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Abstract: In extracorporeal circulation devices such as ECMO, blood coagulation occurs due to various factors.
Blood coagulation in the extracorporeal circulation circuit is detected ex post facto by existing pressure sensors.
Subsequent detection of blood clots leads to the destruction of blood in the circuit, which is detrimental to the
patient. Therefore, for the purpose of preliminary measurement in the extracorporeal circulation circuit, we will
conduct basic research on measurement using photoacoustic imaging using LEDs as a light source and report it
(AcousticX). As a result of measuring the blood in the extracorporeal circulation circuit circulated using the
extracorporeal circulation device by photoacoustic imaging over time, it was found that the wave number and
intensity of the photoacoustic wave increased with the passage of time. It has been shown that it is possible to
measure the temporal change of blood coagulation circulating in the circuit.

Keywords: Blood coagulation, Photoacoustic imaging, LED, Circuit in an extracorporeal device, Temporal

observation, Predictive maintenance.

1. Introduction

ECMO (Extracorporeal membrane oxygenation) is
said to be the last bastion for the treatment of severely
infected COVID-19 infections. When COVID-19
becomes severe, it is difficult to breathe on its own,
and an oxygen mask is insufficient. A ventilator inserts
a resin tube through the mouth or throat to deliver
oxygen to the lungs and help breathe. In other words,
it assists the function of the lungs. After that, when it

http://www .sensorsportal.com/HTML/DIGEST/P_3237.htm

becomes more serious, the ECMO is connected to the
patient. It can also deal with respiratory failure and
circulatory failure. The ECMO removes blood from
the body, supplies oxygen, excretes carbon dioxide,
and returns it to the body. It is a treatment that replaces
respiratory and circulatory functions until the patient
heals and recovers. In other words, it replaces the
function of the lungs, so it is not a radical cure. The
configuration of ECMO is shown in Fig. 1.
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Extracorporeal
membrane
oxygenation

Pump

Fig. 1. The configuration of ECMO.

Respiratory failure is the most common cause of
death for COVID-19, but the following can also be the
cause of death. Causes of death are coagulation
activation with excessive immune / inflammatory
reactions, so-called cytokine storms, thrombosis,
disseminated intravascular coagulation (DIC), and
progression to multiple organ failure. [1-5]. In
particular, thrombosis and DIC can lead to a rapid
deterioration of the condition. Of course, even within
the extracorporeal circulation circuit of ECMO, if
blood coagulation progresses, it will become clogged
and ECMO will not function. Extracorporeal
circulation therapy such as ECMO is used in various
fields such as heart-lung machines and acute blood
purification devices. In the circuit that circulates blood
outside the body, blood coagulation occurs due to
various factors as described above [6-8]. Various
attempts have been made to prevent blood coagulation,
and preventive measures using anticoagulants (such as
heparin) are currently the mainstream [9-12]. Heparin
coatings are used in extracorporeal circulation circuits
to suppress coagulation caused by the reaction of
blood with foreign bodies [13, 14]. However, since
heparin also acts as a foreign substance, it is difficult
to completely prevent blood coagulation on the circuit
surface. When the circuit is clogged, it is detected by
a pressure sensor inside the extracorporeal circuit.
However, the detection will be ex post facto because
it will be detected after the blood flow in the circuit
becomes extremely slow or the circuit is clogged.
Subsequent detection of blood coagulation leads to
forcing medical staff to take immediate action such as
discarding blood in the circuit or replacing the circuit,
which is disadvantageous for patients and hospital
staff. However, in order to observe changes in blood
coagulation status in the extracorporeal circulation
circuit in advance, a method with higher sensitivity
than the conventional method is required. Therefore, a
photoacoustic method was tried as a new measurement
method. For the specifications and usage of the
photoacoustic method, we referred to the reports of our
predecessors. [15-17]. Basic research reports using

photoacoustic imaging using LEDs as a light source
were conducted at SEIA’ 2019 and SEIA’ 2020 [18,
19]. In photoacoustic imaging, the measurement target
undergoes volume expansion due to the heat generated
by the light source, and elastic waves are generated.
Elastic waves are received and imaged by ultrasonic
probes. The aim of this study is to observe the time
course of blood coagulation that occurs in the
extracorporeal circulation circuit during blood
purification therapy. Since this experiment is a basic
experiment, an inexpensive dialysis circuit was used
as a circuit measurement target without using an
expensive  extracorporeal  circulation  circuit
represented by ECMO. Since the dialysis circuit is the
same closed circuit as the ECMO circuit, it is
considered that there is no difference in measurement.
The measurement targets were an air trap to prevent
air embolism and a drip chamber equipped with a
mesh filter to prevent the generated blood clots from
flowing into the body from the extracorporeal
circulation circuit. Fig. 2 shows how the blood flow is
almost stationary. A drip chamber with slow blood
flow is the most suitable measurement target in the
circuit because blood coagulates most easily.

— air trap

drip chamber

mesh filter

il

Fig. 2. Drip chamber (overview and cross section).

In a previous research report, blood in a microtube
simulating an extracorporeal circulation circuit was
measured by photoacoustic imaging with an LED light
source. In this paper, we used an extracorporeal
circulation device to more practically advance the
basic research conducted with microtubes. Using an
extracorporeal circulation device, sheep's blood was
circulated in the extracorporeal circulation circuit, and
the drip chamber was measured by photoacoustic
imaging using an LED as a light source.

2. Method

2.1. A-mode M easurement of Solidification
Process by Photoacoustic Wave using
LED asaLight Source

Fig. 3 shows a schematic diagram of the
experimental equipment used in this study. We
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examined the measurement of the blood coagulation
process in A mode using AcousticX (CYBERDYNE,
INC.). Approximately 80 mL of blood was injected
into the circulation circuit used in acute extracorporeal
circulation therapy. Blood is pumped out by a roller
pump and circulates in the circuit. Blood circulates in
the circuit at a flow rate of 60 ml/min. The blood
temperature was set to 37 °C, which is commonly used
in blood purification therapy. The ultrasonic probe
used for photoacoustic imaging measurements and the
two LED arrays are fixed at about 40 degrees using a
jig. The ultrasonic probe and LED were held by hand
in the drip chamber to be measured. Regarding the
installation of measuring instruments, we refer to the
research so far. [18, 20]. The light energy was about
200 pJ/pulse, and the wavelength was 850 nm. There
were two types of ultrasonic probes, 10 MHz and
7 MHz. At 10 MHz, the distance resolution improved
to some extent, but at 7 MHz, the depth sensitivity
increased 4 to 5 times. Therefore, we chose an
ultrasonic probe frequency of 7 MHz.

PC & Monitor

I LED arrays
T

Ultrasonic probe

Roller
pump

Fig. 3. Configuration diagram of this experiment.

When considering the possibility of a predictive
maintenance system, it costs money to use a large
amount of blood, and it also takes labor and budget to
dispose of it after the experiment. Since a large amount
of blood cannot be used at the initial research stage on
a budget, I wanted to reduce the amount of blood used
as much as possible and increase the number of
measurements so that the reproduction of blood
coagulation would not be affected. Therefore, in this
experiment, the blood used was changed to
commercially available sheep blood. Details of the
sheep blood used are as follows. Shown in Table 1.

The commercially available blood used is
anticoagulant-treated ~ with  the  anticoagulant
ALSEVER'S SOLUTION for transportation. In order
to promote blood coagulation, calcium required for
blood coagulation is required. By the way, coagulation
factors and phospholipids are already contained in
blood, so there is no need to add them to commercially
available sheep blood. Therefore, we used calcium
gluconate as a coagulation accelerator. The upper limit
solubility of calcium gluconate is 3.3 g per 100 ml.
Infuse 50 ml of blood with 1.1 g of calcium gluconate
dissolved in 33 ml of saline.

Table 1. Details of the sheep blood used.

Aseptic storage blood

Blood of sheep

100 ml / container

12070210 Kojin Bio Co., Ltd.

Contains anticoagulant
(Arsever solution)

Capacity

Model number

Anticoagulant

2.2. Judgment Criteria When Coagulation
Occursin the Extracor poreal Circulation
Circuit

Next, the criteria for determining the occurrence of
blood coagulation in the extracorporeal circulation
circuit will be described. Since it is difficult to
measure the degree of blood coagulation in the circuit
during extracorporeal circulation in real time, we
observed the following three points where signs of
blood coagulation appear in the extracorporeal
circulation circuit. These three points are the points
used in the medical field to empirically judge the
coagulation in the circuit:

1) The blood liquid
chamber drops;

2) The venous pressure measured by the pressure
sensor decreases;

3) Small bubbles
roller pump.

level in the air trap

are generated around the

2.3. Multidimensional Analysis Based
on Photoacoustic Waveform
M easurement Modes

Based on the measurement result of A mode
measured in 2.1 above, an image is created and the
change over time is analyzed. The waveform of A
mode measured in the drip chamber is synthesized,
and the image of the elastic wave in the entire drip
chamber (B mode) is shown. We also converted the
B-mode image into 3D and analyzed the photoacoustic
waves that occur over time. Imagel, a free software,
was used for both imaging and analysis.

3. Reault
3.1. A Mode M easurement

The photoacoustic wave generated from the drip
chamber was measured with an ultrasonic probe, and
the result of A mode measurement at the point where
the intensity of the photoacoustic phenomenon is
shown by the red dashed line in Fig. 3 is shown in
Fig. 4. The vertical axis represents the intensity of
elastic ~waves generated from photoacoustic
phenomena, and the horizontal axis represents the
distance from the ultrasonic probe. The part showing
the maximum amplitude of the graph is the wall
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surface of the drip chamber, the left side is the
ultrasonic probe, and the right side is the inside of the
drip chamber (blood). In order to measure the time
course of the blood coagulation process, immediately

150 F : . : . s

140 - ]

Blood side

AN Al
i M -
g V! >
é L) -

Pt

ner Wall surface of the ]

Extracorporeal circulation circuit
100 ! ! 1 1 =
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(a) immediately after injection of coagulant
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(b) 2 minutes later

after injecting the coagulant into the drip chamber
(Fig. 4 (a)), 2 minutes (b), 5 minutes (c), and
10 minutes later (d), the photoacoustic phenomenon of
blood was measured separately.

160 q

1 1 1 1
o 100 200 300 400
Distance (pixels)

(¢) 5 minutes later

S0k i I i | =
o 100 200 300 400
Distance (piesls)

(d) 10 minutes later

Fig. 4. Measurement of photoacoustic phenomenon using A mode ultrasonic imaging.

3.2. Judgment Criteria When Coagulation
Occursin the Extracorporeal Circulation
Circuit

The experimental results are as follows. A slight
change was observed about 7 minutes after injecting
1.1 g of calcium gluconate and 33 ml of physiological
saline. After 10 minutes, there was a clear change
(confirmed the developmental criteria shown in (4)),
and after 15 minutes, there was complete blood flow
loss. Fig. 5 shows the state around the roller pump
after 15 minutes. From the photograph in Fig. 5, the
entire circuit becomes negative pressure and is slightly
dented. In addition, bubbles can be confirmed in the
circuit. Based on these facts, in this study, 10 minutes
after injection of calcium gluconate and physiological
saline, which is considered to cause the extracorporeal
circulation therapy to stop functioning, was set as the
time required for blood coagulation in the
extracorporeal circulation therapy. The situation at
3 points 10 minutes after injection of calcium
gluconate and saline is as follows:

1) Drop of 1.8 cm from the liquid level at the start
of the blood level in drip chamber;

2) Negative pressure state (-1 to -10 mmHg) at the
start of the experiment: about 60 mmHg;

3) Generation of bubbles (Many bubbles are
generated in the red arrow part).

generation of bubble

Fig. 5. Bubbles on the pump pull-in side when severe blood
coagulation occurs.
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3.3. B-mode Measurement and 3D Analysis
3.3.1. B mode

In the drip chamber shown in Fig. 6, the left side
of the wall surface is the ultrasonic probe side, and the
right side is the blood. The white color (The white
color parts) in Fig. 6 indicates that blood obtains light
energy and a strong elastic wave is generated by a
photoacoustic phenomenon. On the contrary, black
(low brightness) indicates that the photoacoustic
phenomenon has not occurred or is extremely low. In
addition, Fig. 7 shows the measurement results (B
mode) reported at SEIA 2019 in order to compare with
the time course of blood coagulation in a microtube
without blood flow.

3.3.2. 3D Imaging

In order to show the change of blood coagulation
over time in Fig. 6 more prominently, the gray scale
image in Fig. 6 was converted into a 3D color scale
graph as shown in Fig. 8 using the free software
Imagel. Fig. 8 shows the black dotted line points to the
wall of the drip chamber.

The right side of the drip chamber wall surface is
the blood side (inside the drip chamber), and the left
side of the wall surface is the ultrasonic probe side.
The x-axis represents the horizontal distance (1 cm
from the ultrasonic probe to the blood side), the y-axis
represents the vertical distance, and the z-axis
represents the pixel brightness (256 levels). The
brightness is expressed in 256 steps from 0 to 255.
In addition, the low brightness becomes purple, and as
the brightness becomes high, it becomes white
through orange and yellow. It is considered that the
higher the value of the z-axis, the stronger the
photoacoustic phenomenon.

4. Consideration

With the passage of time, the position and
amplitude of the vibration wave measured by the
ultrasonic probe changed. It is considered that the
possibility of time-dependent changes due to blood
coagulation was shown in the extracorporeal
circulation circuit. Comparing to Fig. 6 and Fig. 7, it
can be seen that the thick black line is not shown like
the microtube wall surface of the B mode image
(measurement target: microtube) shown in SEIA2019,
and there are ripples. From Fig. 6, the width of the
ripples is about 0.2 to 0.3 cm, which is the same as the
thickness of the wall surface of the air trap chamber,
and from the measurement position, it is considered
that the ripples with this width are the wall surface of
the air trap chamber. Compared to the micro tube, the
wall of the tube is soft and then impedance was almost
same as that of the ultrasonic probe gel spacer.

(a) immediately

\\ e
(b)2 minutes later ood

Ultrasonic
pmbe —

(c¢)5 minutes later

(d) 10 minutes later

Fig. 6. B mode image by photoacoustic.

(b)

Blood

(a) Immediately; (b) 2 minutes later; (c) 5 minutes later;
(d) 10 minutes later

Fig. 7. Photoacoustic imaging measurement results
reported at SETIA” 2019 (blood coagulation in microtubes).

