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ARTICLE INFO ABSTRACT

Keywords: Detection of residual plasmin activity in milk represents a difficult challenge for the dairy industry. Conventional
Plasmin methods are either too expensive or incapable of providing enough data from UHT treated milk. Acoustic wa-
B-casein ve-based biosensors operated in the thickness shear mode (TSM) showed potential for the detection of pro-

Electromagnetic piezoelectric acoustic sensor

teolysis of B-casein, a milk protein by protease plasmin. An ultra-high frequency device, the electromagnetic
Inverse Michaelis-Menten equation

piezoelectric acoustic sensor (EMPAS), designed to enhance the sensitivity of TSM, was tested for detection of
plasmin at low concentrations. B-casein layers immobilised on the hydrophilic or hydrophobized surfaces of
EMPAS quartz discs served as substrate for the enzyme. In contrast with conventional TSM devices, the shearing
oscillations in EMPAS are induced contactless, by a magnetic coil located 30 um below the quartz crystal. This
configuration allows the registration of unusually high harmonics (up to the 49""-53™), thus enhancing the
sensitivity of detection. On both surface types, the adsorbed B-casein mass and the stability of the layer was
compared, with the result that hydrophobic surfaces provide superior conditions for immobilisation than the
hydrophilic case. Consequent proteolysis measurements of these substrate layers were carried out in a broad
plasmin concentration range (32 pM-10 nM) in flow mode. Initial reaction rates measured at different enzyme
concentrations have been used to construct a calibration curve based on an inverse Michaelis—-Menten type
equation. The sensitivity of the EMPAS allowed measurements of as low as 32 pM concentration of plasmin,
reaching (and often exceeding) levels comparable to state of the art techniques like ELISA. The presented method
however, unlike ELISA, is effective on a timescale of minutes.

1. Introduction point is 5.2. (-casein has a tendency to associate at a critical con-

centration of 0.5 mg/mL in aqueous solution. It is generally accepted

The topic of standards in quality assurance in the food industry is
currently the subject of much discussion in many countries of the
European Union. New techniques for quality testing are essential to
provide the necessary regular but inexpensive appraisal of dairy pro-
duction. In the case of dairy products, one of the main components of
their taste and consistence is rooted in the nature of the particular
protein composition. Casein is the major milk protein group, consisting
of up to 2.5% of the total milk mass [1]. Bovine [-casein is one of the
most abundant milk proteins and belongs to the Ca-sensitive phos-
phoproteins. The primary structure of (3-casein is proline-rich, and the
protein consists of 209 amino acid residues, including five phosphory-
lated serines. The molecular mass is approx. 24 kD, and the isoelectric
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that (-casein is an intrinsically disordered protein [2,3] with an am-
phiphilic character [4], where the N-terminal region of the sequence is
rich in polar and negatively charged amino residues, including all five
phosphorylated serines, while most of the hydrophobic and positive
fragments are located in the C-terminus [5]. The diversity of casein
types and their specific properties allow for the assembly of these mo-
lecules into a unique pseudo-micellar structure termed the “casein
micelle”.

In bovine milk, protein cleavage is provided by the plasmin protease
system. Urokinase or tissue-type activators cleave the non-active zy-
mogen plasminogen between Arg561 and Val562, creating the serine
protease plasmin [6]. During the lactation period, typical plasmin

E-mail addresses: tibor.hianik@fmph.uniba.sk (T. Hianik), mikethom@chem.utoronto.ca (M. Thompson).

https://doi.org/10.1016/j.snb.2018.08.025

Received 11 April 2018; Received in revised form 2 August 2018; Accepted 6 August 2018

Available online 08 August 2018
0925-4005/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2018.08.025
https://doi.org/10.1016/j.snb.2018.08.025
mailto:tibor.hianik@fmph.uniba.sk
mailto:mikethom@chem.utoronto.ca
https://doi.org/10.1016/j.snb.2018.08.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.08.025&domain=pdf

L. Romdnszki et al.

concentrations fall in the 1-8nM range. To prevent plasmin from
cleaving (-casein causing the negative changes in milk, it is necessary
to employ a proper heating technique, commonly ultra-high tempera-
ture (UHT) treatment, which can effectively inactivate plasmin [7].
However, if the technique is not properly applied, residual plasmin
activity could remain and as the plasmin inhibitors are the least tem-
perature-stable, this activity will be enhanced by nonregulated activa-
tion of plasmin [8]. Traditional techniques of detection of residual
plasmin activity are either not sensitive enough or too expensive to be
employed for frequent use in dairy plasmin detection.

