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ABSTRACT

The paper describes a novel technique to quantify and qualify bacterial cultures
(Bacillus Subtilis and Escherichia Coli) in corn oil using dielectric spectroscopy at
elevated frequencies (0.0100-20.0 GHz). This technique is wusing the
electrophysiological/biophysical differences (e.g. gram positive and gram negative)
between various bacteria types, as a basis to distinguish between bacteria
concentrations and bacteria types. A close-ended, coaxial probe (20.0 mm long sample
holder) was developed and used to calculate the dielectric constant of the bacterial
cultures using the Nicolson-Ross-Weir method. This technique shows a linear
relationship between the dielectric constant and the cell concentration, at 16.0 GHz.
The sensitivity is 0.177 x 10° (CFU mL')! for B. Subtilis, 0.322 x 10° (CFU mL™)!
for E. Coli and 0.913 x 10° (CFU mL™!) ! for their 1:1 mixture, while the response time
is 60.0s. The dependency of dielectric constant on the bacterial cell concentration at a
given frequency, can be potentially exploited for measuring bacterial concentrations

and biophysical differences.
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1. Introduction

The rapid and reliable detection and identification of pathogenic microorganisms
is of increasing importance mainly in the food industry, water supply, environment
quality control and clinical diagnosis [1]. In particular, biosensors are of interest for the
detection and identification of biomolecules [2-7], viruses [8], and bacteria [9-11]. The
most influential advantage of biosensors is often their simplicity of operation, which
makes them valuable tools in biomedical assays, environmental monitoring, bioprocess
control, food safety, and national security among others. Biosensors can often be easily
used by personnel with minimal training and do not normally require complex sample
preparation or separation schemes for analysis. They often provide a high specificity
and sensitivity making them of great interest in bio-detection [12, 13].

Food industry is maybe the area with the highest interest in the application of
biosensors. Non-detection or late detection of bacterial contaminations in food, can
have fatal consequences making direct countermeasures impossible. Six reviews
published only in the period 2008-2009, indicate the critical importance of bacterial
detection. The reviews were dealing with electrochemical biosensors for food
pathogens [14], applications of microarrays in pathogen detection and biodefence [15],
traditional pathogen detection methods [16], on-site pathogen detection using antibody-
based sensors [17] and electrochemical impedance sensors for rapid detection of
foodborne pathogenic bacteria [13, 18].

Traditional methods to quantify bacteria are the colony counting measurements

using colony forming units (CFU), polymerase chain reactions (PCR) and
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immunological assays. These techniques are often laborious and take a minimum of 7
days to follow the standard procedures [19]. On the other hand, immunological
techniques need expensive chemicals and complicated steps involving sample
preparations [20, 21]. The nucleic acid, probe-based methods are quite costly and need
very highly specialised infrastructure [22]. However, all of these techniques have their
limitations, such as non-viable cells and single-naked DNA, involve extraction and
degradation of nucleic acids whilst the direct inhibition of the PCR may lead to false
positive/negative responses [23]. Therefore, in this work a dielectric spectroscopic
method is presented, which is a simple and label-free technique to identify and quantify
bacterial cultures.

Dielectric properties (complex permittivity) of materials have received growing
attention along with the use of electromagnetic waves (EM) (radar/microwave) in the
investigations of material and structural assessment. Dielectric properties of a material
correlate to other material characteristics and may be used to determine properties such
as moisture content, bulk density, content of biological material, and chemical
composition [24]. Dielectric spectroscopy [25-35] has already been proven to be a
useful tool for the estimation of the biomass concentrations of many different microbial
strains [36-44]. The simplest version of the method is based on the magnitude
assessment of the B-dielectric dispersion at the radio frequency (RF) range exhibited by
practically, all intact cells. The cells behave like a tiny capacitor and the signal
correlates linearly with the volume-fraction of biomass. This linearity is lost above very

high levels of biomass concentrations. Gopal Kedia and Thomas in their papers from



2013 and 2008, have shown that the high accumulation of lipid droplets and
polyhydroxyalkanoates are the few exceptions to the rule [45-47].