So it is considered that it was not observed as a
thick black line due to wall. Also, the entire B-mode
image is slanted. This is because the ultrasonic probe
and LED light source do not use a jig and are held and
measured by hand. When force was applied to improve
the adhesion between the transparent gel spacer and
the air trap chamber, the gel spacer was deformed
because the transparent gel spacer was soft. From
these, it was concluded that the positional relationship
between the ultrasonic probe and the object to be
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measured was slanted (Fig. 9). Similar results were
obtained even if the measurement was repeated while
changing the measurer. From the results of this

experiment we found that it is important to devise jigs
and other devices to apply uniform force.

(b)2 minutes later

(d) 10 minutes later

Fig. 8. 3D diagram of luminance part by ImageJ.

Fig. 9. Measurement diagram of drip chamber.

From Fig. 8 (a) to (d), it can be seen that the
brightness (photoacoustic wave) is high centering on
the wall surface of the drip chamber. From Fig. 8, it is
considered that the increase in blood coagulation could
be confirmed from the inner wall where blood
reacted with foreign matter and the mesh filter because
the parts where the photoacoustic wave changes
strongly are on the wall surface and around the
mesh filter.

The anticoagulant Alsever was injected into the
blood in the drip chamber and the progress was
compared. Fig. 10 (a) shows the results of this
experiment, Fig.8 (d), and Fig. 10 (b) shows
photoacoustic imaging 10 minutes after injecting
Alsever. It was found that even in the presence of
blood flow, no photoacoustic wave is generated when
the blood is not coagulated.
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Fig. 10. Comparison of blood coagulation in the drip
chamber and blood containing anticoagulant: (a) 10 minutes
after blood coagulation begins, (b) 10 minutes after injecting
the anticoagulant.

5. Conclusions

We measured the blood coagulation as the changes
of the whole extracorporeal circulation circuit, using
photoacoustic imaging, instead of measuring indi-
vidual blood clots. As with the measurement results of
changes in blood coagulation in microtubes in SEIA
2019 over time, changes in blood coagulation in the
extracorporeal circulation circuit can be measured
using the extracorporeal circulation circuit, and
demonstrated  the possibility of  predictive
maintenance in extracorporeal circulation therapy. In
addition by using LED photoacoustic imaging. We
showed the possibility of simple measure machine
with a small sensor.
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Abstract: The paper investigates the properties of gas sensors based on biohydroxyapatite for diagnostic the state
of the upper respiratory tract of calves and humans. The process of synthesis of biohydroxyapatite of different
mass is described. The peculiarities of sorption of volatile compounds on this sorbent depending on mass are
considered for two modes of measurement (injection and frontal). The effectiveness and selectiveness of organic
vapor microweighting using biohydroxyapatite phases of different mass are estimated. Possibilities of volatile
organic compounds vapors identification in a mixture without separation are considered. For this task, the new
parameters are calculated by the signals of one or two piezoelectric sensors with biohydroxyapatite of different
masses. Results of analysis and identification of substances in the gas phase over nasal secretions of calves and
humans with various respiratory diseases are presented. The intervals of the values of the calculated parameters
are determined for reliable selection of samples into the “inflammation” group. The first and second order errors
have been estimated in binary classification into groups “healthy” and “inflammation”. The minimum number of
false-positive responses in the classification of samples is achieved using the parameters of two sensors with a
biohydroxyapatite of different masses.

Keywords: Sensors, Biohydroxyapatite, Sorption, Volatile organic compounds, Diagnostics, Upper respiratory
tract, Inflammation, Nasal secretion.

1. Introduction

When analyzing biological samples, it is essential
to minimize the number of analysis stages and the
changes in the native state of the samples by
preparation for measurement (heating, sorption,
extraction, freezing). The use of an array of sensitive
gas sensors (“electronic nose” or E-nose) simplifies
preparation stages as much as possible and allows to

http://www.sensorsportal.com/HTML/DIGEST/P_3238.htm

fix the integral profile of the most informative part of
the metabolome - volatile compounds. This approach
has been widely used to analyze various human and
animal samples over the past ten years [1].

The most popular biosamples for analysis
are exhaled air, blood, urine, sweat, saliva and others
[2-5]. Also, it was established that the nasal secretion
of calves is an informative biosample as the exhaled
breath condensate when diagnostic of respiratory
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diseases by detecting volatile compounds using arrays
of piezoelectric sensors [6-8]. The results are relevant
and valuable for developing portable devices for on-
farm diagnosis [9].

We believe that the approach is universal and can
be extended to human biosamples. It is vital for
monitoring the inflammation of the lungs and larynx
in humans when infected with viruses, including
SARS-CoV-2 and E-nose technologies are
perspectives for that [10].

Using the new materials for sensitive coatings of
measurement elements in E-nose increases the
stability, sensitivity, operating time and expands the
possibilities of sensors application in various
conditions [11-12].

Earlier, the parameters of sorption of volatile
compounds using the phase of biohydroxyapatite were
implemented to analyze the results of sorption of the
gas phase of nasal secretion samples [13].

This work aims to investigate the features of
sorption of volatile compounds by biohydroxyapatite
phases of different masses and apply the sensors based
on it to estimate the presence of upper respiratory tract
inflammation by analysis of gas phases over human
and animal nasal secretions.

2. Materials and Objects

The study was carried out on the device
“MCNanoW-PQ” (LLC “Sensorika — New
Technologies”, Voronezh, Russia) with eight working
channels [14]. The multichannel device is connected
with a laptop via the MCW-Soft for registering
changes in the biohydroxyapatite phase mass in real-
time with a step of 1s and a sensitivity of 1 ng.
Multichannel nanobalances are equipped with a sealed
fluoroplastic cell with a volume of 60.0 cm? with a cap
and nozzles for introducing vapors, both individual
compounds and their mixtures in different modes —
frontal, injection. Piezoelectric quartz resonators
(PQR) with a base frequency of 10.0 and 14.0 MHz
were used to manufacture sensors.

The phase of hydroxyapatite (HA) was studied as
a sorbent. Hydroxyapatite Cas(PO4);OH was obtained
by the sol-gel technique developed at the University
named after N. I. Lobachevsky [15]. Reagent
concentrations were optimized to obtain nanoparticles
with good sorption properties [16].

The hydroxyapatite phase from acetone (0.5 g of
phase/10 ml) was uniformly deposited to the
electrodes of the piezoelectric quartz resonator,
defatted with acetone, by immersion in an ultrasonic
suspension [17]. The mass of the phases from 1 to 7 pug
was obtained by varying the exposure time of the
resonator in the suspension (from 5 to 15 s) to control
the sensitivity and selectivity of microweighing of
substances vapors. The free solvent was removed in an
oven (40 minutes at t from 50 °C), placing the PQR in
the holder vertically. Hydroxyapatite synthesized by
the sol-gel method is a nanostructured material
compatible with biological tissues; therefore, we
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assumed its unique sorption properties to volatile
biomolecules that are excreted during the life of
organisms. The microstructure of HA coatings was
investigated on a Solver P447-PRO (CJSC “NT-
MDT”, Russia) atomic force microscope (AFM) with
a video surveillance system to substantiate and explain
the dependence of the sorption properties of HA of
different mass.

Vapors of individual volatile organic compounds
were selected as sorbats (LLC “Reakhim”, Russia):
(VOCs): aliphatic alcohols C>—Cs, normal and
isomeric structure; ketones (acetone, methyl ethyl
ketone), arenas (benzene, toluene, phenol), amines
(methylamine, diethylamine), aliphatic acids C,, Ca,
Cs; chloroform, C,-Cs alkyl acetates, acetaldehyde.
We also investigated the sorption of water vapor
(bidistillate, with electrical conductivity control) as
the main component of biosample, which can interfere
with the detection of analytes.

The vibration frequency of the quartz plate
changes during sorption of substances on the HA
phases, deposited on the PQR electrodes. According
to the Sauerbrey model, the change in the vibration
frequency of the piezoelectric sensor (—AFmax, Hz) is
proportional to the mass of the sorbate Am (pg) on its
electrodes at any moment of sorption time. This
model was also used to calculate the mass of the
sorbent phases on the piezoelectric balance electrodes
(mpa, pg) as mentioned in [16].

The mass of individual volatile compounds
during sorption is measured at a temperature of
(20.0 = 0.5 °C) using two modes of vapor input
(Fig. 1). In the injection mode, a 5.0 cm® sample of an
individual substance was placed in a glass sealed
vessel, which was closed with a soft polymer
membrane and kept for 20-30 min at a temperature of
(20 £ 1) °C until equilibrium was established in the
“liquid — vapor” system. After that, a certain volume
of the equilibrium gas phase (EGP) over the substance
was taken by an individual syringe and introduced into
the detection cell of the device at a rate of 1 cm?/s. The
mass concentration of vapors of substances in the
detection cell was varied by changing the volume of
the EGP from 0.5 to 5.0 cm? with a step of 0.5 cm®.

Injection input mode

- L
. Equilibriumgas %
3 phase 0.5-5 ml

™ 20-30 min ..

Frontal input mode

1-3 pl : Tyl 2 s~

80s -
1205 T

Fig. 1. The scheme of sorbtion measurement.

The VOC vapor sorption for each concentration
was measured 5-7 times. After checking the system’s
stability and starting the measurement, the vapors
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were introduced into the near-sensor space. The
frontal mode of vapor input into the detection cell was
carried out under static conditions (without a carrier
gas) due to spontaneous diffusion of vapors into the
near-sensor space from the source (sample of an
individual compound) in a closed nozzle body. The
particular volume of substances (from 1 to 3 pl for
each substance) was placed onto the glass Petri plate
and covered by the detection cell of the device with
sensors for 80 seconds. Substances were evaporated
entirely during that time, the response of sensors were
recorded in the 80 s. After that, the detection cell was
opened for the spontaneous desorption of gases from
sensor coverings. The mass concentrations, frontal
input mode of measurement are more completely
described in work [8].

To calculate the sorption parameters A(i/j) [18], we
used a quantitative signal of piezoelectric balances
with a sorbent — the maximum change in the
oscillation frequency of the piezoelectric sensor
(-AFmax, Hz), which characterizes the efficiency of
sorption of compounds on the sorbent phases.

Samples of nasal secretion from calves (n=50) and
humans (n=17) were selected using sterile cotton
swabs. Samples of calf’s nasal secretion were
simultaneously investigated by bacteriological and
molecular-genetic methods. The animals were
auscultated and clinically examined by specialists
according to Wisconsin respiratory scoring chart [19].
The study was conducted according to the guidelines
of the Declaration of Helsinki, and approved by the
Ethic Committee of Voronezh State University of
Engineering Technologies (protocol Ne 2 dated
25 February 2021). The clinical examination of the
volunteers by the specialist established the presence or
absence of inflammation in humans.

The group of “inflammation” consisted of samples
from animals with bovine respiratory disease (n=10)
(diagnosis based on results of clinical and laboratory
examination) and from a human with the first sign of
respiratory disease according to anamnesis and
clinical examination (n=10). The “healthy” group
included samples from animals (n=40) and humans
(n=7) without any signs of respiratory disease.

The nasal secretion samples were measured by
frontal input mode under static conditions due to
spontaneous diffusion of vapors into the near-sensory
space of the detection cell from biosamples.

3. Results and Discussion

3.1. Microstructural Investigation of
Hydroxyapatite Phases

The microstructure of HA coatings of different
mass was investigated by atomic force microscopy
with a video surveillance system to understand the
features of the sorption properties (Fig. 2). Based on
the images obtained in the Nova 1.0.26.143 program
(freely available), the average grain diameter and
roughness were calculated (Table 1).

Table 1. Microstructural characteristics of HA coatings.

Mass of coating, Average dl.a meter Roughness,
of grain,
ng nm nm
2.03 415 544
4.17 215 111
5.03 187 97

Fig. 2. Image of HA phases obtained in Nova program using AFM with resolution: 30x30 pm.
Mass of HA m=2.19 pg (a); 4.17 pg (b); m=5.03 pg (c).

It was found that for HA with an increase in the
coating mass, the average grain diameter and
roughness decrease. It turns out that for coatings of
HA with a different mass, a surface of different
porosity is formed, which determines the variation in
sorption properties of the coatings. It was also found
that an increase in the mass of the HA coating by more

than 4 pg does not lead to significant changes in the
average grain size on the surface and roughness. This
makes it possible to predict reproducibility and similar
sorption properties with insignificant changes in
coating weights of more than 4 pg, which is important
for the industrial production of sensors with
reproducible, repeatable properties.
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3.2. Sorption Properties of the
Hydroxyapatite Phase of Different
Masses

Earlier it was established on the example of solid-
state sorbents of different nature [14, 20-21] that an
increase in the mass of phases on the electrodes of
piezoelectric resonators has a different effect on the
sensitivity of microweighing of water vapors and
organic compounds. The dependence of the rate of
change in the maximum sensor response on the mass
of the hydroxyapatite phase on the electrodes was
studied using several biomolecules of different
polarity and injection input mode (Fig. 3).

60,0 dAFmax/ deA, Hz
40,0

20,0

0,0

-20,0

-40,0

-60,0

Fig. 3. Dependence of the rate of change of the maximum
response of sensors on the mass of HA on the electrodes
in vapors: water (1), ethanol (2), acetone (3).

The rate of change in the analytical signal per unit
mass of the HA phase is proportional to the rate of
sorption of analytes for a fixed time of loading the
system. The rate of change in the analytical signal of
the sensor in the vapors of all three compounds
depends on the mass of HA, but in different ways for
water and organic biomolecules (ethanol, acetone).
Phases of small masses (1-2 pg) and big (more than
5 ug) react equally ineffectively to vapors of all
compounds. The highest rate of change in the signal of
a sensor with 2.0-3.5 ug mass HA is characteristic of
water vapor, while the sensor reacts slowly to organic
compounds in this mass range. The rate of change in
the analytical signal of the sensor for all compounds is
equal for sensors with a 3.5-5.5 pg HA phase.

Nevertheless, varying the coating mass is more
critical for weighing water vapor than for ethanol and
acetone. This fact is helpful in microweighing the
vapors of biomolecules of organic compounds against
the background of water. Furthermore, using two
sensors with a small and big mass of the HA phase
makes it possible to separately indicate ethanol and
acetone vapors in a sample with any concentration of
water vapors. This approach allows us to speak of
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separate microweighing of biomolecules without
separation by at least two sensors with HA phases.

Further, to study the sorption properties of HA
coatings, sorption isotherms were constructed and
studied (Fig. 4). The isotherm shape for HA phases of
different masses changes from linear to S-shaped for
the same sorption system. In this regard, it is
impossible to describe the curves by a single theory:
linear isotherms were described according to
Langmuir's theory and S-shaped by polymolecular
adsorption theory (BET-theory) (Table 2).

