The sensitivity of the sensor was
better than those reported in our previous work based on detection of
PLA using short peptide substrate immobilized at QCM transducer (LOD
= 0.65 nM, Poturnayova et al., 2016). The measurements were also
performed at the optimum pH 8.9 of commercial PLA manufactured by
Roche.
During the immobilization of β-casein, certain variations in fs and Rm
values that depended on the properties and cleanliness of the quartz
crystals, as well as the stability of MUA layers were observed. Therefore,
the calibration plot of the degree of the cleavage of β-casein layers as a
function of PLA concentration was prepared (Fig. 4). The degree of
casein cleavage, ΔPLA, (in %) by PLA has been calculated as follows:
/
ΔPLA  = 100x(Δf )PLA (Δf )Casein
where (Δf)PLA is the frequency changes corresponded to the cleavage of
casein layer after incubation with certain concentration of PLA; and
(Δf)Casein is the frequency change corresponded to the adsorption of
β-casein at MUA layer before PLA addition. It can be seen in Fig. 4, that
the increase of PLA concentration is associated with the increase in the
degree of casein cleavage. On the other hand, the degree of cleavage did
not depend significantly on the pH of the buffer.
As real milk samples constitute mixtures of casein and whey proteins,
e.g. κ-casein is present on the surface of casein micelle, we immobilized
various milk proteins at MUA layer and compared the changes of fs, Rm
and ΔPLA values following their cleavage by PLA at enzyme concentra
tion of 20 nM, pH 7.4. The results are summarized in Table 1. Our
comparative analysis indicates that PLA cleaves most remarkably
β-casein (degree of cleavage: 63.5 ± 5.0%) but cleaved κ-casein the
least. Furthermore, micellar casein has been cleaved in lesser extent in
comparison with monomeric β-casein probably due to the complexity of
the aggregate structure. In addition, in the milk, the casein micelles
contain also κ-casein, which is less cleaved in comparison with β-casein
(Horne, 1998; Tatarko et al., 2018).
In order to optimize the sensor preparation, regeneration of the
casein layer after cleavage by PLA was required. In the experiment, after
addition of PLA, reaching the steady-state conditions and washing the
surface with PBS, new batch of the β-casein (1 mg mL− 1) solution was
added under flow mode in order to regenerate the casein layer. The step
is followed by addition of the PLA and the cleavage of the casein was
detected through the measurements of fs and Rm. When the subsequent
PLA concentration (after casein layer regeneration) was detected lower
than those used previously, this indicates that the regeneration was
almost complete. This is indicated in Fig. S4 of Supplementary material.
The incomplete recovery measured by frequency decrease after casein
addition could be due to the possible damage of MUA layer. The
regeneration of β-casein layer was impossible after cleavage of the whole
casein layer at high PLA concentration, or if the newly added casein
layers were unstable and removed after washing of the surface by PBS.
Both factors were possibly attributed by the damage of MUA layer. In
addition, the incomplete detachment of the inner cleavage deposits from
the gold surface can also be possible reason of this effect.
It is also interesting to make comparison of the cleavage of β-casein
layers by other proteases such as trypsin and α-chymotrypsin. The effect
of cleavage of β-casein layer following incubation with 10 and 20 nM of
protease is presented on Fig. 5, which shows that most intensive
cleavage of β-casein has been induced by α-chymotrypsin. This agrees
well with the cleavage activity of this protease that in contrast with PLA
and trypsin cleavages of β-casein in larger number of peptide bonds
(Briand et al., 1997).

Fig. 2. The changes of the series resonant frequency, fs, and motional resis
tance, Rm, at various modifications of MUA layer at the quartz crystal, and by
cleavage of β-casein following addition of 1 nM plasmin (PLA). The addition of
corresponding compounds and the washing steps by water or PBS (B) are
indicated by arrows. Ethanolamine (EA) was added for blocking the remaining
NHS esters.
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Fig. 3. The plot of the changes of Δfs (A) and ΔRm (B) as a function of plasmin concentration, cPLA, (Δfs = f− f0 and ΔRm = Rm − R0, where f0 and R0 are the frequency
and resistance measured before addition of plasmin (PLA), respectively). Error bars correspond to the mean ± S.D. determined from 3 independent measurements
performed for each concentration of PLA.