In circuits with frequencies within the radio and microwave range, the circuit
capacitance increases and conductance decreases, as the concentration of biological
material increases. That frequency dependency is called the B-dielectric dispersion.
Charges are unable to cross the cell membrane at low frequency range, due to the
insulation of the conducting cytoplasm, which results in large macroscopic capacitance.
The dielectric increment of a cell suspension from high to low frequencies, is therefore
dependent on the volume fraction of biomass, the cell size and the membrane
capacitance per unit area. Also, the conductivity of the suspension has an effect on the
permittivity measured at a particular frequency [13, 38], but this effect can be
minimized by the choice of the right frequencies.

In this work, a novel biophysical method is demonstrated, to measure the dielectric
properties of bacterial cultures by a close-ended, coaxial, air-line probe at microwave
frequencies. The data obtained with this technique are in-line with the results from
scanning electron microscopy (SEM). For the exemplification of the method,
Escherichia coli (E. Coli) and Bacillus Subtilis (B. Subtilis) were chosen for the

experiments.

2. Background Theory

The fundamental concept of high-frequency network analysis involves incident,
reflected and transmitted waves travelling along transmission lines. It is helpful to think

of travelling waves along a transmission line, in terms of a light wave analogy. We can
5



imagine an incident light wave striking some optical component e.g. a lens. A fraction
of the light is reflected off the surface of the lens, but most of it passes through the lens.
If the lens was made from some lossy material, then a portion of the light could be
absorbed within the lens. If the lens had mirrored surfaces, most of the light would have
been reflected and little or none would have been transmitted through the lens. This
concept is also valid for RF signals since they are also electromagnetic waves. The
components and circuits are electrical devices and networks, instead of lenses and
mirrors [48].

Network analysis is concerned with the accurate measurement of the ratios of the
reflected and transmitted signal to the incident signal. This measurement is possible
with the prototype probe shown in Figure 1. Looking at the transmitted and reflected
wave data, the dielectric properties of the £. Coli and B. Subtilis cultures, as well as of
several reference materials, can be investigated.

Figure 1.

The electromagnetic parameters can be deduced from the scattering parameters [49-
52]. The boundaries of the material (Air and Teflon were used as low-loss materials)
under test (MUT) are pre-defined and the S parameters can be accurately determined
[53]. The following equations show the relationship between the parameters Sii
(scattering parameter related to the radiation emission from port 1 and collected in port
1) and S»i (scattering parameter related to the radiation emission from port 1 and
collected in port 2) (Figure S1) with the reflection and transmission coefficients I" and

T, respectively. These equations provide the solution for the boundary-condition
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problem at L = 0 m (L is the line of air) and 20.0 mm = d (d is the sample thickness),
such that the reflection coefficient can be expressed as [50, 51]:
r=X+vX?—-1 (1)
Where:
2 2 1
X:{Sll(a))_S2l(a))}+§Sll(a)) (2)
The transmission coefficient is given by:
I
T = {Sll(a))+S21(a))}_z_{Sll(a))+S21(a))}r (3)

From Equations 1 and 2, the auxiliary variables (X and Y) are defined as follows:
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Where:

c = speed of the light (m s™);

1 = relative permeability of the material;

- = relative permittivity of the material;

o = angular speed (rads s);

One technique that uses the scattering parameters Si; and S»i to calculate the
mentioned complex parameters of samples is named Nicolson-Ross-Weir (NRW) [51,
52]. The NRW modelling method is the most commonly used method to perform the

calculation of complex permittivity and permeability of materials. This modelling
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method has the advantage of being non-interactive, as required in the Baker-Jarvis
method [54]. Furthermore, the NRW modelling method is applicable for coaxial line
and rectangular waveguide cells. On the other hand, it is known that the NRW can
diverge for low-loss materials at frequencies corresponding to integer multiples of one
half wavelength in the sample [51, 52]. At this particular frequency, the magnitude of
the measured Si1 parameter is particularly smaller (thickness resonance) and the Si;
phase uncertainty becomes larger. This behaviour can lead to the appearance of
inaccuracy peaks on the permittivity and permeability curves.

This knowledge was used to investigate the complex permittivity and permeability
of E. Coli, B. Subtilis and mixtures thereof, with the final goal to validate the

electrophysiological differences and identify the bacterial cultures.