Based on the obtained results, an increase in
adsorption () is observed in the homologous series of
alcohols C,HsOH-CsH;1OH during sorption on the
HA. At the same time, the number of adsorbed centers
per unit mass of the adsorbent increases, and due to
this, the sorption process proceeds much better. Using
calculated monolayer capacity, it can be concluded
that the HA phase exhibits the best sorption properties
to water, propanol-1, butanol-1.

It is challenging to analyze the peculiarities of the
mechanism of interaction of even homologues on the
same sorbent phase using the obtained isotherm. The
differences in the character of isotherms for one
sorbent with different characteristics of the surface
make it possible to estimate changes in the filling of
pores of different nonideal phase geometry. Henry
coefficient K,, Hz*dm?/mol is a priority characteristic
of the systems under consideration since it
characterizes the sensitivity of piezoelectric sensors to
a particular type of vapor (Table 2). It was found that
the values of the K, coefficient for water vapor,
butanol-1 depend on the mass of the sorbent phase,
while for other compounds, within the limits of the
microweighing  sensitivity  error, they are
indistinguishable or change insignificantly. The
affinity for butanol-1 molecules changes especially
sharply in the HA phases of small (1-2 pg) and large
masses (4-5 pg). If we take into account that the
roughness of the surface of the HA phase also changes
sharply (Table 1), it can be argued that for a linear
alcohol molecule the surface parameters are defining
the sorption character.

The sensitivity of microweighing increases with an
increase in the number of carbon atoms in the alkyl
radical of alcohol. A decrease in the polarity of alcohol
molecules with an increase in the length of the alkyl
radical reduces the effect of hydrogen bonds during
sorption, but at the same time, it is on the rougher
surface of low-mass phases that heavy alcohols are
more efficiently sorbed. The obtained correlation for
alcohols is stable and is consistent with the theoretical
foundations of piezoelectric quartz microweighing.
The nature of the change in the sensitivity of
piezoelectric balances with low mass HA allows
predicting an increase in sensitivity with further
growth of the alkyl radical in the alcohol molecule.

For a sorbent phase of small masses (2-3 pg), the
sensitivity of microweighing of vapors of substances
decreases in the following sequence: alcohols>
acetone> water> diethylamine> benzene.
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a-10°, mol/g a-10%, mol/g 1
0,08 0,04 32
0,06 0,03 4
0,04 0,02
0,02 0,01
O O T T T 1
0 0,02 0,04 0,06 0,08
¢, mol/m’ ¢, mol/m?
Ethanol Propanol-1
a-10%, mol/g 3 a-10%, mol/g 3
0,04
0,03
0,02
0,01
1 0 T T T 1
0 0,005 0,01 0,015 0,02 0 0,002 0,004 0,006 0,008
¢, mol/m? ¢, mol/m?
Butanol-1 Pentanol-1

Fig. 4. Isotherms of alcohols vapor sorption on the HA phases of different mass: 1 — m=1.03 pg; 2 — m=2.19 pg,
3 -m=4.17 pg; 4 — m=5.03 ug.

Table 2. Constants of sorption isotherm of volatile compounds on the HA coatings with different mass.

Lengmuir’s model BET theory
Sorbtives Mass of coating, mua, Henry coefficient Ka, Mass of coating, mua, Constant
ng Hz dm?/mol ng Cger, dm’/mol
Water 1.03 6.4 4.17 32
2.15 2.0 5.03 16
1.03 54
Ethanol 2.15 4.5 4.17 8.9
5.03 20
1.03 36
2.15 35
Butanol-1 403 15 - -
5.03 13
1.03 12 4.17 38
Butanol-2 2.15 10 5.03 57
1.03 59 4.17 98
Pentanol-1 2.15 56 5.03 34
Acetone 1.03 0.7 4.17 2.1
2.15 0.8 5.03 1.4
2.15 0.4
Diethylamine 4.03 0.4 1.03 1.1
5.03 0.2
For  sorbent phases of big  masses The mass sensitivity sequences for the small and
(4-5 pg), the efficiency of microweighing big mass phases of biohydroxyapatite are not identical.
decreases in the following order: phenol >> This confirms the participation in sorption not only of

alcohols C4-Cs > water > chloroform > ethanol,
acetone > benzene > diethylamine.

the chemical sorption centers but also of pores,
channels, and rough surfaces of HA phases to a greater
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extent than for carboxylated carbon nanotubes and
polymer sorbents [22-23].

The method of vapor input (injection or frontal)
also significantly affects selectivity. It was found that
with the injection of vapors of the studied compounds,
the HA phase with a mass of 4-5 pg is most selective
to vapors of ethanol, acetone, amines, amyl acetate,
and acids, and the phase with a mass of 2-3 pg is most
selective to vapors of methylamine, benzylamine, and
acetic acid. In the frontal mode of vapor input,
selectivity was noted for many biomolecules upon
sorption on the small mass HA phase than on the big
mass HA phase.

The possibility of identifying the studied vapors of
substances with simultaneous microweighing with
piezoelectric balances with different masses of the HA
phase has been demonstrated in Table 3. The
parameters of the sorption efficiency A(i/j) [8, 18]
were calculated for sensors with the HA phase of
different masses — Am(i/j), where i, j are the mass of
the phase (ug). In Table 1, the values of the parameters
of the sorption efficiency are highlighted in bold,
which can be used to solve problems of identification
of individual substances in a mixture and correspond
to requirements for identification parameters [8-9].
Thus, the identification parameters for water and
phenol is the parameter Am(i/j) for sensors with HA
phase of small masses (1 and 3 pg). The simultaneous
use of a small (1 pg) and a big mass (4-5 ug) of the HA
phase makes it possible to identify propanol-1 and
benzene in the mixture (Table 3).

Table 3. Parameters of the sorption efficiency of vapors
(Am(i/j)) of substances on piezoelectric balances with a HA
phase of different masses in the injection mode.

Values of HA mass in pg

Analytes for parameter Am(i/j)
1/2 1/4 1/5 2/4 4/5
Water 3.2 0.20 0.40 0.06 1.6
Ethanol 1.2 0.61 0.27 0.51 0.45

Propanol-1 1.1 0.86 0.14 0.80 0.16
Propanol-2 2.0 0.52 0.91 0.26 1.8

Butanol-1 1.0 0.24 0.28 0.23 1.2
Butanol-2 1.2 0.32 0.21 0.26 0.67
Pentanol-1 1.1 - - - 0.67
Benzene 0.95 1.1 2.1 1.1 2.0
Phenol 0.69 0.79 1.7 1.1 2.2

The mode of vapor injection into the detection cell
significantly changes the identification parameters of
biomolecules. An(4/2) identification parameters were
calculated for 2 pg and 4 pg masses of the HA phase
at the injection and frontal input mode (Table 4).

The overlap of the identification parameter values
using the coincidence criterion [9, 18] at different
modes of vapor input was established for water,
acetone, benzene, methylamine, ethylacetate, and
acetic acid (Table 4). The differences are significant
for other compounds, and the identification
parameters obtained under different sorption

14

conditions cannot be applied. It is explained the
different character of dependence of the sensor signal
on the concentration of the analyte in the detection cell
and near sensory space. Vapors of acetone, benzene,
methylamine, ethyl acetate, acetic acid have a linear
dependence of the sensor signal on the concentration
of the substance in the studied range. For vapors with
nonlinear dependence of the sensor signal on the
concentration of the substance (alcohols, phenol,
chloroform, diethylamine), the differences in the
values of the parameters are significant.

Table 4. Parameters 4m(4/2) with injection and frontal
mode of vapors input into detection cell, Fo = 10.0 MHz.

Injection | Frontal —
Analytes input input Con-lcld.ence
criterion
mode mode

Water 1.0 1.1 0.3

Ethanol 0.25 0.52 0.08
Propanol-1 0.40 0.70 0.12
Propanol-2 0.38 1.3 0.26
Butanol-2 0.33 0.65 0.12
Pentanol-1 0.29 0.90 0.16
Acetone 0.25 0.17 0.09
Methylethylketone 1.00 0.55 0.14
Benzene 0.45 0.31 0.15
Phenol 0.25 0.74 0.14
Chloroform 0.43 1.5 0.28
Methylamine 2.5 1.7 0.9

Diethylamine 0.08 0.54 0.12
Ethylacetate 0.88 1.1 0.24
Acetic acid 1.2 1.5 0.6

Butyric acid 0.40 0.18 0.12

The results correspond to the theoretical and
practical foundations of sorption interactions.
Therefore, an approach for identifying individual
analytes in a mixture by comparing the identification
parameters of standard test substances and calculated
for analyzed samples obtained under identical
experimental conditions is acceptable.

The frontal mode of vapors input allows
identifying more substances in the mixture than the
injection input. For the analysis of biosamples,
comparison of their state, and assessment of changes
in time, the most promising is the frontal input mode
of highly volatile compounds, which significantly
simplifies the experiment and practically eliminates
sample preparation.

3.3. Nasal Secretion Analysis

Clinical examination and analysis of biological
samples by laboratory methods made it possible to
classify animals by the degree of damage to the
respiratory organs [7, 9]. The array included sensors
with phases of biohydroxyapatite of different masses
(4.0 pg and 2.0 pg). According to the measurement
results, the values of the parameter 4Am(4/2) were
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calculated for 50 samples of nasal secretions of calves
and the informative values of this parameter for
ranking into groups “healthy”, “inflammation” from
the respiratory organs were found out (Table 5) with
an assessment of classification errors for the systems
with a binary response [24]. The numerical values of
the calculated parameter 4,,(4/2) for sensors with HA
phases help to identify individual test substances in
samples and divide them into groups (Tables 4, 5). It
was found that only for one range of values of this
parameter, the proportion of false-positive
assignments of samples from the “healthy” group to

the “inflammation” group is equal to zero. For nasal
secretion samples of the ”inflammation” group,
volatile compounds were identified (amines, alcohols,
ketones, arenas). These compounds are markers of
inflammation and protein destruction [8].

The versatility of the approach to assessing the
state of the upper respiratory tract using highly
volatile compounds of human nasal secretion was
tested on 17 samples. In this case, the ranking of the
samples into the “inflammation” group was carried
out according to the range of the parameter
Am(4/2) =0.60 — 0.67 (Table 6).

Table 5. Parameter Am(4/2) with the frontal mode of vapors input from nasal secretion samples of calves, Fo = 10 MHz.

Range Proportion Proportion
Calf stock number and diagnostic of parameter Identified Of. c.orrect of c.orrect
positive (false negative (false
group Am(4/2) compounds . .
values negative) positive)
answers answers
“Healthy”: 2663, 2661, 2655, 2432, No compounds
2657, 2650, 24356626671, 2670, 2669, 0.77-0.9 dominating -(0.1) 0.28
“Inflammation”: 2646 in concentration
“Healthy”: 2428, 2659, 2658, 2661, 2675
2443, 2437, 2659, 2667, 2662, 2647,
2668, 2657, 2664, 2653, 2442, 2662,
2676, 2677, 2674, 2679, 2675, 2674, 1.0-14 Propanol-2 -(03) 0.6
2673
“Inflammation’: 2439, 2665, 2469
“Healthy”: 2652, 2430, 2653, 2652, 2679 Methylamine, acetic
“Inflammation”: 2672 15-18 acid -(0.1) 0.12
“Healthy”: - Diethylamine,
“Inflammation”: 2666, 2660, 2665, 2669, |  0.60-0.67 | cthanol, propanol-1, 0.5 -(0)
2663 butanol-2, phenol,
methylethylketone

Table 6. Classification of human nasal secretion samples by parameter Am(i/j) for two sensors with 2 and 4 pg of HA.

Sample Value of parameter Assignment to tl.le “inflammation™ Condition based
number Am(4/2) group according to the values on clinical examination
of the parameter Am(4/2)
1 0.63 Yes Inflammation
2 0.63 Yes Healthy
3 0.59 Yes Inflammation
4 0.20 No Healthy
5 0.63 Yes Inflammation
6 0.67 Yes Inflammation
Dry nose,
7 1.0 No secretion is almost absent
8 0.71 Yes Healthy
9 0.83 No Healthy
10 0.63 Yes Inflammation
11 0.63 Yes Inflammation
12 0.67 Yes Inflammation
13 0.63 Yes Inflammation
14 0.67 Yes Inflammation
15 0.63 Yes Inflammation
16 0.91 No Healthy
17 0.77 No Healthy
- 0.77 - Water
- 1.0 - Container
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The proportion of correct ranking of human
secretions samples in the “inflammation” group
according to the selected numerical boundaries of the
parameter Am(4/2) is 0.91. The proportion of false
attribution for the considered sample is 0.25 due to the
small size of the sample. However, the high sensitivity
of assigning samples to the “inflammation” group
confirms the correctness and versatility of the
approach. The first and second order errors have
been estimated in binary classification based on
sorption parameters for sensors with HA. The
sensitivity and specificity of classification were 100
and 86 %, respectively.

4. Conclusions

The study of the sorption of organic compounds
and water vapors by phases of hydroxyappatite of
different masses on the piezoelectric resonators is
allowed to formulate a new approach to changing the
selectivity of microweighing of VOCs.

A new identification principle in “electronic nose”
system is proposed using one effective sorbent of
different masses to identify VOCs in a mixture
without separation.

The frontal mode of vapors input creates
conditions similar to gas chromatography to recognize
components in a mixture with a much simpler and
faster instrumental solution.

The proposed sorption parameters could be applied
to rapidly assess the inflammation presence in the
upper respiratory tract of animals and humans. The
correctness of the interpretation of the results was
confirmed by the clinical examination and laboratory
analysis results. The success of applying the
approach in the analysis of biological samples of
animals and humans opens up new prospects for out-
of-laboratory diagnostics.
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Abstract: A screening procedure has been implemented based on the inverse virtual screening technique to
identify new bioreceptors for the set-up of pesticide biosensors. Different pesticides of interest were docked on a
limited database of proteins with known 3D structures. Some compounds of interest were chosen among the
following classes: organophosphates, organo-clorurates, carbamates, anilides, neonicotinoids, aromatic and
heterocyclic azoto-organics. Hundreds of molecules were automatically docked on hundreds of structures and
results analysed. We identified many interesting binders among which we focused on an E. coli helicase that was
demonstrated to be able to bind the organophosphate Coumaphos on multiple sites. In addition we report on the
purification of the binder and testing with Coumaphos and other compounds in a fluorescence-based assay.

Keywords: Helicase, Pesticides, Docking analysis, Bioreceptor, Biosensor, Fluorescence-based assay.