There are several methods available for the detection of protease
chemistry. A traditional approach for the assay of proteins present in a
sample is the enzyme-linked immunosorbent assay (ELISA) method.
ELISA-based assays have been developed for a wide range of targets
from the plasmin protease system in milk, such as plasminogen [9] and
plasmin complexes [10]. Several specific plasmin ELISA tests are
available [11], but these are inferior in sensitivity compared to the
assays for other components of plasmin protease system. While these
tests could reach the needed limit of detection (LOD) of nanomolar level
for residual plasmin activity, they are lacking in expression of in-
hibitory effects of the protease system. Other methods capable of ap-
proaching the required LOD are spectroscopic methods. However, while
UV-vis spectroscopy [12] and fluorometric tests [13] are achieving a
LOD below nanomolar level, synthetic substrates are necessary to
consider them plausible for plasmin detection. Finally, high perfor-
mance affinity chromatography (HPAC) is also an option, but its LOD is
lacking in sensitivity for detection at hundreds of nanomolar level [14].

The plasmin is infiltrated into the milk from blood, where it plays an
important role in the fibrin cloth degradation, ovulation, and activation
of enzymes such as collagenase. Therefore its detection in blood is also
an important issue. For the detection of plasmin activity in the milk,
blood stream and other body fluids, several methods are available: la-
belling with a radioactive tracer such as 99mre 11 5], silver staining and
Coomassie brilliant blue. Detection of plasmin during pathogenic states
was investigated and several methods were developed, including a test
against dengue fever involving antibody-binding plasmin-antiplasmin
complexes [10] or fluorometric testing for plasmin activity during mi-
crobial keratitis, cornea ulcer and herpetic infection [13]. A comparison
of the sensitivity of various plasmin detection methods is shown in
Table 1.

A prospective method to overcome the problems of residual plasmin
activity detection is the appliction of electrochemical biosensors.
Ohtsuka et al. used a specific peptide substrate modified with ferrocene
and immobilised on a gold surface. The substrate was cleaved by
plasmin, and the decrease of the well-resolved redox current provided
the signal [16]. This method was further developed by Castillo et al.
[17], and detection limit as low as 0.56 nM was achieved.

Another method that could possibly reach such sensitivity could be
acoustic biosensor. Recently, the detection of plasmin by thickness
shear mode (TSM) technique was reported for the first time [18]. A
short, specific peptide was used as a substrate and a high sensitivity was
achieved (LOD: 0.65 nM).
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In this work, the undesired casein cleavage by plasmin was in-
vestigated by using [(-casein as a substrate for the determination of
plasmin in the concentration range of 10 nM-32pM by an electro-
magnetic piezoelectric acoustic sensor (EMPAS) [19,20]. In contrast
with traditional TSM methods, the shearing oscillations in EMPAS are
driven by an electromagnetic coil placed under the quartz crystal. This
arrangement allows measuring at much higher harmonics, which re-
sults in an increased sensitivity. We demonstrate for the first time the
usage of electromagnetically driven piezo crystals for milk quality as-
sessment, benefiting from the enhanced sensitivity and low detection
limit provided by the possibility of measuring at the 49" harmonic.

2. Materials and methods
2.1. Reagents and f-casein layer preparation

The amount, quality, stability and adsorption of the B-casein layer
are very important for the success of the enzyme determination. These
parameters were expected to be strongly influenced by the hydrophilic/
hydrophobic nature of the solid substrate. Therefore, quartz crystals
were subject to two different surface treatments, a hydrophilic and a
hydrophobic one. Hydrophilic quartz surfaces were obtained by an
intensive cleaning procedure involving Piranha mixture (H;0,, HSO4).
Warning: Piranha is very aggressive liquid and should be handled with
a special care. Hydrophobic surfaces were prepared by surface mod-
ification with octadecyltrichlorosilane (OTS) as detailed below. Quartz
crystal discs were cleaned by sonication in detergent solution for 30 min
in clean test tubes, followed by copiously rinsing with tap water, and
distilled water. Then, the discs were immersed for 30 min in 90 °C
Piranha solution (3:1 V/V mixture of 98% H,SO, and 30% H,0,) pre-
heated in a water bath, thoroughly rinsed with distilled water, me-
thanol, sonicated in another portion of methanol for 2 min, followed by
a rinse with methanol and then individually transferred into glass vials,
which were subsequently placed in an oven maintained at 150 °C for
drying. After 2h, the vials were immediately transferred into a hu-
midity chamber (70-80% relative humidity, room temperature) for
overnight surface moisturization. Quartz discs were individually
transferred to silanized vials and moved into a glove box under nitrogen
atmosphere. A solution of octadecyltrichlorosilane (OTS) was prepared
in a volumetric ratio of 1:1000 OTS to anhydrous toluene. Portions of
1 mL of the OTS solution were added to the vials. The vials were then
capped, removed from the glove box, and allowed to stay on a shaker
for 2h. The quartz discs were then rinsed thoroughly with toluene,
followed by chloroform, and dried under a gentle stream of nitrogen
before being stored in new scintillation vials.