3. Materials and Methods
3.1. Micro-organism culturing

Bacillus Subtilis (TY453) and Escherichia coli (MN 675) were kindly provided by
the State Key Laboratory of Agricultural Microbiology, College of Life Science and
Technology, Huazhong Agricultural University (Wuhan, China). These bacteria were
maintained at 4°C on nutrient agar (Aobox biotechnology,02-024, Shanghai P.R.China)
(NaCl 10.0 g L!, Peptone 10.0 g L', Yeast extract powder 5.00 g L'! and the pH was
adjusted to 7.00) with 0.500% Pepton, before the electromagnetic measurement. Pre-
cultures, were re-activated with NaCl 0.850 % and the growth dynamics study was

prepared from 100 ml with added 1.00 ml stock cell seeds while further incubated in



Luria broth (LB, Beijing Solarbio Science & Technology Co.P.R.China, L8291,
Tryptone 40.0 g L!,Sodium chloride 40.0 g L!,Yeast 20.0 g L'!) for 24-48h at 37.0°C.
The pellet was then transferred to selective agar medium and sub-cultured for 24-48h
at 37.0°C in order to confirm the purity of the strains [55]. Characteristic colonies were
transferred to non-selective broth and agar media, and cultured for 24-48h at 37.0°C.
Colonies obtained in agar cultures were then transferred to Glycerol/Tryptic Soy Broth
(TSB, Aobox biotechnology,02-102, Shanghai P.R.China, Tryptone 17.0 g L'!,Sodium
chloride 5.00 g L', Disodium phosphate 2.50 g L'!,Glucose 2.50 g L'!, Soybean papain
hydrolyzate 3.00 g L") at a 20:80 ratio and stored at -20.0°C until needed and
reactivated by inoculating the bacteria in 10.0 ml of sterile broth medium at 37.0°C for
24h.

Selected bacteria were inoculated with 10.0 ml of sterile beef extract and peptone
culture medium at 37.0°C for 24h for the bacteria enumeration assays, the
electromagnetic measurements and the preparation of standard solutions. The resulting
solution was diluted with 1:4 ratio to provide a series of stock solutions of bacteria.
Serial dilution gradients of Bacillus Subtilis and Escherichia coli overnight cultures
were prepared by performing electromagnetic measurement until the observed particle
concentration was close to the specified detection limit of 10° CFU mL™!. For Bacillus
Subtilis, 6 steps of two-fold serial dilutions were performed, reaching an overall dilution
of 128-fold. For Escherichia Coli, eight steps of two-fold serial dilution were performed,
finally reaching a final 512-fold dilution. Measurements were repeated three times

using three independently prepared serial dilution gradients. The bacteria samples were



centrifuged at 6000 RPM for 15.0 minutes and the supernatant was discarded. The
precipitate was injected in 1.50 ml of corn oil. Each stock solution was quantified three
times with the standard plate count method [56] in the appropriate culturing agar

medium (e.g. beef extract and peptone medium for E. Coli and B. Subtilis respectively).

3.2. Instrumentation

An automatic vector network analyser (VNA, Agilent E8362B, Shanghai, China)
with frequency range of 0.0100-20.0 GHz was connected with a custom-made, coaxial,
air-line probe (20.0 mm long) as shown in Figure 2 for experimentation of bacterial
cultures at room temperature (25°C).

The construction of the coaxial, air-line probe is shown in more detail in Figure 1.

Figure 2.

The most important factors for the dielectric properties of the solutions are
concentration, polarity, size and geometry of the bacteria under investigation. For B.
Subtilis 1.30, 1.50, 1.80, 2.10 x 10° CFU mL™! concentrations were used, while for E.
Coli 1.00, 1.20, 1.40, 1.60 x 10° CFU mL"! concentrations were used. The size of
bacteria was 10.0 x 1.00 um and 2.00 x 0.50 pm respectively whilst rod-like/ellipsoidal
shapes have been chosen for further measurement at 25.0°C.

Scanning electron microscopy was performed for the determination of the latter two
parameters. SEM scans of pure and mixed cultures of E. Coli and B. Subtilis for 2.10 x
10° CFU mL™! concentration have been performed using a FEI SIRION scanning

electron microscope (Amsterdam, Netherland) at 25.0°C.