1. Introduction

Frequently, in the last decades, the community has
been facing the problems arising from the transfer of
potentially harmful substances to the environment,
altering the ecosystem, and to the human, causing
pathological symptoms, and sometimes, death [1].
Recently, the European Union has banned the use of
some compounds thought to be carcinogenic [2].
Nevertheless, some of these compounds, as pesticides,
are necessary and useful to the human well-being.
Pesticides represent an example of toxic molecules
intentionally released into the environment with the
aim of preventing, destroying and removing pests.

Their diffusion is not limited only to the
agricultural sector, but also to houses and public areas
of cities, representing a great risk to the environment
and human health [3].

18

Pesticides can be classified on the basis of their
function  (insecticides, fungicides, acaricides,
herbicides, plant growth regulators) and/or their
chemical structure in: Organophosphates (OP),
Organochlorines  (OC),  Carbamates  (CMs),
Neonicotinoids, Anilides, Aromatic and Heterocyclic
AzoOrganics. In Table 1 the general chemical
structures for the main pesticide families are shown.

Some actions have been undertaken; for example,
this century has marked the disappearance in the
environment of the highly persistent organochlorine
pesticides, gradually replaced by organophosphates
and carbamates that, in spite of a lower resistance to
degradation, have become the most diffuse neurotoxic
chemical compounds. The mechanism of action of
these neurotoxic compounds concerns mainly the
irreversible inhibition of acetylcholinesterase [4], a
key enzyme for the correct activity of the nervous

http://www.sensorsportal.com/HTML/DIGEST/P_3239.htm
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system. Other pesticides have different mechanisms of
action. Because of toxicity to humans, the removal of
excess of these compounds from the environment is
mandatory, but a preliminary action of detection and
monitoring is also required. Over the last decades,
different biosensors have emerged as ultra-sensitive
and rapid techniques for environmental monitoring
and food quality control [2, 5]. These tools have the
potential to complement or replace the classical
analytical methods by simplifying or eliminating
sample preparation protocols and making the testing
in the field easier and faster with a significant decrease
of the analysis costs. Unfortunately, most of the
available biosensors are not sul ciently robust to deal
with raw samples and do not oller adequate
selectivity. For these reasons we started a project for
the identification and testing of new bioreceptors for
different classes of pesticides, in particular for the
organophosphate Coumaphos [6].

Table 1. Pesticides classification based
on chemical structure.

ORGANOPHOSPHATES
ORGANOCLORINATED S

CARBAMATES
ANILIDES

NEONICOTINOIDS
HETEROCYCLIC AZOTORGANICS

AROMATIC AZOTORGANICS

Coumaphos is one of the main pesticides of
concern for the health of bees. It is a widely available
organophosphate-based acaricide formulated by Bayer
into CheckMite strips and Perizin®. Beekeepers
introduce these coumaphos products into colonies to
control parasitic varroa mites (Varroa destructor).
Coumaphos  acts  systemically when  small
quantities of it are ingested by bees, with consequent
trophic diffusion.

However, most of the acaricide is distributed
colony-wide within 3 h through dermal contact among
nestmates [7].

In fact, acaricides like Coumaphos are non-
pathogenic external agents widely used by beekeepers,
so Coumaphos residues are often found in products
like bee bread, propolis, wax, comb and royal jelly, the
latter being a vital foodstuff for brood and queen
rearing [8, 9]. The acute lethal dose (LD50) of
Coumaphos for individual bees varies from 3 to 6 pg,
with lower doses proving more toxic to older bees [7].
Chronic exposure to Coumaphos can result in reduced
foraging activity, affect the size of hypopharyngeal
glands, and increase the level of programmed cell
death within bee tissues [8]. Although Coumaphos is
regarded as being weakly toxic to honey bees, more
study is needed to determine whether this acaricide

decreases individual bee survival and hence the health
of the pollinator workforce. Coumaphos is classified
as an extremely hazardous substance in the United
States and is subject to strict reporting requirements by
facilities which produce, store, or use it in significant
quantities [10].

2. ldentification of Coumaphos
asa Binder

2.1. Docking Analysis

A screening procedure has been implemented
based on the “inverse virtual screening” technique to
identify new bioreceptors for the set-up of pesticide
biosensors. In particular, a docking analysis was
conducted through the use of scripts in the Linux
bash shell, via the command line, which invoked the
AutoDock Vina software, with a series of
parameters defined in a configuration file.
Specifically, the script accessed the workbook
relating to a specific family of pesticides, and for
each file '"ligand name.pdbqt" associated a
"protein_name.pdbqt" file, transferring the files
generated with the configuration parameters of the
number of models to be created to AutoDock Vina
software. For each analysis an output of the possible
protein-ligand conformations was generated, with
the respective binding energies, and a file containing
the corresponding ligand structures in space. The
output files were always analyzed with the help of
scripts in the Linux bash shell, in order to identify
the conformations with the greatest affinity for
binding.

A cut-off of -6.0 kcal/mol for the binding
energies was established with reference to the
minimum free energy values obtained from the in
silico measurements of EST2 with the pesticides that
experimentally showed greater affinity [11].

Different pesticides of interest were docked on a
limited database of proteins with known 3D
structures. We have set up automatic procedures for
docking and analysis of hundreds of molecules on
hundreds of structures (Fig. 1) (manuscript
in preparation).

Fig. 1. Computational docking analysis "inverse virtual
screening" approach.
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Coumaphos emerged as a good binder of the
protein Helicase RecQ from E. coli with a binding
energy of about -6.4 kcal/mol.

From the data analysis, the C-terminal domain of
helicase RecQ (HRDC domain) (ID PDB: 1WUD)
was demonstrated to bind Coumaphos on three sites
(Fig. 2 A, B). The energy interaction (-6.4 kcal/mol;
site 1 Fig. 2 C) was the best we detected among all
the organophosphate compounds.

Coumaphos
B i =

Energy interaction
(lecal/mol)

64

58

Fig. 2. Results of the docking analysis of the HRDC domain
with Coumaphos. (A) Coumaphos binding sites on the
HRDC domain. (B) Chemical structure of Coumaphos.
(C) Table of the interaction energies in kcal/mol of the three
binding sites.

3. Cloning, Expression, and Purification
of the HRDC-RecQ Domain in E.Coli

The plasmid vector used for the in vitro expression
of the HRDC-RecQ domain of E. coli is the plasmid
pET28b (+), which was provided by Prof. James L.
Keck from the Department of Biomolecular Chemistry
(BMC) of the University Wisconsin School of
Medicine and Public Health - Madison, WI - United
States. For cloning, E. coli (Invitrogen) competent
Topl0 cells were used, with high replication
efficiency, while for gene expression, the recombinant
plasmid was hosted by E. coli BL21 (DE3) cells.

3.1. Protein Purification

The recombinant protein was purified by affinity
chromatography with immobilized metal ions (IMAC,
Immobilized Metal Affinity Chromatography)
(manuscript in preparation). The highly selective
technique is based on the formation of specific bonds
between the biological macromolecule of interest and
a metal ion (ligand), immobilized on the stationary
phase. In the specific case, a nickel resin (Ni-NTA)
(Quiagen) was used as the stationary phase, i.e.
functionalized with chelating groups loaded with
divalent Ni2+ ions, with which the histidines, through
their imidazole ring, can establish coordination bonds.
The protein was eluted from the column with

20

200 mM Imidazole, which competes with the protein
in binding to the resin.

Purification of the recombinant protein was
completed by removing residual impurities by
molecular exclusion chromatography. Gel filtration
chromatography was conducted using an AKTA-
FPLC (GE Amersham Pharmacia) system, using a
HiLoad ™ 16/600 Superdex ™ 75 PG column (GE
Healthcare) with a capacity of 120 mL. The column
has a highly cross-linked dextran and agarose matrix.
The strong selectivity of dextran and the high chemical
and physical stability of the agarose allows high-
resolution separations. The chromatography was
performed by equilibrating the column in 20 mM Tris-
HCI pH 8.0 buffer, the sample was loaded into the
same running buffer by applying a flow of
0.5 mL/min, and fractions of 1 ml volume were
collected (Fig. 3).

E.coli BL21 cells
— 22, +IPTG

2. Growth i soil LEKan || tmM
5 @ — L\ s~
= Com ) ’ __J
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Fig. 3. Expression and Purification of the HRDC domain.
1-4. Transformation of E. Coli TOP10 and BL21 cells
for cloning and expression of the HRDC-RecQ domain gene,
respectively. 5. Induction of protein expression by
Isopropyl-B-D-1-thiogalact-pyranoside (IPTG). 6-8. Cell
lysis and purification of the protein domain.

4, HRDC Domain L abeling and Fluorescence
Analysis

The domain sequence was modified by site-
directed mutagenesis to change the exposed serine
575 into a cysteine for the binding of the IAEDANS
fluorescent probe [12]. The main site-directed
mutagenesis technique uses the experimental
implantation of Polymerase Chain Reaction (PCR).
In fact, oligonucleotides are produced, which act as
primers, containing the desired mutation. Therefore,
we designed the forward and reverse oligonucleotides
in the wild-type sequence of the HRDC domain. The
mutant is obtained by replacing a serine residue with
a cysteine residue at position 575 of the amino acid
sequence. The oligos were ordered and supplied by
the Eurofin/Genomics Company and used as primers
for PCR. Then, I ran various rounds of PCR based on
the characteristics of the Wonder Taq HOT Start (Hot
Start Thermostable DNA polymerase) enzyme.
Subsequently, I performed the enzymatic digestion
with the restriction enzyme Dpnl, specific for
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methylated DNA, in order to digest the parental
DNA. The mutant sequence was controlled for any
additional mutations introduced accidentally.

We expressed and purified the two proteins with
the procedure described above.

The wild-type protein was quite soluble and
stable. In contrast, the mutant had some stability
problems because of a tendency of the protein to
aggregate. After appropriate dilution below
0.15 mg/ml, the protein domain was proven to be
much more stable.

Therefore we proceeded with the optimization of
the TAEDANS binding under the following
conditions: 1 mg of the protein was dialyzed with
buffer 20 mM Tris/HCl pH 8.0 containing 0.5 mM
Tri-n-butyl phosphine (TBP) and incubated with
TAEDANS under the conditions indicated in Table 2.

Table 2. Optimization of the IAEDANS binding.
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Fig. 4. Quenching of fluorescence by Coumaphos
of protein labeled with IAEDANS in the presence (blue line)
or in the absence (red line) of Imidazole. The fluorescence
signal of the labeled protein significantly improved
in presence of Imidazole.

Condition No. Incubation Time Temperature Molar Ratio AUFlug
(protein:probe)

1. Over night 4°C 1:50

2 Over night 4°C 1:10

In the presence of
Imidazole

In the absence of

3h

3h

3h

wv-c

vc

w°c

1:10

1:10

1:10

380

a5

Imidazole

Condition No. 3 was found to be the best in terms
of specific fluorescence intensity and responsiveness
to quenching by wusing a Jasco FP-8200
spectrofluorometer (Jasco, Tokyo, Japan) at room
temperature; in particular, the labeling carried out in
the presence of Imidazole (6 mM) gave an increase of
specific fluorescence intensity (Fig. 4). The labeled
protein was stable for at least 30 days at 4 °C and the
specific fluorescence activity was around 380 AUF
(Arbitrary Unit of Fluorescence)/pug. The graph shows
a biphasic trend of fluorescence quenching for
Coumaphos in a semilogarithmic plot suggesting the
presence of heterogeneous binding sites in agreement
with the docking analysis. The biphasic behavior was
independent of the Imidazole thus suggesting different
interaction sites.

After optimization, we tested the labeled domain
by quenching of fluorescence with Coumaphos and
Paraoxon as a control.

As reported in Fig. 5, Coumaphos at 300 nM gave
a 30 % quenching of fluorescence whereas under the
same conditions paraoxon was almost ineffective.

5. Conclusions

Pesticides are among the most common contaminants
in the environment. Although their use is necessary to
protect crops, their constant presence in the various
matrices represents one of the main environmental
problems, as they can compromise the health of
humans and animals.
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Fig. 5. Quenching of fluorescence intensity by Paraoxon
(red point) or by Coumaphos (blue point). The interfering
effect of acetonitrile (in which pesticides were dissolved)
has been subtracted.

To Protect the environment and public health, each
year the European Food Safety Association (EFSA)
prepares reports to be able to verify the maximum
residue limits (MRLs) on food products, intended for
human and animal consumption. Due to the presence
of various pesticide residues not approved by the
European Union and the persistence of their
potentially toxic metabolites in the various
environmental matrices, EFSA has motivated research
on toxicological studies and the development of new
detection systems. An example is Coumaphos, a
pesticide to which EFSA turned its attention due to the
persistence of its metabolites in water and soil. To
optimize risk management throughout the country,
however, it is necessary to develop systems that are
efficient, fast, cheap, and easy to use, such as
biosensors. As a consequence, it is necessary to
identify new bioreceptors capable of binding
potentially toxic substances, belonging to the various
pesticide families, which can then be used for the
design of a multi-biosensor system. The study of the
in vitro interactions of the HRDC domain with toxic
molecules supports the results obtained from
bioinformatics analyses, opening up new perspectives.
Although these studies are still preliminary the data
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stimulate further analysis, intending to be able to
consider this domain in the future as a possible
bioreceptor in a biosensory system.

Our results indicate that the methodology used was
good for identifying new bioreceptors to be exploited
for the development of specific biosensors.
Furthermore, the improvement of the specific
fluorescence intensity of the labeled protein in the
presence of imidazole suggests a conformational
change induced by imidazole, which we will have to
evaluate. We are currently testing other pesticides to
confirm the specificity of the bioreceptor.
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Abstract: Foreign bodies of different types may find their way unnoticed into frozen food during processing or
while packing. These contaminating objects show a great variety of materials, but consist most likely of glass,
plastics, metal or (fish-) bone. The contaminants may cause considerable product recalls because of their
hazardous nature for the consumer, leading to suffocation or shortness of breath. Eventually, the reputation of the
respective manufacturer is long-termed harmed. Dual energy X-ray transmission is a powerful tool in non-
destructive testing and thus may provide a solution to detect different foreign bodies in frozen food. We used this
method for studying different frozen foods like mixed berries or vegetables and convenience food contaminated
with aluminum, synthetic bones, Teflon, steel and glass test objects of different diameters in the range from
0.3 mm to 10 mm. The study shows that dual energy X-ray transmission is suitable to detect certain contaminants
in frozen food while it reveals weakness in reliably discovering plastics. A general limitation of a contaminants’
size that can be detected with this method is the spatial resolution of the measurement setup. Especially in highly
heterogeneous environments, dual energy outperforms conventional X-ray transmission.