Static contact angles (CA) were measured in a KSV CAM 01 (Biolin
Scientific, Finland) instrument featuring a monochromatic LED light
source and a telecentric video camera. 3 pL droplets, disposed from a
Hamilton microsyringe, were formed at the tip of the blunt type needle
and the syringe was lowered to the sample stage. On each sample,
treated with different concentrations of OTS, three parallel measure-
ments were carried out. The software calculated the left and right CAs

Table 1

Comparison of sensitivity of various methods for the detection of plasmin and plasminogen published so far.
Method Detection target Receptors/Substrate Limit of detection /nM Detection time /min Reference
ELISA plasminogen antibodies 0.0011 90 9]
ELISA plasmin-antiplasmin antibodies 0.1 90 [10]
ELISA plasmin antibodies 0.78 90 [11]
UV-Vis spectroscopy plasmin Spectrozyme-PL 3.68 60 [12]
fluorimetric plasmin synthetic peptide substrate with fluorophore 0.24 60 [13]
electrochemical plasmin ferrocene-modified peptide substrate 0.59 [16]
electrochemical plasmin ferrocene-modified peptide substrate 0.56 1-5 [17]
TSM plasmin immobilised peptide substrate 0.6 1-5 [18]
HPAC plasmin variants peptidylmethylcoumarylamide 111.1 60 [14]
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by fitting the Young-Laplace equation to the drop contour. The left and
right CAs were averaged for each droplet. Three parallel samples of
both types were measured at three different positions each, and the CAs
of these nine measurements were averaged again.

Ultrapure water obtained by reverse osmosis (Thermo Scientific,
p=18.2MQcm) was used for the preparation of solutions. As a
medium, 10 mM, pH 7.4 phosphate buffered saline (PBS) was used
(10mM Na,HPO,4, 2mM KH,PO,, 2.7mM KCI and 137 mM NacCl)
prepared from tablets (Sigma-Aldrich, Germany). The concentration of
bovine p-casein (=98%, Sigma-Aldrich, M = 24 000 g/mol) solutions,
prepared in PBS, was chosen to be 0.05 mg/mL in order to remain about
ten times below the critical micelle concentration (CMC) of the protein
(=0.5mg/mlL, [21]).

Plasmin (PL) was obtained by activation of plasminogen from bo-
vine plasma (PLG, lyophilized powder, Sigma-Aldrich) by urokinase
(uPA) from human urine (EMD Millipore) using 1 mg plasminogen: 35
000 U urokinase ratio based on modified literature protocols [22,23].
After activation, the nominally 1 pM concentration of the PL was ex-
actly determined by measuring the absorbance change at 405 nm wa-
velength in 60s of a series of Spectrozyme-PL (H-p-norleucyl-hexahy-
drotyrosyl-lysine-p-nitroanilide, ~Sekisui Diagnostics, LLC, USA)
solutions prepared in Tris (2-amino-2-(thydroxymethyl)propane-1,3-
diol) buffer (20 mM Tris + 150 mM NaCl at pH 7.4), digested by the
active enzyme, as described in [24]. The active plasmin concentration
was obtained as a parameter, by nonlinear fitting of the Michae-
lis-Menten equation to the obtained dA/dt (rate of absorbance change)
vs. cs (Spectrozyme-PL concentration) data points. Dilutions of this
stock solution were prepared in PBS. All experiments were carried out
at 20 °C.

2.2. Acoustic wave measurements

The experiments were run using a home-built electromagnetic pie-
zoelectric acoustic sensor (EMPAS) [19,20]. The whole setup (Fig. 1)
consisted of a Plexiglas flow-through cell (~78 pL internal volume), a
~5mm diameter hand-wound coil of a 105 pm diameter polyurethane-
coated copper wire (Goodfellow), a frequency generator (Hewlett
Packard 8648B), a trimmer (muRata, Seminole, FL), placed in parallel
with the coil terminals in order for the coil to be tuned to electrical
resonance, a lock-in amplifier (SR510, Stanford Research Systems), a
diode detector (made in house) to measure the voltage drop developed
across the coil terminals at acoustic resonance, with the output being
fed into the lock-in amplifier, a digital oscilloscope (Tektronix TDS
210), a syringe pump (Harvard Apparatus Pump 11) equipped with a
60 mL plastic syringe (Henke-Sass, Wolf GmbH, Germany), providing a
flow rate of 34 uL/min. Teflon tubing (1.58 mm od, 0.8 mm id, Supelco,
Bellefonte, PA) was used to connect the syringe, flow-through cell and

