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We developed a rapid and sequential analysis system to determine stress marker in the milk. One of the famous stress markers,
cortisol, was detected using our method. Quartz crystal microbalance (QCM) method with a twin sensor was used in this study.
One channel detected stress marker corresponding to antigen-antibody interaction and the other channel was used as a reference to
remove environmental influences. Although nonspecific adsorption was monitored on each channel, frequency difference between
them was within a few Hz on the injection of sample solution. One determination cycle including regeneration step could be
performed within 10 minutes. The system could detect the cortisol level from 0.1 pg/mL to 100 pg/mL. These results show that our
system has a potential to check the daily feeding condition for cows in terms of animal welfare.

1. Introduction

Many biomarkers exist in biological fluid, for example, blood,
urine, saliva, and milk. To assess daily health condition,
noninvasive monitoring method of biomarker is desired for
not only human but also animals. Animals including human
face many stressors by life environments and physiological
problems. Long-term and strong stress might cause not only
mental diseases such as depression but also heart disease
and high blood pressure for human. Animals also feel stress;
for example, stress hormone level of abandonment dogs in
Fukushima was 5 to 10 times larger than that in other areas in
Japan after the big earthquake of March 11, 2011 [1].

Animal welfare is recently focussed in the livestock
industry [2–5]. Controlling the stress level of farm animals
is important not only in ethical concerns but also in high-
quality production. Farm animals facemany stressors around
the feeding environment such as temperature, feed, and
the number of animals per unit area. We focussed on a

cow for an actual case. Cortisol is well known as a stress
marker of the endocrine system. Some reports monitored
cortisol level in cow’s blood [6–9], and the concentration
of cortisol was lower than 20 ng/mL. However, collecting
blood is stressful for animals and controller. Noninvasive
monitoring of cortisol level is desired for the daily stress test.
Milk is ideal material as an analyte, since the milk is collected
in a daily operation. However, the concentration of cortisol
in the milk is lower than that in the blood [10–15]; it ranged
fromabout 500 pg/mL to 10 ng/mL. In addition,many foreign
substances are included in the milk. A detection system for
cortisol requires high sensitivity with short detection time for
livestock industry. We report primitive and positive data on
stress monitoring for livestock industry.

Many methods were used for detecting cortisol in the
milk. Radioimmunoassay (RIA) [10–12] and enzyme-linked
immunosorbent assay (ELISA) [13–15] are well known as
highly sensitive detection methods of cortisol. However,
these techniques require time-consuming steps for secondary
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Table 1: Surface treatment conditions and their properties of contact angle and the delta meaning frequency differences between Ch1 and
Ch2 on the injection of 10 vol%-plain-milk-containing sample.

1st reagent 2nd reagent Contact angle [∘] Delta [Hz]
(a) N102, 1/3 Not used 55 −44
(b) IAS Not used 61.4 36
(c) Casein, 0.25 wt% Not used 58.2 −10
(d) Plain milk, 1/10 Not used 45 −20
(e) N102, 1/3 Plain milk, 1/10 61.1 −2
(f) N102, 1/3 Skimmed milk 57.3 −2.2
(g) N102, 1/3 Casein, 0.25 wt% 58.8 −4

labeling and reactions. In addition, the handling of hazardous
radioisotopes limits widespread use on RIA. We focused on
quartz crystal microbalance (QCM) method, which is one
of label-free and real-time measurement of antigen-antibody
interaction with simplicity, convenience, and low cost [16–
20]. Our group reported that QCM method could detect
cortisol level ranging from 5 to 100 pg/mL [16]. However, no
study has been published for detecting cortisol level in the
milk using the QCM method. The major problem of the
QCM method is the slightly large noise level caused by
measurement environment, such as temperature and density
of surrounding media. Since twin sensor removes these envi-
ronmental influences, noise level can be decreased drastically
[16, 17]. In this report, one channel was used as a reference
(Ch1) and the other channel measured antigen-antibody
interaction (Ch2). Difference of frequency shift between
Ch2 and Ch1, delta, was corresponding to the amount of
analyte bound on Ch2 without environmental influence. In
addition, competitive assay was applied in this report,
because the molecular weight of cortisol was too small to
be detected directly on QCM. Sequential analysis system is
desired for laboratory or cow-house use. Our sensing system
is integrated with a flow injection analysis and the condition
of regeneration was described in this paper. We reported
primitive and positive data for stress monitoring using twin
sensor QCM for the animal welfare.