Keywords: Dual energy, X-ray, X-ray transmission, Basis material decomposition, Food safety, Food
contaminants, Foreign body detection.

product recalls are mainly triggered by incidences of
suffocation or shortness of breath (40 %) [1].

1. Introduction

Today many producers have to call back their
products due to appearing safety issues or product 300
defects. On the German market, the number of product
recalls increases every year (except in 2017) resulting
in a record high of 297 in 2019 (Fig. 1) [1].

In that year, almost one third of the product recalls, 118
namely 90, occurred in the food sector followed by 100
defective toys and faulty leisure items or sporting
goods (Fig. 2). 0

The main reasons for the food producers to recall

297

213
144 152

2013 2014 2015 2016 2017 2018 2019

their products are faulty packaging and foreign bodies,
which entered the product prior to packaging. The

http://www.sensorsportal.com/HTML/DIGEST/P_3240.htm

Fig. 1. Number of published product recalls on the German
market from 2013 to 2019 (data from [1]).
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Fig. 2. Number of product recalls per product group
on the German market in 2019 (data from [1]).

It can be said that product recalls are not only very
costly (around $ 10° for a company [2]), but also lead
to the elimination of high amounts of goods (e.g. food,
electronic devices) and a long-lasting harm of the
manufacturer’s reputation.

There are various technologies to find foreign
bodies in products. Optical methods are limited to the
objects’ surface, while others rely on electrical
conductivity or magnetism [3]. In comparison to
technologies like metal detection, X-ray transmission
(XRT) is not limited to one kind of material and may
find foreign bodies like plastics, glass, bone fragments
and metals also in packed food [4]. Additionally, there
are also several approaches to detect defects in fruits
with X-ray imaging [5, 6].

Nevertheless, XRT has its limits, as objects with
low attenuation are hard to find especially in
heterogeneous environments, i.e. environments that
lead to a considerable spatial fluctuation of X-ray
attenuation. An approach that is used not only in
modern medicine but also in various security
applications and non-destructive testing (NDT) is the
use of dual energy methods [7]. They are based on the
material specific variation in transmission and
absorption of X-rays with energy. Unlike standard
XRT that only allows separating materials based on
their X-ray attenuation, dual energy X-ray
transmission (DE-XRT) is capable of acquiring
quantitative information like the areal density [8] or
the mass percentage of measured materials [9].
Thereby the areal density image of one material is
mostly independent of the other material.

Applications which need an NDT technology for
quality control and involve highly heterogeneous
"background material’ like food are prone to be solved
with a DE-XRT approach. In this paper, we present
several examples for the detection of foreign bodies in
food using DE-XRT. While we will concentrate on
frozen food for the remainder of this publication, the
method was also successfully applied to food types
like nuts, wafer treats and tofu balls [10].

24

2. Experimental

2.1. SampleMaterials

In total, five samples were chosen to test various
types of frozen food including convenience food. The
studied samples were:

- A frozen paella, a rice dish with vegetables,
seafood, salmon and chicken,

- Whole frozen strawberries,

- A frozen berry mix containing strawberries,
blackberries, raspberries, redcurrants, blueberries and
sour cherries,

- Frozen Asian styled fried vegetables with
cauliflower, savoy, carrots, onion, pepper, ginger and
SOy sauce,

- Frozen buttered vegetables, namely peas, carrots,
corn and cauliflower.

Eight test cards including five calibrated spherical
test objects of different diameters d made by
RONDOTEST® [11] were used (Table1, Fig.3
right), namely aluminum, glass, steel (AISI 304) and
Teflon (PTFE). Two additional test cards contained
cubic test bodies of synthetic bone with edge length d
(Table 1, Fig. 3 left).

Table 1. Used test cards with their respective materials
and thicknesses.

Thickness[mm]

Materia =579 | ds | di [ ds
Aluminum 0.5 0.8 1.0 1.2 1.5
Aluminum 2.0 2.5 3.0 3.5 4.0

Synth. Bone 2.0 30 | 4.0 5.0 6.0
Synth. Bone 6.0 7.0 8.0 9.0 | 10.0
Glass 0.5 0.8 1.0 1.2 1.5
Glass 1.5 2.0 2.5 3.0 35
Steel AISI304 | 0.3 0.4 0.5 0.6 0.8
Steel AISI304 0.6 0.8 1.0 1.2 1.5
Teflon PTFE 2.0 2.5 3.0 3.5 4.0
Teflon PTFE 4.0 5.0 6.0 7.0 8.0

Fig. 3. Left: Test card for synthetic bone with five cubic test
bodies (6 mm to 10 mm). Right: Test card for glass with five
spherical test bodies (1.5 mm to 3.5 mm).

2.2. Dual Energy X-ray Transmission

The measurements were performed using a drawer
system moving between a high-power X-ray source
(Comet MXR225/HP11) as well as a dual energy line
detector (Fig. 4). The used detector was a Hamamatsu
C10800-09FCM-C with a pixel pitch of 0.4 mm. As
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the detector was placed directly below the drawer, the
X-ray images are obtained with minimal
magnification. Therefore, the pixel pitch of the
detector corresponds directly to the spatial resolution
of the images. The detector consists of two sensor
layers, so that it records two images (high- and low-
energy) simultaneously at different X-ray energies.
The samples were placed in the drawer, which moved
with a speed of approx. 170 mm/s. The scans were
carried out with 100 kV, 5 mA and an exposure time
of 2.67 ms per recorded line.

- T e X-ray source

‘L\Saﬂ‘ipb.movemen{

sample on drawer

" line detector

Fig. 4. Scheme of the measurement procedure: the sample
is moved between the X-ray source and the dual energy
line detector (adapted from [12] published under license
CCBY 4.0).

For analysis of the data, basis material
decomposition (BMD) was applied [8, 9, 13]. This
method utilizes the energy dependence of X-ray
attenuation. It requires two images of a sample,
recorded with different spectral parameters, i.e. one
with lower energy (LE) and one with higher energy
(HE). This can be achieved by different means. For the
work presented in this paper, a dual energy detector
was used. Other options would be the use of different
filters or changing the tube voltage. Applying BMD to
two spectrally different XRT images, yields the areal
densities p; and p; of two materials / (light) and A
(heavy) that have to be chosen by the user. The areal
density is defined as the materials density multiplied
by its thickness [12] (Fig. 5).

BMD is based on the Lambert-Beer law, which
describes the intensity / behind an object with areal
density p and mass attenuation coefficient u

I =lpe™P¥, (1
where [ is the non-attenuated intensity.

This approach includes the attenuation of X-rays
by Compton scattering as well as photoelectric
absorption. Typical laboratory X-ray sources are not
monochromatic. Thus, the detected non-attenuated
intensity is given by:

Iy = [ dE S(E) * D(E), ()
with D(E) being the detector efficiency and S(E) the

spectrum emitted by the source. Using Eq. 1 and Eq. 2
leads to:

| = f dE xe PFE) « S(E) x D(E) 3)

7
®
S
v

L/,

b
~

Titaniu 2
foil N
0,25 mm N

3

Acquisition of two
associated images
with different X-ray
energies

N

Subsequent data
processing to
obtain additional
information

Basis Material
Decomposition

Grapl

Fig. 5. Scheme of the data processing procedure exemplified
with two pure materials: a graphite rod overlapping
a titanium foil (adapted from [14]).

The attenuation coefficients of different materials
sum up when more than one material is penetrated.
Acquiring two measurements at different spectral
parameters leads to a set of two equations.
This set describes the extinction of the same
material composition at different spectral parameters
k, leading to:

I = j dE xe 2PiFiE) xS (E)x D(E) (4
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with j being the index of the material. To solve this set
of equations, the product D(E) * S(E) has to be known.

It can be obtained either by simulation or
measurement techniques [15]. As the mass attenuation
coefficient u’ is tabulated, equation (4) allows to
compute the areal densities p; and p, of two chosen
materials by solving the set of equations given by two
measurements with different X-ray energies.

The investigated samples, especially the food, are
chemically complex materials, so their X-ray
attenuation properties are determined by their
effective atomic number Z.. It can be calculated
by using

k
Zkyp = 2P with k=3, )
where Z; are the constituent’s atomic numbers and p;
the constituents’ partial chemical densities [16].

Here, the light material was the background, i.e.
the food with an assumed effective atomic number
around 7.5 that was adjusted to the respective object
(for details see 3. Results). The heavy material was
aluminum (effective atomic number of 13), glass
(Zesr = 11.6), PTFE (Zegr = 10), steel (Zegr = 26) or bone
(Zesr=11.3).

3. Reaults

Fig. 6 shows the high-energy image of the frozen
Asian styled fried vegetables including the ten
aluminum test objects. The five aluminum beads of the
first card with a diameter between 2.0 mm and 4.0 mm
are difficult to see with the bare eye and can hardly be
discriminated from the food. The beads of the second
card with smaller diameter (0.5 mm to 1.5 mm) are
completely unrecognizable.

In this case, detection by automated image
processing would be very challenging. The
overlapping diverse vegetables create a highly
heterogeneous absorption image that is almost
impossible to be segmented, especially with automatic
thresholding methods.

The resulting BMD image for aluminum is shown
in Fig. 7. It displays the areal density of aluminum.
The frozen vegetables (Zeg=7.7) vanish almost
completely in this image and some of the test bodies
can clearly be seen. Here, the segmentation of the
aluminum beads is feasible for the bigger spheres
(2.0 mm to 4.0 mm). For the smaller beads only 1.0,
1.2 and 1.5 mm can be detected.

With a line tracker of five pixels in width (Fig. 8)
the grey value in the HE X-ray projection and the areal
density of the test bodies were obtained (Fig. 9 for the
bigger spheres and Fig. 10 for the smaller beads).

The line profiles show fluctuations of the grey
values due to the heterogeneous structure of the food.
As a result, even the bigger test bodies can hardly be
identified based on their grey values. However, the
areal density line profiles show that there is sufficient
contrast between background and several of the test
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bodies. Of the five bigger beads (Fig. 9), four could be
identified by applying a threshold, while the smallest
one with d = 2 mm is harder to distinguish from noise.

Fig. 6. High-energy XRT image of frozen Asian styled
fried vegetables contaminated with aluminum.

Fig. 7. A: Areal density image of aluminum. The five bigger
contaminants are clearly visible, while only three of the
smaller ones can be detected. The frozen vegetables
(‘background’) disappear. B: Magnification of 2.5 of the
framed areas in A (red). Red arrows indicate the approximate
location of the aluminum beads.

Fig. 8. Areal density image of aluminum with two line
trackers of five pixels in width.



Sensors & Transducers, Vol. 253, Issue 6, November 2021, pp. 23-30

2000
@
= 1500
o
=
=
2 1000
[G]
500
— N m O~ h O N MM ST W WOo o O «— NS
—— o o — — — T ]
Position
1,2

0‘: WAAAM\—Nﬁ I\Mﬂ.ﬂ.ﬂt S\
o © Qo

= w
~ ™M

Areal density [g/em?]

Position

Fig. 9. Grey value in the HE X-ray projection (blue) and
areal density (orange) of the five bigger test bodies (2.0 mm
to 4.0 mm) acquired by a line tracker of five pixel in size.
Grey pillars indicate the approximate positions of the
five beads.
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Fig. 10. Grey value in the HE X-ray projection (blue)
and areal density (orange) of three of the five smaller test
bodies (1.0, 1.2 and 1.5 mm) acquired by a line tracker
of five pixel in size. Grey pillars indicate the approximate
positions of the three beads.

Of the smaller set (Fig. 10), only the biggest test
body with d = 1.5 mm could be discriminated using a
simple threshold. This example illustrates that for edge
cases the ability to detect contaminants may depend on
their local surrounding. For instance, similar sized
foreign bodies may be detected at one location, while
at a different position a longer penetration length
through the surrounding food can increase noise and
thus prevent a detection. Especially for these edge
cases, the situation could be improved by applying
further image processing methods. Morphological
operators like opening could be used to remove noise
but retain the ‘clusters’ of bright pixels caused by the
foreign bodies. Also the use of artificial intelligence
for de-noising of images attracts more and more
interest [17].

In Fig. 11 the high-energy XRT image of the
frozen paella can be seen. The image is very

heterogeneous due to the rice and vegetable pieces.
Big squared darker regions trace back to pieces of
salmon, more round spots to pieces of chicken. The
five bigger test objects of synthetic bone (6.0 mm to
10.0 mm) are visible, while the smaller ones (2.0 mm
to 6.0 mm) are very difficult to see. In contrast, the
cubes of synthetic bone can be seen easily in the areal
density image (Fig. 12), because the ‘background’, i.e.
the paella (Z¢g= 7.5), vanishes almost completely.

Fig. 11. High-energy XRT image of frozen paella
contaminated with synthetic bones.

Fig. 12. A: Areal density image of (synthetic) bone. All ten
contaminants are clearly visible. The frozen convenience
food disappears. B: Magnification of 4 of the framed area
in A (red). Red arrows indicate the approximate location
of the synthetic bone cubes.

The strawberries in Fig. 13 are contaminated
with glass beads. The images of three beads are
overlapping the strawberries while two are placed
(close) beside them. Due to the overlap, it is not
possible to distinguish all the glass spheres from the
food by thresholding.
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In the BMD image (Fig. 14) this problem does not
occur: all five bigger glass beads (1.5 mm to 3.5 mm)
can be detected because the strawberries disappear
(Zegr=7.4). The smaller beads (0.5 mm to 1.2 mm) of
the second test card are beyond the detection limit. The
biggest one of this set is equal in diameter to the
smallest bead of the first test card (d= 1.5 mm).
Nevertheless, it can not be detected as it is situated on
top of a strawberry. In contrast, the equally sized bead
in the first test card is not overlapping any fruit. Again,
this shows the dependence of the detection limit for
edge cases on the environment.

Fig. 13. High-energy XRT image of frozen strawberries
contaminated with glass.

Fig. 14. A: Areal density image of glass. The five bigger
contaminants are clearly visible. The frozen strawberries
disappear. B: Magnification of 4 of the framed area
in A (red). Red arrows indicate the approximate location
of the glass beads.

In Fig. 15 the highly heterogeneous high-energy
XRT image of frozen buttered vegetables can be seen.
This sample is contaminated with steel test bodies with
a diameter between 0.3 mm and 1.5 mm. Some of
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them can be seen with the bare eye but despite the high
contrast in the effective atomic numbers (Z.g= 7.2 and
Z =126) only the three biggest ones can be detected
easily by segmentation.