Piezoelectric

Radio Frequency Signal Generator Quartz Crystral

Oscilloscope Parrellel RLC Circuit

Amplitude Modulation
Diode Detector

Preamplifier Circuit

Lock-in Amplifier Computer

Fig. 1. Scheme of the experimental setup.
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sample vial. In order to minimize temperature effect on the resonant
frequency, AT-cut quartz crystal wafer resonators were used. The
crystals (e = 13 mm diameter, t = 83 um thickness, (Laptech Precision
Inc., Bowmanville, Ontario, Canada), were operated at the 49™ over-
tone of their f, = 20 MHz fundamental frequency (f4o = 984 MHz). A
code running under LabView 6.0 was used to control the frequency
generator and the lock-in amplifier, as well as for data acquisition.

3. Results and discussion

Fig. 2 presents a typical frequency-time plot during an experiment.
After an initial decay correlated with filling of the cell with buffer,
temperature equilibration, etc. (AB), the frequency stabilized after
~17 min (B). Then, the buffer was exchanged to B-casein solution (C),
and consequently a steep frequency decay indicated the adsorption of
the protein to the quartz crystal/liquid interface (CD). The adsorption
reached equilibrium in about 15min (D). The pB-casein solution was
then exchanged to buffer (E) to wash away any unbound protein mo-
lecule. The frequency accordingly increased slightly and the equili-
brium was reached within a few minutes (F). Then, the buffer was ex-
changed to a freshly activated plasmin solution of approximately
known concentration calculated from the stoichiometry of the activa-
tion reaction. The frequency increased asymptotically to reach a stable
value (G) that corresponded to residues of the protein molecules that
remained at the interface after the enzymatic cleavage and wash away
of the other parts. Equilibrium was reached, depending on the plasmin
concentration, within a few hours; however, the rate of the initial fre-
quency change, correlated to the enzymatic reaction rate, could be
determined already after a few minutes. While the experiment was
running, the exact concentration of the plasmin solution was de-
termined as detailed above. Such Af vs. At curves were recorded for
different plasmin concentrations, each one with new quartz crystal and
newly adsorbed B-casein, and the initial, maximum rates of frequency
change, (df/dt), were determined. Finally, the calibration curves were
constructed.

The cleaning procedure provided strongly hydrophilic quartz sur-
faces, characterized by a mean static water contact angle of 17°,
whereas the silanization with OTS produced moderately hydrophobic
surfaces with mean contact angle of 106° (Fig. 3), which is close to the
literature values reported for a monolayer of OTS on oxidized silicon
and alumina surfaces (102-111°, [25-27]). As expected, the two,
markedly different, hydrophilic and hydrophobic surfaces led to very
different B-casein adsorption profiles, different stability, and, conse-
quently, different efficacy and sensitivity in plasmin determination.
Except the difference in the surface treatment of the quartz crystals, all
other experimental conditions were kept the same.

Fig. 4 illustrates the strikingly different adsorption behaviour on
two different, hydrophilic and hydrophobic quartz crystals. Af;, the
final, equilibrium frequency shift corresponding to the saturation of the
surface with protein molecules, is the same, —26.5kHz for both sur-
faces. However, on the hydrophilic surface, the equilibrium is reached
in only 167 min, whereas the result for the hydrophobic surface is more
than six times faster (in only 27 min). Very similar adsorption beha-
viour was observed for all hydrophobic and hydrophilic crystals, with
some statistical variance in the Af; values being exhibited. The data for
14 adsorption experiments on hydrophilic quartz, followed by data for
7 experiments of buffer washing of the formed protein layer and 7
adsorption experiments on hydrophobic quartz, followed by data of 5
experiments of buffer washing of the formed protein layer are sum-
marized as a boxplot chart in Fig. 5. The mean and median Af; final
frequency shifts corresponding to the two different surfaces are not
significantly different; however the repeatability of the [-casein ad-
sorption experiments is considerably better on hydrophobized quartz
crystals: the interquartile range is 3, respectively 8 times, and the full
range is 6, respectively 3 times narrower in the case of hydrophobic
surfaces.
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Fig. 2. Typical frequency-time plot during an experiment. AB: baseline stabilization; BC: stable baseline; CD: adsorption of Bcasein; DE: adsorption completed; EF:
washing with buffer; FG: partial cleavage of B-casein layer by plasmin. In this particular experiment, hydrophobized quartz crystal and 1 nM plasmin was used.
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Fig. 3. Static water contact angles of cleaned, hydrophilic, and silanized, hy-
drophobic quartz crystal sensors; boxplot representation of nine measurements
on each surface type (3 separate measurements on each of the 3 parallel sam-
ples) in the whole, 0-180° domain. The boundary between the hydrophilic and
hydrophobic region is marked at 90°. Inset illustrations are typical images of
droplets.