3.3. Experimental Procedure
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The bacterial cultures were suspended in corn oil to reduce the influence of the solvent
on the dielectric behaviour of the suspension. The frequency range was 0.0100-20.0
GHz and the applied coaxial air-line probe was 20.0 mm long. The experimental
procedure is shown in Figure 3. Firstly, the corn oil and different concentrations of B.
Subtilis and E. Coli suspension were prepared. Then, the coaxial probe cavity cell was
filled using 1.50 ml of corn oil and measured their reflection (Si1) and Transmission
(S21) value at 25.0°C, since corn oil’s S parameters will work as a reference material.
The second step was to inject the different concentrations of B. Subtilis and E. Coli
suspended broth, into the corn oil and finally measure their S parameters (S11 and Sz1)

to calculate their complex permittivity and permeability using the NRW model.

The instrument was regularly calibrated with short-open-50Q2 load-through (Maury
Microwave, model 8050CK11) techniques, to move the reference plane to the end of
the test cables. The probe was using a phase-shift approach from reference plane to
surface plane (A¢1 and A¢»), as shown in Figure 4.

Figure 3.

Figure 4.

To determine the complex permittivity and permeability, via S-parameters (S11 and
S21), the two-port transmission and reflection techniques were used, for a material-
under-test (our microbe sample) with smooth flat faces, and filling completely the
fixture cross-section (Figure 1, cell cavity), being placed inside a coaxial, air-line probe.
The two-port transmission and reflection S-parameter data were measured in the test

frequency range of 0.0100-20 GHz and 801 data points were taken for each sweep. To
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minimize the systematic measurement noise errors, a 32.0-point averaging factor was
chosen in the VNA system.

TEM propagation mode was used for the coaxial, air-line probe to measure the
reflection and transmission scattering parameters Si; and Szi;. Transverse
electromagnetic mode (TEM) means that the particular electromagnetic field pattern of
radiation is measured in a plane perpendicular (i.e., transverse) to the direction of travel
of the radiation. The measured data was inserted in Origin 8 software (USA) and
Equations 8 & 9 were used to get accurate scattering parameters from the sample
surface plane. Here, these simple algorithms (Equations 8 & 9) were used to correct the

phase shift (Ag) for frequency f[57] .

27

Ap, = 2a Cf Jor S, (8)
2

Ap, = (a+b) cf Jor S, )

Where:
c = speed of light (m s™)
a, b = distances from sample surface (m)

The phase shift correction approach is shown in Figure 4. After determination of the
S-parameters, the complex parameters (&:and i) were calculated according to the NRW

modelling method.
3.4. Numerical Simulations

For the calculation of permittivity and permeability of the samples, numerical

simulations were used. Figure 5 shows the respective flowchart. The complex
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parameters for air were taken from literature (¢; = 1.0-0.0j and p. = 1.0-0.0j) [58]. Based
on the complex parameters from literature [59] and on the scattering matrix defined in
this study, the coaxial, air-line probe tool was used to simulate the scattering parameters
Si1 and Sz of the air sample (control experiment at 25.0 °C). Afterwards, using the
magnitude and phase values of the simulated parameters, the complex parameters were
retrieved according to Figure 5.

Figure 5.

4. Results and Discussion

4.1. Investigation of the dielectric constant of pure bacterial strains at various

frequencies

Initially, the relationship between the calculated dielectric constant and frequency
was investigated for pure bacterial strains. B. Subtilis cells were injected in corn oil at
different concentrations (1.30, 1.50, 1.80 and 2.10 x 10° CFU mL™") and the medium
was then tested using the prototype probe. The exact same procedure was followed for

E. Coli (1.00, 1.20, 1.40, 1.60 x 10° CFU mL") and the results are presented in Figure

Figure 6.