Fig. 15. High-energy XRT image of frozen buttered
vegetables contaminated with steel AISI 304.

In the areal density image (Fig. 16), the steel
contaminants can be seen much easier against the
vanishing ‘background’. While the four biggest
spheres of the first test card (0.8 mm to 1.5 mm) can
be detected easily by applying a threshold, the smallest
one (0.6 mm) needs some image processing to
be segmented.

Fig. 16. A: Areal density image of steel. The four bigger
contaminants are clearly visible. The smallest bead of the
card with the bigger contaminants and the biggest bead
of the card with the smaller contaminants are visible
with some effort. The frozen vegetables disappear.
B: Magnification of 2.5 of the framed areas in A (red). Red
arrows indicate the approximate location of the steel beads.

The same is true for the biggest sphere of the
second test card (0.8 mm). The second biggest bead of
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this card is hardly visible with the bare eye and thus
marks the detection limit. Again, the reason for the
difference in detectability for equally sized beads in
the two test cards is their different location on
the sample.

Fig. 17 displays a high energy XRT image of a
berry mix that has been contaminated with PTFE. The
test objects can not be recognized based on their grey
values. This is expected as their effective atomic
number (Zss = 10) is very close to food (Zer = 7.5) due
to their chemical composition (carbon and fluor).
Thus, they hardly increase the attenuation in
comparison to food.

Fig. 17. High-energy XRT image of a frozen berry mix
contaminated with PTFE.

The chemical similarity of PTFE and food also
prevents the successful application of the BMD.
In the areal density image shown in Fig. 18, the test
objects can not be distinguished from noise. The two
largest spheres (d =7 mm and d =8 mm) are visible
only as a cluster of bright pixels with grey values
similar to noise.

The line profiles in Fig. 19 show how low the
contrast between the PTFE beads and their respective
background is in both high-energy and areal
density image.

4. Conclusion

Table 2 shows a summary of the results obtained
for the various test specimen used as contaminants in
the presented experiments. Their respective
detectability is illustrated by different colors. Green
means that a detection is possible by simply applying
a threshold. Red indicates that finding the foreign body
is not possible either because its size is below the
spatial resolution limit of the detector and/or because
its (effective) atomic number is too close to that of the
food. Sizes labeled in yellow are edge cases. Here,
thresholding is not sufficient to find the foreign bodies.

Fig. 18. A: Areal density image of PTFE. The contaminants
are difficult to see. B: Magnification of 2.5 of the framed
areain A (red). Red arrows indicate the approximate location
of the PTFE beads.
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Fig. 19. Grey value in the HE X-ray projection (blue)
and areal density (orange) of the five bigger test bodies
(4.0 mm to 8.0 mm) acquired by a line tracker of five pixel
in width. Grey pillars indicate the approximate positions
of the five beads.

However, further image processing methods can
allow their detection. Especially for foreign bodies
with sizes marked in yellow, detectability may
depend on the thickness of the food at their
respective location.

The results of this study show that DE-XRT is a
suitable and powerful method for detecting
contaminants of various materials in frozen foods of
different types. It can be shown that DE-XRT is able
to detect aluminum, synthetic bone, glass and steel
even in highly structured and heterogeneous
environments like mixed berries or convenience food
where standard XRT is likely to fail. The dual energy
algorithm works the better, the more different the
(effective) atomic numbers of the materials to be
discriminated are. Thus, detecting PTFE in food was
very difficult.
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Table 2. Used test cards with their respective materials
and thicknesses and their detectability for the presented
approach and setup.

. Thickness[mm]
Materia =574, ] & [ as [ &8
Aluminum 0.5 0.8 1.0 1.2 1.5
Aluminum 2.0 2.5 3.0 3.5 4.0
Synth. Bone 2.0 | 3.0 | 40 | 5.0 | 6.0

Synth. Bone 6.0 | 7.0 | 80 | 9.0 | 10.0
Glass 0.5 | 0.8 1.0 | 12 1.5
Glass 1.5 | 20 | 25 | 3.0 | 35

Steel AISI304 |03 | 04 | 05 | 0.6 | 0.8
Steel AISI304 | 0.6 | 0.8 1.0 1.2 1.5
Teflon PTFE | 2.0 | 2.5 | 3.0 | 3.5 [ 4.0
Teflon PTFE | 40 | 5.0 | 6.0 | 7.0 | 8.0

Detectable
Detection Limit
Not Possible

In general, the method is not only limited by the
contrast in the atomic numbers, but also by the spatial
resolution of the imaging system. For a reliable
detection, contaminants have to be discriminated from
the noise in the respective areal density images.
Especially for contaminants with lower contrast to
food, the size in the XRT images should preferably be
at least 3 pxx 3 px. This limits the detection of

contaminants to sizes of d = 1.2 mm, although a
large difference in the atomic numbers might relax that
criterion to some extent.
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Abstract: Electrical properties measurement of graphene-based composite materials in the frequency range
1-18 GHz is proposed in this paper. These materials have been prepared by adding different mass percentages
ranging from 1 to 40 % of graphene to PVC. The measurement setup is based on the association of an open-ended
coaxial probe and a vector network analyzer. A modeling based on a modified calibration one port model and
capacitive approach is proposed to relate the measured microwave signal to the complex permittivity and

conductivity of the material under test.

Keywords: Dielectric permittivity, Microwave characterization, Open-ended coaxial probe, Graphene, Polymer.

1. Introduction

Excellent properties of graphene-based polymer
composites [1-2] including high flexibility, good
thermal and electrical conductivity, low temperature
processing conditions, and simple fabrication process
have allowed its use in different applications such as
electronic  devices, electromagnetic  shielding,
photovoltaic cells, sensors, supercapacitors, Li ion
batteries, protective coating, biomedical applications
and water purification, etc. [3-5].

The knowledge of electrical properties of
conductive polymer materials is required when using
these materials, especially at high frequencies. These
properties have been measured using different
microwave techniques including resonant cavities,
open-ended coaxial probe, waveguides and

http://www.sensorsportal.com/HTML/DIGEST/P_3242.htm

transmission lines based methods. Since it has the
advantages of being non-destructive to the materials,
the ability of wideband measurement and the easiness
of sample preparation, the open-ended coaxial probe
technique is the most commonly used one. This
technique consists of placing an open-ended coaxial
transmission line in contact with a sample so that the
electrical fields around the end of the probe interact
with the sample under test and measuring changes in
the reflection coefficient affected by the
electromagnetic properties of the sample [6-7].

In this paper, a calibration model based on a
modified conventional one port calibration and
lumped elements models is proposed to retrieve the
graphene-based composite materials electrical
properties from measured reflection coefficient
measured when using an open-ended coaxial probe.
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The modified one port calibration model is used to
relate the measured reflection coefficient to the one at
the aperture-plane of the probe. Capacitive approach
is used to model the open-ended aperture admittance
when a composite material is set to the probe contact
and thus to relate the reflection coefficient at the
aperture-plane to the electrical properties of the
material. The permittivity and conductivity of the
prepared graphene-based composite materials are
experimentally extracted using the proposed model in
the frequency range 1-10 GHz.

2. Modeling of the Probe-sample
I nteraction

When the open-ended probe is placed in the
vicinity of the sample, its electromagnetic properties
affect the detection system parameters. A modeling of
the structure under investigation which represents the
interaction between the probe and the sample is then
used to retrieve the electromagnetic properties
of the sample from the parameters measured by the
detection system.

In this work, a homemade open-ended probe (the
inner diameter of the outer conductor is D= 4.1 mm
and the diameter of the inner conductor is d= 1.3 mm)
is used to characterize different graphene-based
composite materials. We present in Fig. 1 the
simulated distribution at a frequency of 2.45 GHz of
the electrical field at the end of the coaxial probe.
From this figure, we notice that the field is
concentrated around the open end of the probe. Thus,
lumped elements model can be used to describe the
interaction between the open-ended probe and the
material under test. Thus, the aperture admittance can
be modeled as two parallel capacitors, as illustrated
in Fig. 2.

E Field[lv_per_c

. 1. TO00e+002

1.5786e+@02
| | 1.4571e+002
1.3357e+002
1.214204202
1.8929e+002
9. T143e+001
8. 5000e+881

7.2857e+001 _J *
£.0714e+001 el

4. 8571e+281
3. 6429e+801
2. 4286e+291
1.2143e+801
0. 02G2e+000

Fig. 1. HFSS™ simulation of the electric field magnitude -

F=2.45 GHz.
From this model, the open-ended aperture
admittance Yyur can be obtained by the

following equation

Yyur =ja)(Cf+£,C0), (D
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where Cris the capacitance determined by fringing-
fields effects inside the probe, Cy is the capacitance
that is related to the microwave coupling between the
probe and the composite material, @ is the angular
frequency and & is the complex permittivity of
the material.

I MUT:;)

Fig. 2. Lumped elements model for open-ended
coaxial probe.

3. Experimental Procedure
3.1. Sample Preparation

In this work, we used graphite (as electrodes) and
electrolyte baths (electrochemical cell) composed of
sulfuric acid and water for the exfoliation process.
Thus, we performed the electrochemical exfoliation of
graphite in sulfuric acid to obtain high quality and
large-area graphene thin sheets.

In a typical electrochemical process, a two-
electrode system has been used in which a graphite rod
acts as an anode and another rod acts as a cathode in a
solution of sulfuric acid H,SO4. The electrolyte
consisted of 100 ml of aqueous solution with a volume
ratio of 1/4 of H,SO4 and H,O. A DC voltage of 10 V
was applied until the total consumption of the graphite
rod which was converted to graphene sheets within
1.5 hours.

The aqueous solution of graphene ink was
centrifuged and washed several times with distilled
water after sonication for half an hour. Finally, our
graphene is dried for 24 hours at 333 °K. After drying
our graphene electrochemically (GE) this material is
subjected to a microwave treatment for 30 seconds to
separate the sheets of graphene from each other, the
latter will be named (GE-MW).

Polyvinyl chloride (PVC SIGMA ALDRICH,
98 %) was used as a polymer matrix. A mass of
graphene ranging from 0 % to 40 % was dispersed for
15 minutes in an emulsion of dibutyl sebaceate (DBS)
under ultrasonic vibration. A mass of PVC was added
to the mixture (G/DBS) and finally, the mixture was
subjected to a heat treatment at 423 °K for 1 h 30. In
order to study the effect of loads on the properties of
PVC, a series of nanocomposites were made and the
elaborate compositions are summarized in Table 1.

The experimental part of this research includes the
preparation of the raw material, graphene (G) with
electrochemical method.
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Table 1. Compositions and mass fractions of engineered

nanocomposites.

PVC DBS G

45 % 55% 0%
45 % 54 % 1 %
45 % 53 % 2%
45 % 51 % 4%
45 % 49 % 6%
45 % 47 % 8%

45 % 45 % 10 %
45 % 35% 20 %
45 % 25 % 30 %
45 % 15% 40 %

Our samples were analyzed with X-ray diffraction.
This technique allows the analysis of the crystalline
phases contained in a sample. Information on its
microstructure (size of the crystallites, micro stresses)
can also be extracted.

X-ray diffraction is based on the recording of a
diffractogram, which allows you to identify / quantify
the phases, calculate the crystallographic parameters
and determine the average size of the crystallites by
different methods (Scherrer, Williamson-Hall).

Our samples were analyzed using a D8 Advance
Eco diffractogram (Bruker) operating with a copper
tube (A = 1.54A)

The X-ray spectrum of the graphite powder
(Fig. 3) shows the hexagonal structure according to the
(002) orientation, as revealed by the single peak
at 20 = 25° which corresponds to a spacing of about 3,
4 A° between the graphite planes.

50 +

40 Graphite

(002)
30 4

Intensity (u,a)

20

10

0 T T T 1
20 40 60 80 100

2 theta

Fig. 3. XRD patterns of Graphite XRD.

The graphene X-ray spectra (GE-MW) (Fig. 4)
show the absence of the diffraction peak in
comparison with graphite (20 = 26.4°). This indicates
the removal of the periodicity in the structure of
Graphene exfoliated. In fact, the increase in the inter-
spacing following the oxidation of the graphite comes
from the intercalation of the oxygen-containing
groups between the layers of the graphite, thus
weakening the van der Waals forces between the
layers, which allow an exfoliation easy via
sonification in an aqueous medium.

60 4

501 GE-MW

40
(001)

30

Intensity (u,a)

201 (002)

10

20 25 30 35 40 45 50 55 60
2Theta

Fig. 4. XRD patterns of GE and GE-MW.

We present in Fig. 5 the scanning electron
microscopy image of the graphene used in composites
samples. This image shows the dynamic form of
graphene and confirms the existence of homogeneity
in the microscopic structure.

Fig. 5. SEM image of graphene.

3.2. Experimental Set-up

We present in Fig. 6, the experimental set-up based
on the association of the homemade open-ended
coaxial probe and a vector network analyzer (Rhode &
Schwarz ZVL6). The power has been fixed to 0 dBm
and then SOL calibration has been performed.

I T T
— —

— N, LN

Fig. 6. Experimental set-up.
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4. Calibration Model

To relate the measured reflection coefficient I" to
the desired reflection coefficient referenced at the end
of the coaxial probe I'nur, a phenomenological flow
graph using a modified one-port calibration model
(Fig. 7) is shown below.

O—
PdBm
v £y E,, Y L vor
I < <
E),E

Fig. 7. Signal flow graph for a one port calibration model.

measured
obtained by

From this
reflection coefficient
the following equation

graph, the
I' can be

E.E, T
l—*:EH_,’_ 12=21" MUT 5 (2)
I_EZZFMUT

where the complex terms E11, E12 E21 and E22 are
calibration coefficients that correspond respectively to
the directivity, source match and reflection tracking
errors. The reflection coefficient I'yur at the end of the
probe is given by

Y “MUT\"r/) “0 UT r

=50Q  (3)

Y, Y, = /Z

where Yyur is the open-ended aperture admittance.
By combining the relations (1) to (3), we can get
the following equation

1—‘MUT Y
MUT r

A, + A€
1":#, (4)
A —¢,

where A;, A> and 43 are three frequency-dependent
complex constants, related to E11, E12 Exi, Ex, Zy, Cr
and Cy.