If the function connecting the obtained Af frequency changes and
the change of mass due to the adsorption of protein is known, 1) the
expected frequency change upon adsorption of a protein monolayer can
be predicted if information about the structure of such a monolayer is
available, or inversely, 2) the adsorbed protein mass per unit area
(surface concentration, also surface excess, I') can be estimated.

The Sauerbrey Eq. (1) [28] can be used to obtain a rough estimate
for the surface concentration of the adsorbed [-casein layer. The
median frequency shift after the adsorption of the protein to hydro-
philic surfaces was —27.2kHz, and decreased to —19.7 kHz after rin-
sing with the buffer. Similarly, the median frequency shift after the
adsorption to hydrophobic surfaces was —27.4 kHz, and decreased to
—24.2kHz after rinsing with the buffer. Using these values, as well as
A = 1.33 cm? for the area of the resonator quartz crystal, p = 2.648 g/

209

cm? for the density of quartz, and p = 2.947 x 10'* gem ™' s ™2 for the

shear modulus of an AT-cut quartz crystal, fo = 20 MHz base frequency,
and n = 49™ overtone, surface concentrations ranging from 4.4 to
6.2mg/m? were calculated, as listed in Table 2. It is interesting to
compare this result estimate with the results of other researchers. The
adsorption of fB-casein onto various surfaces has been studied in-
tensively by various methods such as the QCM, ellipsometry, neutron
reflectivity, surface plasmon resonance and field-effect transistor. The
surface concentration and thickness of the adsorbed layer, the adsorp-
tion rate and the layer stability have been found to depend on multiple
factors such as surface chemical nature of the substrate, pH and ionic
strength of the solution and concentration of the protein. A compre-
hensive list of the found surface concentrations, the experimental
conditions and references is given in the Supplementary material. The
surface concentration calculated from optical measurement methods is
usually about 20-25% of the value calculated from quartz crystal re-
sonator based mass determination. The general explanation for this is
that optical methods measure the optically dense part of the layer only
(“dry mass”), whereas QCM senses the whole layer, with entrapped
water and counter ions, and also the viscosity of the layer (“wet mass”).
Our calculated surface concentrations fit well in the course of QCM-
based literature data [29-32] (Fig. 6), which is also an indication that
the Sauerbrey equation, applicable strictly speaking only for rigid, well-
adhered layers in air, is a suitably good approximation also for the
EMPAS quartz crystal oscillating in liquid, with viscoelastic protein
layer adsorbed.

_ —2Amnfy?

Af =
App ®
The two different, hydrophilic and hydrophobic surfaces can be
compared favourably in terms of the fitting parameters of the casein
adsorption, and for this, the appropriate adsorption model has to be
found. Krisdhasima et al. [33] suggested a two-step mechanism for the
irreversible adsorption of proteins expressed in the form of a double
exponential equation with two time constants. However, we found that,
in the case of hydrophobic quartz, our adsorption data can be well-
fitted with a single exponential decay curve with only one time constant
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0.0 Fig. 4. Typical adsorption curves of [-

Afl kHz

casein on clean, hydrophilic (), respec-
tively OTS-coated, hydrophobic (O) quartz
crystal in terms of Af frequency change (left
y axis) and the corresponding normalized
change (right y axis). Although the final
frequency change of the crystal is the same
for both cases, the equilibrium can be
reached six times faster on a hydrophobic
surface. The fitted curves are triple (2),
respectively single exponential functions
(3.

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

At/ min

50

40 -

O sy

N kHz

10

h-philic, ads. h-philic, ads., PBS  h-phobic, ads. h-phobic, ads., PBS

Fig. 5. Boxplot statistical representation of frequency changes after adsorption
of B-casein onto hydrophilic and hydrophobic quartz crystals, followed by PBS
wash. The repeatability is considerably better on hydrophobized quartz crystal
surfaces: The corresponding mean and median Af; values are about the same for
both surfaces, however, the interquartile range is 3, respectively 8 times, and
the full range is 6, respectively 3 times narrower in the case of hydrophobic
surfaces.