Figure 6 shows that the dielectric constant of the MUT decreases with increasing
frequency. Initially, the dielectric constant changes rapidly but at higher frequencies it
tends to stabilise. The plots follow a decaying profile but that profile is very similar for

different cell concentrations. It is clear that the graph is shifted upwards as the cell
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concentration increases. That shift is larger for B. Subtilis than it is for E. Coli. The shift
between different concentrations of the same bacteria looked constant and therefore, it
was suspected that the relationship between the dielectric constant and cell

concentration at a specific frequency would be linear.
4.2. The relationship between the dielectric constant and cell concentration

In order to show the relationship between the dielectric constant and the cell
concentration, a frequency range of 15.0-16.0 GHz was chosen, since this is where the
frequency graphs tend to flat out. In this set of experiments, a mixture of the two
bacteria types was also investigated. The mixture was made up with 1:1 ratio at various
concentrations. The results are shown in Figure 7.

Figure 7.

Figure 7 shows the relationship between the dielectric constant (€;) and bacteria
cell concentrations (*10° CFU/mL). There is a linear relationship between the & and
bacteria concentration for E. Coli, B. Subtilis and the mixture for the two. It was found
that the dielectric constant of the mixture is sitting on the top of the B. Subtilis and
E.coli at the frequency range 15.0-16.0 GHz. From their slope intercept analysis, it is
clear that the slope of the mixture is the highest, £. Coli is the second highest and
B.subtilis shows the lowest slope. All three graphs have an r? value of more than 0.999.
The gradients of the graphs show the sensitivity of the probe for bacteria cell
concentration in corn oil. The absolute values of the dielectric constant for B. Subtilis
are lower than E. Coli while the mixture has again the highest values. The sensitivity is

for B. Subtilis is 0.177 x 10° (CFU mL')!, 0.322 x 10° (CFU mL)! for E. Coli and
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0.913 x 10° (CFU mL')! for the 1:1 mixture, respectively. Although the minimum
concentrations of bacteria to be detected were too high compared to other available
methods, available microfluidic platforms can locally enrich bacteria concentrations to
the levels of detection [13, 60-62]. It is believed that more kinds of pathogens/bacteria
can be detected with this method, but it will depend on the biophysical and
electrophysiological properties of each pathogen. This is part of future work by the
same group. Therefore, this approach could be very promising to determine the

biosafety and biosecurity issues in the future.

4.3. Forward scattering magnitude and selectivity of pure and mixed bacteria

cultures

In order to understand the reasons of the higher sensitivity for the mixture of the
two bacteria types, the magnitude of the transmitted wave was investigated using the
complex parameter’s Sy real and imaginary values (at cell concentration 2.10 x 10°
CFU mL™). Sy represents the transmission coefficient, which is a measure of the
magnitude of the wave that was transmitted through the bacterial cell broth. It was
found that the magnitude of Sy is affected from the presence of microbial cells showing
similar behaviour. A microbe concentration of 2.10 x 10° CFU mL™! was used for pure
strains and the mixture of the two in corn oil.

Figure 8.

It was found that the corn oil’s interference is very low -0.067dB (Figure 8), which
is negligible. On the other hand, single strains show a higher dB degradation than pure

corn oil, of approximately -5.54 dB & -12.33 dB for E. Coli and B. Subtilis, respectively.
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The mixture shows an even higher degradation of approximately -37.7 dB. Those
degradation values appear around 16.0 GHz for all mediums.

Bacterial cell surfaces are generally, in possession of polysaccharides and S-layer
glycoproteins while their cell membrane possesses lipid bilayers with a characteristic
cytoplasmic electrophysiology arising from water within different bound forms. This
functional groups’ diversity is associated with the characteristic differences of their net
conductivity. The key reason to have higher electrical conductivity in Gram-positive
bacteria is because of their prominent cell wall and absence of outer lipid membrane
layer [13]. Based on their physico-chemical properties, E. Coli is gram-negative and B.
Subtilis is gram-positive. B. Subtilis shows higher dB degradation than the E. Coli due
to above reason. The gram positive or negative bacterial electrical conductivity could
vary with their shape, composition, and geometry of each sub-cellular layer, where they
get the opportunity for selective polarization. More specifically, it could vary as a
function of the amplitude of the applied field, the frequency and the opposing flow
fields.