Three materials (air, PTFE and de-ionized water)
selected for calibration with known permittivity are
used to solve the system (4) and determine 4;, A, and
As. The material permittivity is then retrieved by
inverting equation (4) for the different composites.
The sample permittivity is given by &, =&’ — je”/,
where ¢’ and " are the real and imaginary parts of
dielectric permittivity. The conductivity of the
composite material is then calculated using

0 =2mfege’, )

where f is the frequency of measurement.
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5. Reaults and Discussions

We present in Fig. 8, the different magnitude
spectra of the reflection coefficient for the different
composite materials prepared by adding to PVC
of graphene

different concentrations
from 1 to 40 %.

ranging

| 1| [dB]

—1%
—2%
4%
—6%
—8%
10%
20%
30%

‘ 40%

Frequency [GHz]

Fig. 8. Measured magnitude spectra of the reflection
coefficient for different G-PVC composite materials.

It is clearly shown in Fig.8 that the different
G-PVC composite materials are well differentiated by
means of reflection coefficient magnitude. When the
graphene concentration increases, the reflection
coefficient magnitude decreases. This can be
attributed to the electron motion hysteresis under an
alternating electromagnetic field which induces
additional polarization relaxation processes that
increase the microwave absorption.

We present in Fig. 9 the experimentally
determined dielectric permittivity for the different
graphene-based composites. It is retrieved that as the
concentration of graphene increases, the particles
interaction within the polymer matrix increases. This
results in higher polarization, and hence, a higher
dielectric constant.

We present in Fig. 10 the measured real and
imaginary parts of the permittivity and the
conductivity at a test frequency of 2.45 GHz for the
different samples.

From these graphs, it can be seen that for the
different graphene-based composites, when the
graphene concentration increases, the real and
imaginary parts of permittivity and the conductivity
increase. In fact, by increasing the graphene
concentration, the interaction of the particles within
the matrix goes up. The average polarization
correlated to a cluster of particles is more robust than
an individual particle due to the improved inclusion
dimensions of the composite and thus a larger
interfacial area, resulting in a higher average
polarization, and thus a larger contribution to the
dielectric properties and conductivity.
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Fig. 9. Measured electrical properties of G-PVC composite
materials. (a, b) real and imaginary parts of permittivity,

(c) conductivity.

6. Conclusions

Electrical  properties  of  Graphene-based
composites have been experimentally determined
using open-ended coaxial probe in the frequency band
ranging from 1-10 GHz. A lumped elements model has
been used to describe the interaction between the

0 5 10 15 20 25 30
Graphene concentration [%]

(@

0.8

04 LN |
-l.

00 L L L L L L
0 5 10 15 20 25 30 35 40

Graphene concentration [%]

(b)

0 5 10 15 20 25 30
Graphene concentration [%]

(©

Fig. 10. Measured electrical properties of G-PVC
composite materials. (a, b) real and imaginary parts
of dielectric permittivity, (c) conductivity.

open-ended probe and the material under test. A
modified one-port model has been proposed to relate
the measured reflection coefficient to the electrical
properties of the material. The results obtained show
the capacity of the proposed method for wide-band
characterization of composite materials.
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Abstract: With the increase of fog and haze weather, people pay more and more attention to the pollution of the
suspended particulates in the air. And, the development of science and technology requires high cleanliness make
the measurement of the aerosol and the improvement of the instrument become more important. In this paper, on
the basis of analyzing the typical particle size measurement process by the light scattering method, the statistical
model of light scattering particle’s random measurement is established. Meanwhile, the theoretical deduction
indicates that the statistical distribution function in the light scattering random signal measurements meets a
lognormal distribution function with the natural number as the independent variable. The experiment results
manifest that the introduction of the lognormal distribution into the counting channel optimization of the
measurement instruments 1) Saves the counting channels, 2) Expands the sensor’s measurement range by 1/3 and

enhances the instrument’s ability to distinguish the small particles.

Keywords: Airborne particle counter, Lognormal distribution, Counting channel, Optimization.

1. Introduction

In recent years, as the effect of fog haze weather,
environment detection, especially PM2.5 monitoring
problem, receives more and more people's attention.
Therefore, the research on method and the instrument
for analyzing and accurately quantitative measuring
pollution is of great significance. So far, people have
developed many measuring methods based on
different principle [1-4]. Among which, light
scattering as a kind of important method, because of
fast measuring speed, high precision and good
repeatability, as well as got the favor of scientists and
engineers. Consequently, it has been widely used in
particle parameters measurement [5, 6].

In the detection system based on the principle of
light scattering, the particles correspond to the discrete

http://www .sensorsportal.com/HTML/DIGEST/P_3243.htm

signal group of light scattering random voltage pulse.
The system put the amplitude of the pulse signal as a
basis for determining the size of particle [7, 8]. The
particle morphology’s irregular, light intensity’s in-
homogeneity of photosensitive area and other factors
cause different photosensitive area, even if the same
particles’ signal amplitude and width, which indicates
the randomness [9, 10]. So, different particles’
counting distribution of signal amplitude (width) has a
certain overlap [11], which leads to a certain
measurement error.

This article analyzes the process of particle size’s
measurement based on typical light scattering method,
and a statistical model of random measurement is
established. Combined with double parameters
analysis method of random pulse signal, it is found
that the light scattering signal characteristics quantity
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meet logarithmic normal distribution with natural
number as the independent variable and have
statistical self-similarity. Based on which, the
lognormal distribution is applied to the channel
optimization of measuring instrument. The
experimental results show that the optimization can
save the counting channel, expand the measurement
range, and enhance the instrument's ability to
distinguish small particle size of particles.

2. Statistical Distribution of Standard
Particle Light Scattering Signal

2.1. Optical Particle Counter Measurement
System

The experimental device is shown in Fig. 1.
Aerosol flows through an optical sensing volume, and
the light scattered by a single particle is collected and
focused by a mirror in the angular range. And then, the
light signal is converted to an electrical pulse by a
photo-detector. Through pre-amplification and
multichannel collection, the voltage pulse of the
particle is obtained by a computer. The experimental
apparatus and measuring environment are easy to be
realized, and the measuring accuracy could be
guaranteed. Besides, the system can obtain enough
data with good repeatability. The higher the accuracy
of the measuring system in recording signals, the
larger sample size is measured in unit time. So the
statistical characteristics of random signals will be
more obvious.

Preamplifier
Particles *

+| Inlet Mutichannel

s : £ 1| collection
Laser 3 P = Photodetector | i
chamber o

: Outlet Computer

Optical sémsex {1 Signal colleeting and |

i | processing system

Fig. 1. Schematic diagram of optical particle
counter system.

As a result of the discrete degree of standard
particle’s size is small, the same size’s standard
particle signal amplitude distribution reflects the
nature of the interaction between particles and sensors.
Therefore, the statistical distribution of measurement
results reflect the randomness of sensor noise,
photosensitive area in-homogeneity, the instability of
scattered light collecting efficiency, etc. The PG-100
type particle generator of PMS Company is adopted in
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experiment, and diluted standard particle emulsion is
put after spraying into measurement system. And, the
large flow semiconductor new airborne particle
counter is used to measure standard particles with
different size. The mainly technical parameters are
listed as follows. A collimated continuous laser beam
(808 nm, 50 mW) is used as the light source, and the
photosensitive area is about 0.5 mmx1 mmx8 mm.
The reversed biased voltage is set to be 12 V, dark
current is no more than 10°A. The sampling rate is
28.3 L/min, the maximal range of voltage is 5 V which
is divided into 2048 counting channels. The maximal
signal sampling rate is 20 MHz (the corresponding
time-accuracy At=0.05 ps), continuously sampled
data of signal is up to 1 x 107, a 1000 level ultra-clean
room is the measuring environment only for
measuring the background noise.

2.2. TheCharacteristic Parameter of the
Random Signal for Standard Particle

It is well known that the output signal of photo-
electricity in airborne particle counter corresponds to

a time series f (t). However, the signal in actually

experimental measurement could not be continuous,
which can be attributed to the experimental results

have a certain time accuracy At . In other words, f (t)

must be written as f(k-At) which is a natural

number sequence. Taking a reference value f, to
process the experimental results, a subset
V(t)=f(t)—f, >0 can be gotten. The elements,
which have continuous time sequence in subset
V (t), compose a pulse structure with the amplitude

and width are defined as V and 7 respectively, as
shown in Fig. 2.

o

Fig. 2. Sketch map of the pulse structure.

On the basis of the above analysis, a new
characteristic subset A(V,7) composed by random
pulse signal sequences can be used to describe the
random signal group f(t) which is dealt with f.

Owing to the universality of f(t), this signal
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processing method has universal significance, where
At and AV represent the characteristics of the
measurement devices, while V and 7 are the
characteristic parameters of the pulse signal. Once the
parameter group f,, Az and AV are given, the
physical parameters of the signal subset {A(V,7)}
can be described by the natural numbers. That is, a set
of natural numbers (l.,l,) can used to establish the

statistical mapping form of the signal subset
{A(V,7)}:

L=l 1| 1eln2,L =t
AT AT
v
| e 1’2’...’ M
vef12, )

According to the size sequence of the observation
character values |_(orl,, ), the characteristic subset and

Q)

the statistically descriptive form can be established.
Let N denotes the total number of { A(V,T)} , while

AN(l,) and AN(l,) denote the pulse numbers of
{A(V.7|relaT)}  and  {A(VVel,aV,7)}

respectively. Hence, the pulse counting distribution
functions of characteristic subset can be expressed as:

p(1,) =N ) N 2o
N N @)
_ANQ) _N,
a(ly) = N N >0

Considering the knowledge of the statistics, the
distribution functions p(l,) and q(l,) will tend to

steady values
subsets satisfies

when the sample’s number of
1< AN(l, ), and AN(l,) < N in
actual measurement.

2.3. Standard Particle Light Scattering
Signal Statistical Distribution Law

The statistical distribution functions of aerosol’s
pulse signals q(l, ) and p(l,) are the projection that

measure results are |, and | in the same environment,

which means that they must have the same nature. So,
if the nature of the random effect is not changed, the
type of the one-dimensional statistical distribution
function related this nature will be unchanged. Based
on this, we can conclude that one-dimensional

distribution functions q(l,) and p(l,) have the
similarity because they reflect the common

characteristics of the random effect. According to the
theory and calculation analysis, reasonable control the

influence of random factors on the measurement
results in the process of measuring can improve the
performance of the sensor. By using the improved new
laser airborne particle counter sensor, the statistical
distributions of random scattering pulse signal
produced by several kinds of standard particle (PSL)
with the diameters are 0.38 um, 0.499 pum, 0.6 um,
0.8 um and 0.99 pm are measured. The amplitude
counting distributions are shown in Fig. 3 by the
dotted line, and the x axis is counting channel value,
while the y axis is statistical probability value.

0.05
0.045 |

0.04 | <o €XPETiment results
0.035 | 0.38um = lognormal distribution
|
003 |
=%
0025 |
; 0.499um

0.02 |
0.015 |

0.01

0.005

1]

1 101 201 301

401 I 501 601 701 8m 901

Fig. 3. Measured results and fitting distributions
of standard particles.

As shown, the amplitude counting distributions
have center asymmetry obviously. Besides, the
nonlinearly similar characteristic between the
different function sequences is quite well. According
to the conclusions of the particle size, many research
results shows that the lognormal distribution is a
statistical distribution form with better effect for
describing the particle parameters [12-14]. Therefore,
we choose a statistical function with the form of log-
normal distribution to fit the measured data. The fitting
results can be seen as the sequence of solid lines in
Fig. 3, and the corresponding equation satisfies:

_1fInly —pn,y ’
Q(IV)ZQ 1 € 2[ o ) ) (€)
O-an|V

where Q is the normalized coefficient with a usual

value 27 . It is easy to see, 5 standard particle
pulse amplitude distribution curves meet logarithmic
normal distribution, the fitting parameters such
as Table 1 [15, 16].

Because the standard particles are sphere
with the same material and surface structure, as well
as the similar optical properties, the random
effect of the measurement sensors for different size
particles is similar. Hence, the geometric mean of the
logarithmic normal distribution’s fitting parameters is
consistent with the certificated average diameter of
standard particles.
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Table 1. Statistic parameter values of the standard particle.

Geometric Geometric standard

Total counting S Peak position Correlation
Sample number mean deviation | coefficient
N Hyy Oy v r

0.38 um 14802 4.54 0.25 57 0.93
0.499 um 21010 5.14 0.24 154 0.97
0.6 pm 17886 5.60 0.22 280 0.98
0.8 pm 34062 6.32 0.28 553 0.98
0.99 pm 30223 7.20 0.25 790 0.94

3. The Nonlinear Transformation
Statistical Invariance of L ognor mal
Distribution

The above experimental results show that the
standard particle’s random scattering pulse signal
characteristic parameters obeys logarithmic normal
distribution with the natural number as independent
variable. It can be seen from Table 1, the fitting
correlation coefficient is very high and the fitting
effect is very good. Due to the similar random factors
of different objects in the process of measurement, the
pulse signal for the light scattering has statistical self-
similarity law. For all characteristics statistical
regularity obeys the lognormal distribution, a
transformation rule can be found between the
independent variables in theory, which makes
experimental results of different characteristic
parameters converge in geometry. Therefore,
lognormal distribution should have self-similar
properties of nonlinear transform unchanged.
According to the differential mean value theorem, we
can obtain [17]:

= (IY )AIY )

20'3 In
e 1 I
=——A In—Y
QY Oy n IY,;/

As expressed by Eq. (4), the independent variable
of different characteristics parameters statistical
distribution function can get the transformation
relationship as:

OY n

IY :(blx )O'X,ln (5)

Obviously, the two independent variables, which
have independent significance in the equation, could
not take natural number sequence at the same time.
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When an argument is natural number sequence,
another one is the non-integer count channel under the
way of non-uniform division, which shows the
nonlinear properties in the transformation. Thus, there
can be thought a non-uniform channel divided way
approach, so the different characteristics statistical
distribution function curves coincide.

In further, transforming Eq. (5) to Eq. (4) by
introducing  scaling  coefficient Z=Q,/Q,
corresponding the transformation, we can have:

al 208
_ Y n
pY(IY)AIY_Q | "
vIvOy I
7(ln|x—1nlx_#)2
_ Q,  aly 2051
Q, QXIXGX,ln
=Z-py (lx)Alx > (6)

where the expression of b in the domain is:

OX n
O In o
““Inly ,~Inl Y.In
b= eo'v,ln A — IY,/I @)
IX

Thus, with two independent characteristic
parameters amplitude V and width 7, when the
statistical distribution function of different physical
characteristic parameters has a lognormal distribution
form, as:

S O ®)

where a:o-ln/ is the fractal dimension of
Int

characteristic parameter.