Fig. 5. Comparison of the degree of cleavage of β-casein in the presence of
various proteases at concentrations of 10 and 20 nM (ΔProtease = 100x
(Δf)Protease/(Δf)Casein, where (Δf)Protease is frequency changes corresponding to
the cleavage of casein layer after incubation with certain concentration of
protease and (Δf)Casein those corresponding to the adsorption of β-casein at
MUA layer). Results represent mean ± SD obtained from 3 independent ex
periments in each series.

Fig. 4. The plot of the degree of β-casein cleavage by plasmin, ΔPLA, as a
function of plasmin concentration at pH 7.4 and pH 8.9.

the ELISA experiments, the composition of each milk sample was iden
tified and quantified using FTIR method. The concentrations of fat,
protein and lactose at the samples analyzed are presented in Supple
mentary material (Table S2). We compared the amount of PLA in fresh
raw milk from local farms in Slovakia and Hungary. We also measured
the concentration of PLA in UHT treated milk. The determined con
centrations of PLA in UHT milk are presented in Table S3 of Supple
mentary material. The results of detection PLA in natural raw milk are
presented in Table 2. From our comparison of PLA concentrations in
various types of milk, the raw milk contains higher concentration of PLA
than those in UHT treated milk. The typical PLA concentration in the
milk was 5.0 ± 2.3 nM and we were able to isolate more than 63.9 ±
25.7% of the total concentration. Best results have been obtained for the
fresh pasteurized cow milk, where 4.0 ± 1.1 nM of PLA was detected.
Isolated PLA from this milk revealed recovery of 80.0 ± 42.9%. From
other milks, we were able to detect 3.4 ± 1.5 nM (goat milk) and 4.0 ±
0.3 nM (sheep milk). In order to check the possibility of using ELISA
assay for detection PLA in real samples, we analyzed the response of the
ELISA method in spiked milk. Samples were spiked with iPLA prepared
directly before measurement from each kind of fresh milk. PLA standard
from ELISA kit was also used for construction of calibration curve (See
Fig. S5 in Supplementary material). From Table 2, the achieved recovery
range confirmed the values guaranteed by ELISA kit manufacturer

Table 1
The effect of cleavage on the changes of resonant frequency, Δfs, motional
resistance, ΔRm, and degree of casein cleavage, ΔPLA, of various protein layers
(concentration of 1 mg mL− 1) at the surface of MUA of the piezocrystal following
addition of 20 nM plasmin, pH 7.4. ΔPLA = 100x(Δf)PLA/(Δf)Casein, where (Δf)PLA
is frequency changes corresponded to the cleavage of casein layer after incu
bation with certain concentration of plasmin and (Δf)Casein those corresponded
to the adsorption of β-casein at MUA layer. Results represent mean ± SD ob
tained from 3 samples in each series. All determined values were statistically
significant according to ANOVA test at the level of 0.05.
Protein layer