Table 2

Median frequency shifts after adsorption of B-casein on hydrophilic, bare
quartz, and hydrophobic, silanized quartz, respectively after rinsing with the
buffer, and the corresponding surface concentrations calculated from (1).

quartz surface —Af / kHz I/ (mg/m%
hydrophilic, ads. 27.2 6.1
hydrophilic, ads., PBS 19.7 4.4
hydrophobic, ads. 27.4 6.2
hydrophobic, ads., PBS 24.2 5.4

|
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[
> [ | [29]
® O [30]
] A [31]
\V4 [32]
0 Y Y % % thiswork
0 260 460 660 860 1 OIOO
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Fig. 6. Surface concentration (I") of B-casein layers deposited onto different
substrates as a function of solution concentration (c). Literature data, QCM/
TSM [29-32], and own results are presented (see the legend). Filled symbols:
after B-casein deposition; open symbols: after rinsing with buffer following the
deposition. Blue: hydrophilic surfaces; red: hydrophobic surfaces; green: che-
mical bounds formed. Fitted curves are adsorption isotherms (thin curve:
Langmuir; thick curve: Langmuir-Freundlich) (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article).

Table 3
Fitting parameters of the adsorption of B-casein on hydrophilic, bare quartz,
and hydrophobic, silanized quartz, respectively.

substrate fitting parameters

71 72 73 Afy Afp Afs Afe

s kHz
hydrophilic surface 712.6 70442 68.0 8.30 12,53 9.53 —29.55
hydrophobic surface 148.0 - - 30.35 - - —26.44
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(2), while in the case of hydrophilic quartz, only fitting of three time
constants lead to acceptable residuals (3). The fitting parameters are
listed in Table 3. Our experimental observations are well quantified by
the fact that the obtained first time constant z; is almost five times
larger for hydrophobic than for hydrophilic quartz. The difference be-
tween the adsorption mechanisms suggested by these single, respec-
tively triple exponential decays are in agreement with the previous
knowledge on the B-casein adsorption to and monolayer structure at the
solid/liquid interface. On hydrophobic surfaces, the hydrophobic part
of the molecule is readily adsorbed, leaving the hydrophilic part ex-
tending into the liquid. On hydrophilic surfaces however, conforma-
tional changes likely follow the adsorption step. It is interesting to
compare our results with the results of Krisdhasima et al. For a slightly
silanized surface (0.67 mM silanizer used), their first time constant
equals 100.6 s, whereas for a heavily silanized surface (6.7 mM silanizer
used), equals 196.1s. The 2.5mM concentration of our silanizer solu-
tion falls between the ones used by these authors, and, consequently, so
does our determined time constant: 7; = 148.0s. In spite of this ap-
parent correlation, the trend suggested by Krisdhasima et al., that lower
alkyl chain surface density leads to higher adsorption rate, un-
fortunately contradicts both our findings on hydrophilic quartz and the
conclusions of other researchers.

Af = Afy exp(=t/7) + Af; )

Af = Af, exp(—t/7) + Af,exp(—t/n) + Af;exp(—t/n) + Af; 3)

Our B-casein adsorption results are in good agreement with previous
findings that B-casein adsorbs 9-11 times faster on hydrophobized silica
than on hydrophilic, bare silica [34]. Fragneto et al. elucidated the
structure of the 3-casein layer adsorbed on silanized silicon by neutron
reflectivity. The experimental data could be fitted by a model in which
the B-casein layer is composed of a dense, 2.3 nm thick inner layer close
to the substrate, and a loose, 3.5 nm thick outer layer extending into the
liquid [35]. It is also generally accepted that large biomolecules and
especially proteins responsible for the fouling and the consequent bio-
corrosion of water-immersed objects such as pipes, piers, ships tend to
adsorb on hydrophobic, rather than hydrophilic surfaces. In this sense,
the formation of an octadecylphosphonic acid self-assembled mono-
layer at the surface of both stainless steel and titanium proved to be
indispensable for the successful immobilisation of a PEO-PPO-PEO
layer that, by its turn, could prevent the adhesion of bovine serum al-
bumin (BSA), fibrinogen and cytochrome C [36].

The superior behaviour of the (-casein layer on the hydrophobised
quartz resonator surfaces revealed itself also in the course of the
plasmin detection experiments. Hydrophilic quartz crystals often
showed sudden, unexpected frequency jumps and drifts later associated
with evidence of the nucleation and growth of air bubbles at the in-
terface, which likely altered to hydrophobic character upon the ad-
sorption of the protein layer. In contrast, no air bubble nucleation was
observed with hydrophobic crystal surfaces, probably because the in-
terface changed to the hydrophilic case upon the adsorption of the
protein layer. The overall repeatability of the results and the stability of
the system were incomparably better with silanized quartz crystals.