As aresult, we get the statistical fractal self-similar
nonlinear transformation formula of the different
random independent physical characteristics. And, it
is also known that the fractal dimension is non-integer
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and only related to statistical discrete degree. From the
above deduction, it can be seen that the statistical self-
similar fractal nonlinear transformation relationship
between different physical characteristics is only

related to statistical parameters |, .. ,,0,y,0,,

which reflects the constraint relationship between the
overall nature and the internal statistical parameters of
the random collection. Besides, the above deduction
also reflects the equivalent position of different
physical characteristics in the description of
randomness for the random collection.

4. AirborneParticle Counter Counting
Channel Optimization

Standard particle measurement corresponds to the
sensor calibration process. When laser airborne
particle counter is calibrated, standard particle voltage
of the peak position is usually used to represent
particle size. Then, we can gain the voltage
corresponds to different size and achieve the effect of
divided channel to count the particles’ number.
Fortunately, based on the research of the standard
particle signal statistical distribution, looking for more
and better optimal calibration method plays guiding
role in improving sensors counting efficiency and
particle size resolution.

From measurement results in Fig. 3, it can be found
that this counter can separate different size particles
completely, but there are defects of two aspects. First,
the aerosol particle counter has a total of
2048 channels, but we only need about 900 channels
to complete the calibration process of 5 kinds of
standard particles, the rest of the channels are not used.
Second, the particles of small size have the fewer
counting channels, big size particles have the more
counting channels. However, for the ultraclean
environment of mainly used measuring instruments,
people pay more attention to the distributions of small
size particles.

Therefore, based on the nonlinear transform
statistical invariance of the standard particle counting
distribution curve, and the principle of guarantee
adjacent size particles’ resolution higher than 90 %,
the sensor measurement channels for nonlinear are
adjusted. Hereby, the magnification times of the small
particle increase, and those of large size particles
decreases. But no matter big or small size particles all
can be accurately measured. For example, we can do
nonlinear transformation based on power function in
counting channel of Fig. 3 as Fig. 4.

Measured results and fitting distributions of
standard particles by using the counting channel after
the nonlinear transformation based on power function
are shown in Fig. 5, the fitting parameters are such as
those of Table 2 [15, 16]. Compared with Fig. 3, it can
be found that different size particles’ resolution
remains the same after nonlinear transformation.
Meanwhile, the statistical distribution of the standard

particles is still in a form of logarithmic normal
distribution. And, the statistical results of channel
range originally in the range [1,901] now only
600 channels can be expressed, which means that we
can get a wider range of particle size measurement
within the inherent channel scope of the measuring
instrument. That is to say, nonlinear transformation
can increase measurement range of the instrument
by 1/3.
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Fig. 4. The nonlinear transformation relation based
on power function of counting channel.
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Fig. 5. Measured results and fitting distributions
of standard particles after the nonlinear transformation.

Comparing Fig. 3 and Fig. 5, the form of particle
statistical distributions has not any change after
nonlinear transformation of counting channels, due to
the properties of nonlinear transform invariant for
lognormal distribution. Besides, the small particles’
distribution curves move to the direction of big
channels after transformation. The involved results
manifest that this effects further improve the lower
limit of the instrument as well as complete the
distribution curves of the small particles and get
more measurement details. In other words, this
transformation can enhance the instrument's ability to
distinguish small particle size.
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Table 2. Statistic parameter values of the standard particle after the nonlinear transformation.

Total counting Geometric Geometri_c s_tandard Peak position Correlation
Sample number mean deviation | coefficient
N Hyny Oy v r

0.38 pum 14802 4.54 0.25 138 0.92
0.499 pm 21010 5.14 0.24 227 0.94
0.6 um 17886 5.60 0.22 306 0.97
0.8 um 34062 6.32 0.28 429 0.97
0.99 pm 30223 7.20 0.25 513 0.96

5. Conclusion

The results with the airborne particle as the
standard particle in counter are studied by theoretical
analysis and experimental measurement.
Experimental results show that the statistical
distributions of light scattering random signal obey
logarithmic normal distribution that regard natural
number as the independent variable, under the
condition of large sample and high precision. Further
theoretical analysis results show that the logarithmic
normal distribution has a good nonlinear transform
statistical self-similarity. Based on this, the lognormal
distribution is applied to the measuring instrument
counting channels’ optimization. The results manifest
that the optimization can not only expand the
measurement range of sensor by 1/3, and also promote
the lower limit of the instrument, which can
improve the instrument's ability to distinguish small
particle size.
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Abstract: Tremor is a small, rhythmic shaking movement that occurs in a back-and-forth pattern. Everyone has
a small, sometimes undetectable, shake when they move their hands. Fatigue, stress, feelings of anger or fear,
caffeine, and smoking can make this normal shaking more obvious. Hand tremor can occur at any age but most
commonly occurs in middle-aged and older men and women. In the present investigation, a light-weight ring using
polyvinylidene fluoride (PVDF) thick films as piezoelectric transducer, were fabricated and tested for monitoring

Hand Tremors under voluntary human tremor modes.

Keywords: PVDF, Piezo-ring, Hand tremor.

1. Introduction

Tremor is defined as an involuntary, rhythmic to
greater extent, oscillatory movement of a body part.
Hand tremor is an involuntary muscle movement,
trembling, or shaking of the hands. Short-term tremors
that disappear quickly can be due to an anxiety attack
or stress; whereas chronic tremors that come and go
over a longer period of time can be due to the essential
tremor (ET). Essential tremor is a neurological
condition that causes your hand to shake rhythmically.
However, any type of hand tremor, even if it is
temporary, needs to be evaluated, as it can be due to
serious, ongoing diseases, such as Parkinson’s disease
and multiple sclerosis. In particular, a hand tremor on
one side of the body can be indicative of brain damage
from a tumor or stroke. The amplitude of tremor is
often small, such that it can only be measured with a
highly responsive and sensitive sensors. Tremor can

44

be further be divided into two very basic groups:
physiological and pathological. Physiological tremor
is ubiquitous, asymptomatic (normal) shaking that
affects everyone and results from activity in individual
motor units. It is generally a low amplitude (<0.5 mm
peak-to-peak), high frequency movement (between 8
and 12 Hz) that is barely visible such as writing or
holding a cup. In certain cases, such as fear or
excitement, the tremor might increase in amplitude to
such a degree that it interferes with simple actions such
as writing or holding something steady, such as
holding a coffee cup, writing, etc.

2. Materials and Methods

Pathological tremors, on the other hand, arise
because of a disease or disorder, usually of central or
peripheral nervous system. These tremors always
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involve rhythmical contractions of muscle groups
which manifest in a periodic, that is, roughly
sinusoidal, movement about an axis. The rhythmic
nature of tremor suggests characterization by
amplitude, waveform, or frequency. There are several
types of abnormal tremor, viz., Resting or Static
tremor (frequency: 3 to 6 Hz) occurs in up to 75% of
individual with Parkinson disease (PD) patients;
Action tremor (3 to 6 Hz) occurs in more than 25% of
PD patients; Postural tremor (4 to 12 HZ) occurs in
around 60% of PD patients; Task-specific tremor (3 to
10Hz); and isometric tremor (medium frequency). An
objective evaluation of tremor severity is needed to
record the course of disease and the usefulness of
treatment for on-time interventions in clinical trials.
Various transducer-based methodologies, such as
accelerometry,  electro-myography,  gyroscopy,
electromagnetic tracking, actigraphy, and digitizing
tablets are being currently used [1-6]. Due to their size,
weight, potential high costs, time consuming
measurements and their complexity, most devices are
only used in electro-physiological laboratories and are
not yet applicable for daily clinical or home
monitoring. To mitigate above cited present
cumbersome characteristics, we propose a concept of
low-cost, light-weight ring with cantilevered
piezoelectric sensors as depicted in Fig. 1.

(a)

Fig. 2. Waveform obtained for rhythmic tremor (a), for random tremor (b).

3. Technical Summary of the Proof-of-
concept

PVDF can be used as power harvester as well
producing power and that can be utilized to power the
small associated electronics [7]. Furthermore, results
obtained can be correlated with clinical scales. This is
a technical, and clinical proof-of-concept device under
test (DUT) for its demonstration. Further clinical
investigations along with algorithmic wave analysis
will demonstrate if tremors can be recorded and
analyzed in home-environment and additionally, if it
is possible to achieve a home-monitoring system, like
blood-pressure measurements.

We investigated our prototype piezo-ring’s
functionality by (a) voluntary rhythmic tremor and (b)
random tremor as seen in Fig. 2 (a) and Fig. 2 (b)
respectively. From the waveform, one can extract
amplitude, frequency, and waveform. Furthermore,
Frequency spectra can be used to extract amplitude
and signal energy as a parameter for tremor severity.

Fig. 1. Light weight metal ring with PVDF type
piezo transducer.

(b)
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Optics:

e Optical and Fibre Optical Sensors and Instrumentation
¢ Micro-Opto-Electro-Mechanical Systems (MOEMS)
e Physical Optics

¢ Optoelectronic Devices, Photonics, Nanophotonics and Biophotonics

¢ Organic Optoelectronics and Integrated Photonics
e Optical Communications, Switching and Networks
¢ High-speed Opto-electronic Networking
e Optical Fiber Technology: Materials, Devices and Systems
e Optical Information Processing
¢ Holography
e Optical Metrology
e Optical Imaging Systems and Machine Vision
¢ Optical Computing
e Guided Wave Optics
e Optics in Condensed and Soft Matter
e Quantum Optics
e Lasers and Laser Applications
¢ Nonlinear Optics
¢ Nano and Micro Optics
¢ Matter Waves
e Quantum Information
¢ Bio and Medical Optics
e Optical Materials, Characterization Methods
and Techniques
e Optical Methods for Process Control
¢ Microscopy and Adaptive Optics
e Lasers in Medicine and Biology
« Engineering Applications of Spectroscopy
e Optical Microscopy of Composites

Photonics:

* Photonic Sensors

* Photodetectors

¢ Photonic Integrated Circuit (PIC)

* Photonic Integration and Packaging

* Photonic Crystals

* Biophotonics

* Microwave Photonics

* Nanophotonics

* Photonic Materials and Metameterials
* Quantum Photonics

* Terahertz Photonics

* Photonic Computing

* Applications of Photonic Technologies

Lasers:

* Laser Science

e Laser and laser optics

¢ Semiconductor Lasers

e Laser Metrology

* Chemical Gas Lasers

* Fiber Lasers

* Nonlinear Lasers

e Laser Propulsion

e Lasers and LEDs

¢ Laser Nanotechnology

* Laser Spectroscopy and Microscopy
* Laser Applications

e Lasers in Medicine and Biology
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5" International Conference on Optics,
Photonics and Lasers (OPAL’ 2022)

Deadlines:

5 March 2022
20 March 2022
5 April 2022
15 April 2022

Submission (2-page abstract):
Notification of acceptance:
Registration:

Camera ready (4-6 pages paper):

One event - three publications !

1) All registered abstracts will be published in the
conference proceedings (USB flash drive edition of
published Proceedings with the ISBN), distributed
during the conference and submitted for indexing to
the Web of Science. The previous OPAL' 2018 - 2021
Conference proceedings were indexed by the
Conference Proceedings Citation Index.

CONFERENCE
PROCEEDINGS
CITATION INDEX

/Npgxe®

2) Authors will be invited to submit full-page extended papers to the
special issue of Sensors & Transducers open access journal
(ISSN 2306-8515, e-ISSN 1726-5479) for free of charge.

3) The limited number of full-page papers published in the journal will be
selected by the Editorial Board to extend for book chapters for the open
access Book Series on 'Advances in Optics: Reviews', Vol. 6.

SENSO
TRANSDUCERS 5i1s

Social Programme

Welcome Cocktail: The Welcome Cocktail will take place on the 16"
floor (Sky Lounge Bar) situate on the Hard Rock Hotel's Nirvana Tower
building's roof with the best, magnificent, panoramic views to Teide
volcano, the Atlantic coast, La Gomera Island and sunset. Actually, it is
known as the highest leisure location in Tenerife. Do not miss this
opportunity to say the first "hello" to attendees and committee members.

Gala Dinner: The Gala Dinner (BBQ) will take place in the Hard Rock
Hotel at the sea beach in front of the Lagoon area.

‘/'

Institute
of Physics

Contribution Types:

» Keynote presentations « Poster session

« Invited talks « Industrial presentations
« Special sessions « Exhibition

- Regular sessions « Round tables

Special Sessions:

Participants are welcome to organize and manage
special sessions during the conference. Each session
will contain 4-6 papers in a related field as specified
above,

Session organizers will get:

* Certificate of Appreciation

* Free Registration for the Event

* Special Publishing Theme within Conference
Proceedings

* Free article and book chapter post conference
publications in appropriate open access journals and
‘Advances in Optics: Reviews’, Book Series, Vol. 6

Organising Committee

Chairman:
Prof., Dr. Sergey Y. Yurish (IFSA, Spain)

Advisory Chairmen:

Dr. Qiang Wu

(Northumbria University, Newcastle Upon Tyne, UK)
Prof., Dr. Claude Phipps (Photonic Associates, USA)
Prof., Dr. George Semouchkin

(Michigan Technological University, USA)

Prof., Dr. Sandeep Singh Sengar

(University of Copenhagen, Denmark)

Prof., Dr. Boris Mizaikoff (Ulm University, Germany)
Prof., Dr. Mahmoud Daoudi

(National Center for Nuclear Sciences and
Technologies, Tunisia)

Conference Manager:

Mrs. Tetyana Zakharchenko
(IFSA Publishing, S.L., Spain)

physicsworld
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Call for Chapters &5/ Publishing

Your Chapter may be in the next Volume of the popular Book Series

ADVANCES IN SENSORS:

Open Access Book Series
Sinse 2012

- Physical, chemical and biosensors
- Sensor uncertainty, accuracy, calibration
- Smart sensors and systems

s ¥ v - Intelligent sensors and systems
L - Artificial Intelligence enabled sensors
Dasion, Appécatons & Networks - Virtual and soft sensors

- Sensor instrumentation

- Sensor buses and networks

- Signal processing, sensor fusion

- Nanosensors

- Photonic sensors

- Sensor interfacing and signal conditioning
- Materials for sensors

- MEMS, BioMEMS and NEMS

- Remote Sensors and Telemetry

- Sensor packages and reliability

https://www.sensorsportal.com/HTML/IFSA_Publishing.htm

&_IFSA Rt ISSN 1726- 5479

International Frequency Sensor Association Publishing i 97 771726 7 547001

www.sensorsportal.com



https://www.sensorsportal.com/HTML/Advances_in_Sensors_Vol_8_CfC.htm