Δfs, Hz

β-casein
micellar casein
Whey protein
κ-casein

−
−
−
−

148.3 ± 30.3
121.8 ± 40.5
89.5 ± 36.1
102.0 ± 8.5

ΔRm, Ω

ΔPLA, %

4.7
3.4
9.9
2.2

63.5
47.1
49.1
18.2

± 3.4
± 1.4
± 2.9
± 0.7

± 5.0
± 14.9
± 27.1
± 1.7

3.2. Detection of plasmin in milk by ELISA method
Using standard ELISA assay, PLA in various milk samples has been
determined. PLA isolated from milk (iPLA) and spiked milk samples
from various sources (cow, sheep and goat) have been analyzed. Prior to
5
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70% of β-casein layer. This agrees well with the results obtained with
PLA prepared in PBS solution (Fig. 4) and PLA prepared by activation of
plasminogen (see Supporting material, Fig. S6). In this manner, we were
able to differentiate all PLA in a spiked milk sample.
Table 3 compares the effect of cleavage of β-casein by PLA isolated
from milk and detected by ELISA and RQCM methods. In general, the
PLA isolated from various milk sources resulted in changes of resonant
frequency in the range of 1–17 Hz which is equivalent to 0.5–12%
β-casein cleavage. These values depended on the type or source of milk
sample. It has also been observed that cold storage of milk samples in
freezer for more than 1 week resulted to reduced PLA in comparison
with fresh samples. In goat milk sample, we observed 3.6–5.3% of actual
cleavage effect of PLA. Wider range of cleavage effect, 1.5–15%, was
observed in sheep milk. Thus, the comparable results of determination of
iPLA by QCM method with those by ELISA have been obtained only for
PLA isolated from cow. This may be because the sensing layer has been
formed from bovine β-casein, which may be cleaved differently by goat
and sheep PLA. However, in all cases, the concentration of PLA deter
mined by RQCM method was lower in comparison with those detected
by ELISA. The possible reason is that the RQCM determines only the
‘active’ PLA that cleaves β-casein, while ELISA detects all PLA in the
sample. Thus, we demonstrated that the results of β-casein cleavage by
cow PLA added in a PBS or in a pretreated milk samples were compa
rable and the QCM biosensor can be certainly used for detection of PLA

Table 2
Summary of the ELISA measurements of plasmin in fresh raw milks. The re
covery has been calculated as follows: recovery in % = (ciPLA/cnPLA)x100%.
Results represent mean ± SD obtained from 3 samples in each series. iPLA isolated plasmin, nPLA - plasmin in natural milk.
SAMPLE

Natural
milk
iPLA
Milk
spiked
with
iPLA

COW

GOAT

SHEEP

PLA
[nM]

Recovery
[%]

PLA
[nM]

Recovery
[%]

PLA
[nM]

Recovery
[%]

5.0 ±
2.3
4.0 ±
1.1
3.6 ±
1.5

–

3.8 ±
1.3
3.4 ±
1.5
3.3 ±
1.5

–

5.0 ±
1.6
4.0 ±
0.3
2.8 ±
0.9

–

80.0 ±
42.9
72.0 ±
44.7

89.5 ±
49.9
86.8 ±
49.4

80.0 ±
26.3
56.0 ±
25.4

(80–120%). Recovery to recognize spiked PLA is lower than in milk
samples and reached approximately 56.0–86.8%.
3.3. QCM analysis in milk samples
The applicability of RQCM method for detection of PLA in real
samples was demonstrated by analyzing the response of the sensor
following the addition of PLA isolated from milk (iPLA) to a β-casein
layer immobilized at QCM transducer. The response was compared with
those resulted from addition of the milk enriched by certain concen
tration of PLA from Roche in a concentration range of 1–20 nM. Such
comparison was made because in real raw milk the concentration of PLA
is rather low. The pretreated milk or spiked iPLA sample was added into
the β-casein layer immobilized on the surface of the QCM transducer,
and the changes in fs and Rm values were monitored by RQCM within
30–35 min of the reaction. Before and after addition of the iPLA sample,
the sensing surface was thoroughly washed by PBS. Fig. 6 shows the time
profile of changes of fs and Rm values after the successive addition of
β-casein and of iPLA isolated from milk. The profile shows that after final
washing step, the changes of the resonant frequency fs is 21 Hz corre
sponding to the removal of 17.0% of the casein layer. The iPLA con
centration determined based on the frequency changes was calculated to
be 1.7 nM. Furthermore, Fig. 6b shows similar process, but the sample
with iPLA has been spiked by 20 nM of PLA from Roche. In this case, the
changes in frequency and motional resistance were much higher in
comparison with those induced by iPLA. The resulted frequency changes
allowed us to estimate that addition of 20 nM PLA resulted in removal of

Table 3
Changes in the resonant frequency, fs, and degree of cleavage, ΔPLA, following
addition of iPLA isolated from respective milk source (cow, goat or sheep). The
concentration of iPLA obtained from ELISA and those estimated from frequency
changes, respectively. ΔPLA = 100x(Δf)PLA/(Δf)Casein, where (Δf)PLA is frequency
changes corresponded to the cleavage of casein layer after incubation with
certain concentration of plasmin and (Δf)Casein those corresponded to the
adsorption of β-casein at MUA layer. Results represent mean ± SD obtained from
3 samples in each series.
SAMPLE