Upon the introduction of plasmin, the frequency rises in a sigmoidal
manner, which we attribute to the cleavage of the surface-bound (-
casein substrate and the consecutive desorption and wash away of the
reaction products (Fig. 7). With respect to such a curve, the region of
interest is the steepest, apparently linear portion, indicating that in this
region the reaction follows zero order kinetics with respect to the sur-
face concentration of the protein. The determination of this (reaction)
rate in principle could be done by a simple first order differentiation;
however, due to the noise present in the measurement data, such a
procedure does not lead to any useful outcome. Another possibility
would be to perform a linear fit to this apparently linear region, but the
drawback of doing so is the obvious uncertainty introduced when
judging the appropriate range to be fitted. To circumvent these
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problems, a Hill Eq. (4) was used to fit each dataset corresponding to a
certain plasmin concentration, and these fitted curves were then nu-
merically differentiated. The equation itself originates from the field of
biochemistry [37], but here we used it in a context other than the
original concept. Aft is the final frequency shift (the plateau value) after
plasmin cleavage, and k and n are fitting parameters.

A"

A=A

@
The final calibration curves were constructed by plotting the thus
determined (df/dt)max values against the different plasmin concentra-
tions, or their logarithm, respectively (Fig. 8). It was not the goal of this
work to resolve the whole, presumably complex, kinetics of the system,
yet, fitting a meaningful theoretical model was tempting. Such a system
deviates considerably from the scope of the Michaelis—-Menten ap-
proximation in several senses: 1) The determined rate of frequency shift
might not necessarily be linearly proportional to the reaction rate, as it
is known that bulk viscosity, interfacial viscoelasticity, molecular slip at
the interface play also an important role besides mass change. 2) Ac-
cording to Fick’s laws, with lower and lower bulk plasmin concentra-
tions, the diffusion plays more and more important role, the longer it
takes to reach a steady interfacial enzyme concentration. 3) The deso-
rption of the reaction products might not be a negligible process either.
4) There are clear signs that the frequency does not reach its original
value before casein adsorption, but it is not known whether this is due
to a) uncleaved casein or b) reaction product residues that stay bound
to the interface. 5) There is a continuous supply of fresh enzyme and a
continuous wash away of the reaction products by the flow.

Ohtsuka et al. developed an assay for plasmin determination by
cyclic voltammetry based on a ferrocene-tagged peptide substrate layer
[16]. The experimental data were treated along the kinetic model of
Nayak et al. [38], a slightly modified Michaelis-Menten (MM) model.
The model operates with the well-known set of chemical equations
involving the enzyme (E), substrate (S) and product (P), and the asso-
ciative (k,), dissociative (kq) and catalytic (k) rate constants (5).
Then, the steady state approximation for the [ES] concentration of the
intermediate complex is used together with the mass conservation cri-
teria for the enzyme. One deviation from the classical derivation of the
MM equation is that instead of volume concentrations, surface con-
centrations (/) are used for the surface-bound compounds. The second
deviation is the assumption that within the given experimental condi-
tions the [E] equilibrium enzyme concentration can be substituted with
its initial concentration cgo. Thus, the final expression for hetero-
geneous catalytic reaction rate is given as (6). This expression predicts
linear dependence of the reaction rate on both initial enzyme con-
centration and I's surface concentration of substrate. However, the
linear relationship clearly does not hold for our asymptotically curving
data points.

E‘, keat
E+S”ES—%E+P
[ 5)
T; k
=4 = Pl
dt ~ Ky (6)

Instead, inspired by the recent work of Kari et al. [39], an inverse
MM type Eq. (7) has been used to fit the calibration plot for hydro-
phobic quartz surface. As clearly explained and supported by numerical
simulations by Bajzer and Strehler [40], an inverse MM equation, in
which the concentration of the enzyme and the substrate are inter-
changed, often can be used with good approximation in systems where
the reactant in high excess is the enzyme (rather than the substrate, as
in the ordinary MM model). The enzyme and the substrate concentra-
tion cannot be automatically interchanged in any enzyme-in-excess si-
tuation, because the involved chemical equations are not symmetrical
with respect to the two reactants: E appears also as product, whereas S
does not. The key difference in the derivation of the inverse MM
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Fig. 7. Time course curves of plasmin activity on B-casein at different plasmin concentrations, measurement points and fitted Hill curves. A) hydrophilic, native
quartz crystal: a) 10 nM; b) 5nM; ¢) 1 nM; d) 500 pM; e) 100 pM; B) hydrophobic, silanized quartz crystal: a) 10 nM; b) 3.16 nM; c) 1.78 nM; d) 1 nM; e) 316 pM; f)
100 pM; g) 31.6 pM. For easier comparison of the results achieved on hydrophilic and hydrophobic crystals, graphs are plotted on identical scales.
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Fig. 8. df/dt rates of initial frequency change determined at different cp;, plasmin concentrations for hydrophilic (ll) and hydrophobic (@) quartz crystal surfaces,
respectively, representation in linear (A) and logarithmic (B) concentration scale.