2. Materials and Methods

2.1. Materials. Monoclonal antibody to cortisol (anti-Crt)
was obtained from HyTest Ltd. (Turku, Finland). Cortisol
3-BSA (Crt-BSA) was purchased from Fitzgerald Industries
International (MA, USA). Cortisol standard solution (500
ng/mL)was obtained fromCaymanChemical Company (MI,
USA). Blocking reagent, N102, was from NOF Corporation
(Tokyo, Japan). Immunoassay stabilizer (IAS) was from Ad-
vanced Biotechnologies Inc. (MD, USA). Phosphate-buffered
saline (PBS, pH = 7.4), casein, sodium hydroxide, and glycine
hydrochloride were obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Plain milk including 2%milk
fat was produced in Hokkaido (Japan) and purchased from
a supermarket. Skimmed milk was obtained from Megmilk
Snow Brand Co., Ltd. (Tokyo, Japan).

2.2. Coating of the Sensor Surfaces. The surface of the Au
electrodes was treated using a preparation jig as follows.
170 𝜇g/mL of anti-Crt was coated on Ch2 for 10 minutes
firstly. After rinsingCh2withPBS, seven conditions of surface
treatment were applied for Ch1 and Ch2 in the same way as
shown in Table 1. The blocking reagents were prepared as
below.N102was diluted by 1/3 by adding PBS. IASwas used as
it was. Plain milk was diluted by 1/10 by adding PBS. 1.1mg of
skimmed milk was dissolved in PBS. After casein was
dissolved in 10mMNaOH solution, concentration of casein
was adjusted to 0.25wt% by adding PBS. First, reagents were
dropped on each sensor surface for 25 minutes. After rinsing
with PBS, second reagents were dropped for 5 minutes. Here,
(a), (b), (c), and (d) did not use secondary reagents. Finally,
PBS was dropped on each sensor for 10 minutes and the
surface was rinsed by PBS.

2.3. Sensor System and Measurement. Cortisol was detected
using a NAPiCOS QCM system consisting of a thermostatic
chamber and a frequency counter (NihonDempa Kogyo Co.,
Ltd.). Figure 1 shows the schematic figure of the QCM system
integrated with a flow injection system and the twin sensor
chip (inset). Amicro syringe pump (Model 100, KDScientific,
MA, USA) and a sample injector (injection volume: 20 𝜇L,
7125, Rheodyne, WA, USA) were connected to a micro flow
cell (inner volume: 5𝜇L) in the QCM system through PEEK
tubes. A 30MHz twin sensor chip (PSA-E-3002T, Nihon
Dempa Kogyo Co., Ltd.) had two Au electrodes, and each
surface area of them was 7.75mm2. PBS was used as a carrier
solution. The prepared sensor chip was connected with a
micro flow cell, and the assembled cell was set in the thermo-
static chamber and kept at 25∘C. Sample solutionwas injected
and frequency shifts on each channel were observed. Then,
delta measurement (delta = Ch2−Ch1) was performed at the
flow rate of 6 𝜇L/min.

3. Results and Discussion

3.1. Sensing System. The basic principle of QCM sensor
depends on the frequency shift by analyte adsorbed on the
QCM resonator. The amount of the analyte adsorbed on the
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Figure 1: Schematic figure of our sensing system and the twin sensor chip on the QCMmethod.