COW

GOAT

SHEEP

ELISA: iPLA,
nM
QCM: iPLA,
nM

4.0 ± 1.1

3.4 ± 1.5

4.0 ± 0.3

3.0 ± 1.1

1.8 ± 1.0

1.8 ± 1.0

Δfs [Hz]
14.3 ±
5.7

ΔPLA
[%]
11.3 ±
6.8

Δfs
[Hz]
8.8 ±
4.7

ΔPLA
[%]
5.7 ±
2.8

Δfs
[Hz]
8.6 ±
4.8

ΔPLA
[%]
7.13 ±
5.9

Fig. 6. Kinetic changes of series resonant frequency, fs, and motional resistance, Rm, following immobilization of β-casein on an activated MUA layer in a flow mode
and following addition of (A) iPLA isolated from raw cow milk and (B) following addition of the sample of iPLA spiked by 20 nM of PLA from Roche. The addition of
corresponding compounds and the washing steps by PBS is shown by arrows.
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activity having similar sensitivity like those based on ELISA. However,
in contrast with ELISA, QCM biosensor is rather direct and does not
require expensive antibodies. In addition, QCM is capable of real-time
monitoring of kinetics of the casein cleavage which is not possible by
ELISA method.

Castillo, G., Pribransky, K., Mezo, G., Kocsis, L., Csampai, A., Nemeth, K., et al. (2015).
Electrochemical and photometric detection of plasmin by specific peptide substrate.
Electroanalysis, 27, 789–798. https://doi.org/10.1002/elan.201400622
Cavic, B. A., & Thompson, M. (2002). Interfacial nucleic acid chemistry studied by
acoustic shear wave propagation. Analytica Chimica Acta, 469, 101–113. https://doi.
org/10.1016/s0003-2670(01)01565-3
Chove, L. M., Grandison, A. S., & Lewis, M. J. (2011). Comparison of methods for analysis
of proteolysis by plasmin in milk. Journal of Dairy Research, 78, 184–190. https://
doi.org/10.1017/s0022029911000094
Dizon, M., Tatarko, M., & Hianik, T. (2020). Advances in analysis of milk proteases
activity at surfaces and in a volume by acoustic methods. Sensors, 20, 5594. https://
doi.org/10.3390/s20195594
Dupont, D., Lugand, D., Rolet-Repecaud, O., & Degelaen, J. (2007). ELISA to detect
proteolysis of ultrahigh-temperature milk upon storage. Journal of Agricultural and
Food Chemistry, 55, 6857–6862. https://doi.org/10.1021/jf070694w
Garcia-Risco, M. R., Recio, I., Molina, E., & López-Fandino, R. (2003). Plasmin activity in
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4. Conclusions
In this work, we proposed novel method of detection plasmin (PLA)
activity based on QCM technique and self-assembled layer of β-casein.
We compared the effect of casein cleavage by monitoring the changes of
resonant frequency of piezocrystal following the addition of PLA from
various sources, such as activated plasminogen, commercial PLA from
Roche and those isolated from raw milk. In addition, the casein cleavage
has been analyzed by addition of PLA in a PBS as well as in pretreated
milk samples. The degree of casein cleavage was comparable in both
cases (i.e., addition of PLA in PBS as well as in the pretreated milk
samples). Moreover, the concentration of PLA in various kinds of milk
sources (cow, goat, and sheep) has been determined by standard ELISA
kit. We have shown that the limit of detection of PLA by both methods is
similar: 167.16 ± 39.36 pM using QCM biosensor and 121.98 ± 0.30 pM
by ELISA. However, acoustic biosensor allows the direct detection of
PLA activity. It is easy in preparation and in analysis of the cleavage
effect. The results of sensor verification in a spiked milk evidence that
this assay can be recommended for practical applications as a good
alternative to ELISA for routine tests in dairy laboratories.
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