equation is that, along with the same steady state approximation for
[ES] as in ordinary MM, the mass conservation for S, rather than E
should be formulated. (For further details, see the cited references.)
Thus, we obtain an equation that is formally identical to the ordinary
MM equation, but with cp; as independent variable and I's is merged
into the constant vp,,. The fitting of this equation to the calibration plot
for hydrophobic quartz yielded V. = 14.115~2 and ¢, = 3292 pM
(Fig. 8A). The data obtained with hydrophilic quartz crystals is loaded
with uncertainties as discussed above, thus fitting was not attempted. In
Fig. 8B, the same data is presented against a logarithmic concentration
scale. In this case, a simple exponential curve was fitted.

df . CpL
o5, = =Vmax——
dt C1/2 + Cp, (7)
Knowing the volume of the cell, for each enzyme concentration the
Np1/Np.casein ratio can be calculated, where N stands for number of the
respective molecules. Similarly, the flow rate of the enzyme molecules
can be determined. The results of these calculations are listed in
Table 4. Knowing these numbers, the observed applicability of the in-
verse MM equation becomes less self-evident: There is a high protein
(substrate) excess, rather than an enzyme excess in the whole

212

Table 4

Plasmin concentration in pM and its logarithm, number of plasmin molecules in
the cell, number of B-casein molecules adsorbed to the quartz crystal/liquid
interface estimated from the Sauerbrey equation, ratio of plasmin to B-casein
molecules and the flow rate of plasmin molecules at different concentration.

co/pM  lglcp/pM)  Npp Np-casein Npo/Npcasein ~ QpL/s "

10000 4.00 48 x 101 20x10® 24x10°2 3.5 x 10°
3162 3.50 1.5x 10"  20x10® 75x1073 1.1 x 10°
1778 3.25 85x10° 20x10® 42x10°3 6.2 x 10°
1000 3.00 48 x10° 20x10"® 24x10°° 3.5 x 10°
316 2.50 1.5x 10 20x10® 75x107* 1.1 x 108
100 2.00 4.8 x 10° 2.0 x 10" 24x107* 3.5 x 107
32 1.50 1.5 x 10° 2.0x 102  75x107° 1.1 x 107

concentration range of the experiments. Moreover, the excess of the
substrate manifested during the enzymatic cleavage in fact must be
even much higher, considering that the substrate is trapped at the in-
terface and is reached by only a fraction of the enzyme molecules
moving freely in the liquid.

The initial reaction rates measured on hydrophobic quartz crystals
are much larger than the ones obtained on hydrophilic crystals. In the
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light of those discussed above, a plausible explanation for this is evi-
dent: On the hydrophobic quartz surface, B-casein molecules are ad-
sorbed by their hydrophobic domains, while the hydrophilic ones are
extended into the liquid, exposing most of the enzyme specific cleavage
sites. In contrast, for the case of hydrophilic quartz, because both the
quartz surface and the adjacent liquid is hydrophilic, the molecules
have to adopt a conformation which might hinder the access of the
enzyme to some of the cleavage sites. In turn, the number of the ac-
cessible cleavage sites will determine the rate of mass loss, and hence,
frequency rise.

4. Conclusions

The plasmin concentration in bovine milk is in the nM range,
however, the acoustic wave method demonstrated here can determine
plasmin in almost three orders of magnitude lower concentrations (pM
range), hence it is suitable for measurements even after purification
treatment of the milk. The obtained calibration data points follow an
inverse Michaelis—-Menten curve. Compared to the state of the art
ELISA, UV-VIS and chromatographic methods of plasmin measurement,
the presented method is fast: Although relatively long time course
curves are presented in this work, only the first minutes are needed for
the determination of the initial reaction rate, and hence, the con-
centration. Further optimization of measurement parameters (e.g. flow
rate, casein surface coverage, modification of substrate) to enhance the
sensitivity of the method is in progress.
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