QCM sensor can be determined using the following equation
suggested by Sauerbrey [21]:

Δ𝑚 = −Δ𝐹 ×
𝑆 × √𝜌 × 𝜇

2𝑁𝐹
0

2
, (1)

whereΔ𝑚 is themass change corresponding to adsorption on
the active electrode surface.Δ𝐹 is the change in the oscillation
frequency of a quartz crystal. 𝑆, 𝜌, 𝜇,𝑁, and𝐹

0
are the surface

area of the electrode, the density of the quartz (2.65 g/cm3),
the quartz shearmodulus (2.95 × 1011 g/cm⋅sec2), the order of
the overtone (𝑁 = 1 in this case), and oscillation frequency
(30.8MHz), respectively. Using the equation, theoretical
mass change of the systemwas estimated to be 35 pg of analyte
with the frequency shift of 1Hz. Our QCM system used twin
sensor and the delta between the frequency shifts on Ch1 and
Ch2 was monitored. The delta remained lower than 1Hz for
7 minutes, indicating that the sensing system achieved low
noise level.

3.2. Delta Measurement of Milk Sample Corresponding to Sur-
face Treatment. The surface of the sensor was very important
to reduce the nonspecific adsorption of foreign substances
in the milk. When the nonspecific adsorption occurs, it is
acceptable that frequency shift of each channel performed
similarly because of the delta measurement. Table 1 shows
contact angle and the frequency difference between Ch1 and
Ch2 (delta = Ch2 − Ch1) on seven surface coating conditions
after a sample injection. Here, the sample contained 10 vol%
of plain milk dissolved in PBS. Contact angle was measured
using PX-G (Fibro System AB, Sweden) and that of bare Au
was 83.2∘. After the coating, contact angle degreased drasti-
cally but there were no characteristic properties correspond-
ing to coating reagents. Bovine serum albumin (BSA) was

known as a famous blocking material. We used IAS, which
included BSA, at the beginning of the study. However, IAS
did not reduce the nonspecific adsorption. Frequency change
of each channel reached over 600Hz, and delta was about
100Hz after the sample injection. Milk contains casein as
main protein, which accounts for nearly 80% of the milk
protein. So, caseinmight adsorb on the sensor surfacemainly.
Casein contents of (c), (e), (f), and (g) were approximately the
same. However, coating casein was not enough to reduce the
nonspecific adsorption. Frequency change of each channel
was about 100Hz. Delta decreased to be −10Hz but more
effective coating was required. Blocking reagent of N102
consists of artificial macromolecule and does not include any
proteins of animal origin. Only N102 coating did not show
satisfying properties of the blocking for the sample including
plain milk. Delta was about −44Hz. Finally, we found the
surface coating method suited for the sample. In fact, N102
was coated firstly, and the blocking buffer including casein
was coated secondly. Using the above condition (e, f, g), delta
was recorded to be lower than 4Hz. For example, frequency
shift corresponding to sample injection on the condition of
(e) was shown in Figure 2. After the injection, frequency shift
of each channel decreased because of nonspecific adsorption
and viscosity changed corresponding to the sample. The
frequency shift gradually increased and stayed at −55Hz after
the sample solution was replaced with the buffer. However,
the delta showed about 2Hz at the same time. The results
indicated that the sensing system using the delta did not
require any offset for cortisol detection in the milk.

Surface morphology was monitored by using AFM
(SPI3800, SII NanoTechnology, Japan). Figure 3 shows AFM
images of prepared sensor surface scanned over 2 𝜇m × 2 𝜇m
with the tapping mode. Au surface on the sensor had a flat
surface with Ra (average roughness) of 2.53 nm. After coating
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Figure 2: QCM responses on the sample injection. The sample contained 10 vol% of plain milk dissolved in PBS. The surface treatment of
(e) in Table 1 was applied.

anti-Crt, surface morphology changed drastically. Antibody
covered the Au surface as a whole. Surface morphology
changed slightly corresponding to coating steps. Ra of pre-
pared sensor was 2.76 nm after coating each reagent, which
was almost the same as bare Au. The result indicated that the
coating layer was very thin.

3.3. Sequential Analysis of the Sample. Flow injection analysis
is suitable to examine a lot of samples. Sequential analysis sys-
tem is desired for laboratory use. Uncoupling of the antibody-
antigen interaction, called regeneration, was required for
sequential measurements. Competitive assay was applied in
this study, since the molecular weight of cortisol was 362,
and the value was very small for the direct detection based
on the QCM method. Sample solution including cortisol
was injected with a constant concentration of tracer, which
was a cortisol modified with a heavy substance. We used
cortisol coupled with BSA (Crt-BSA) as the tracer because
the anti-Crt had cross reactivity to the Crt-BSA. Molecular
weight of BSA is 66 kDa, which is sufficiently large compared
to that of cortisol. When the cortisol level was low, large
frequency shift was observed, since the tracer bound to
the anti-Crt mainly. On the other hand, when the cortisol
level in the injected solution was higher, frequency shift was
smaller, since a small amount of the tracer bound to the
anti-Crt. Figure 4 shows an example of sample injection and
regeneration process. The sample solution contained 10 vol%
of plain milk and 2.5 𝜇g/mL of the tracer. The frequency shif
t on Ch1 shifted downward corresponding to the sample
injection. This characteristic was due to the change of the
viscosity of the sample solution. The frequency shift on Ch1
increased due to replacing the sample solutionwith the buffer.

By contrast, the frequency shift on Ch2 decreased drastically.
After reaching the lowest point, the frequency shift gradually
increased until the sample solution was replaced with the
buffer the same as Ch1. As a result, the delta stayed constant
after the sample solution was completely replaced with the
buffer. After the injection of 4mM glycine-NaOH solution,
the flow rate was changed to be 20𝜇L/min for 3 minutes for
the regeneration. Then, the flow rate was set to be 6𝜇L/min
again; the sensor response was reversed, since Crt-BSA devi-
ated from anti-Crt. One determination cycle was within 10
minutes using our sensing system. As a result, we could detect
the tracerwithout the influence of nonspecific adsorption and
regenerate the QCM sensor a number of times.

To get a calibration curve, the sample solution was
prepared as follows: the solution contained 10 vol% of plain
milk and 2.5 𝜇g/mLof the tracerwith known concentration of
cortisol. Calibration curve was obtained as shown in Figure 5.
Error bars show the maximum and minimum values on each
concentration (𝑁 = 4). The delta decreased with increasing
the cortisol concentration from 0.1 to 100 pg/mL. It is noted
that we did not consider the cortisol level included in the
plain milk. The results show that our sensing system could
determine the cortisol level of themilk, which was lower than
1 ng/mL.

4. Conclusions

We demonstrated a sequential detection method for a low
molecular weight stress marker, cortisol in the milk, by using
twin sensor QCM. Anti-Crt was coated on one channel
(Ch2), and the blocking reagents were coated on both
channels (Ch1 and Ch2) to reduce nonspecific adsorption.
Ch1 was used as a reference. When the sensor surface was
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Figure 3: Surface morphology of some surface preparation by using tapping mode AFM. (a) Bare Au electrode. (b) Anti-Crt was coated on
the Au electrode. (c) N102 was coated after the condition of (b). (d)The solution including 10 vol% of plainmilk was coated after the condition
of (c). Scan area was 2𝜇m × 2𝜇m.

optimized, the delta (Ch2 − Ch1) showed the real bonding
amount without the nonspecific adsorption and environ-
mental influences. It took 10 minutes for one determination
cycle including regeneration of antigen-antibody interaction
at the flow rate of 6 𝜇L/min.The delta decreased with cortisol
concentration from 0.1 to 100 pg/mL. These results indicated

that our system using the twin sensor QCM showed high
sensitivity and high throughput with repeatability.
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Figure 4:QCMresponses on the sample injection and regeneration.
The sample contained 10 vol% of plain milk and 2.5 𝜇g/mL of the
tracer (BSA coupled with cortisol) in PBS. 4mM glycine-NaOH
solution was used for the regeneration. The surface treatment of (e)
in Table 1 was applied.
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Figure 5: Calibration curve of cortisol on the sequential measure-
ments. The condition of the sequential measurements was the same
as that in Figure 4.
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