The strain mixture shows a higher dB degradation, most probably due to their
larger surface area compared to the single microbial cell. The net particle conductivity
found for Bacillus subtillis is 935 £96.0 uS cm™! and Escherichia coli 412 £25.0 uS cm’
!. The shape of both bacteria types is rod-like shape or ellipsoidal, but their dimensions
for Bacillus subtillis and Escherichia coli is 10.0 x1.00 and 2.00 x 0.50 respectively
[63]. A couple of studies have found that the bacterial shapes or dimensions are major
factors related to their conductivity. For example, Lactococcus lactis and
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Saccharomyces cerevisiae are both gram-positive and their shapes are spherical with
dimensions and net particle conductivity of 1.20 x 1.00 pm and 416 £46.0 uS cm™, 4
pum in diameter and 16 uS cm’!, respectively [64,65]. The bacterial cell wall also
contributes to the conductivity. Gram-positive bacterial cell wall is 50.0-70.0 nm thick
with highly charged peptidoglycan structure and densely anionic glycopolymers. On
the other hand, gram-negative bacteria cell wall is 8.00-10.0 nm and the cell surface is
made up of carboxylic acids and phosphate groups, mostly phospholipids, membrane
proteins and lipopolysaccharides. These induce negative charges to the surface that
leads to minimizing their conductivity [13].

In terms of selectivity, B. Subtilis and E. Coli show very different
electrophysiological properties throughout the whole frequency range with respect to
their magnitude (dB) degradation. At this stage, only gram positive and gram negative
bacterial types can be easily identified at a particular frequency, but further
investigation is required to consider all other chemical and physical properties of
bacteria in an attempt to use this method for identification of other bacteria types. The
magnitude of Sy1 spectra can possibly work as a fingerprint of their physico-chemical

properties.

4.4. Morphological and Media conductivity investigation of different bacteria

strains

In order to better understand the reasons of these differences on the dielectric
constant of different bacterial cultures, SEM scans were performed. Figure 9 shows

images from the SEM scans for all bacteria culture combinations.
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Figure 9.

Both pure strains have very similar rod-shape/ellipsoidal shape. However, E. Coli
is approximately 2.00 x 0.50 um in size while B. Subtilis is 10.0 x 1.00 pm. It is believed
that cell size is the determining factor for the differences in the magnitude of Szi1. As it
was discussed in the previous section, the ellipsoidal shape could have larger surface
compared to spherical shape. Therefore, due to the larger surface area bacteria will have
higher net particle conductivity. Differences in surface area combined with difference
in gram-strain could influence the S»; magnitude between different types of bacteria. In
the case of the mixed bacteria culture, the cells possess different polarities. It is shown
in literature that the amplitude of externally applied voltage and the degree of non-
uniformity in electric field are the determining factors for the magnitude of the
dielectric values while media conductivity plays a very important role. The frequency-
dependent difference of complex permittivity of the particle and its surrounding media,
determines the direction of particle translation. Hence, particles that are more
polarizable than the surrounding media are shifted towards the high-end of dielectric
values. On the other hand, if the particles are less polarizable than the surrounding
media, they are shifted towards the low field region [13]. Therefore, to optimize the
media conductivity, a similar type of oil was tested (paraffin oil), which has a dielectric
value of 3.13+4.40 x 10* while corn oil has 2.20+ 4.40x10* at 25.0°C [66]. It was found
that, the corn oil has less ionic polarization and smother electromagnetic signal response,
than the paraffin oil (Fig. 10). From Fig 10, it is clearly observed that the magnitude

degradation of paraffin oil is quite unstable compared to corn oil although, the average
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magnitude degradation for paraffin is -1.56 dB and corn oil -2.53 dB. Therefore, corn
oil was selected as a matching microfluidic platform to study the bacterial cell dielectric
constant.

As explained earlier, B. Subtilis is gram-positive and E. Coli is gram-negative. B.
Subtilis has significantly higher net particle conductivity due to higher surface area and
thicker cell wall compared to E. Coli. That is probably the reason for the significant
magnitude degradation of B. Subtilis compared to E. Coli. Therefore, the assumption
made was that, it could be linked with the gradual reduction of cytoplasm polarizability
for these respective strains, as we know their dimensional size, shapes and thickness of
cell wall are identical [13,67]. It is well-known that cytoplasmic polarizability of
bacterial cells could be observable in high frequency range study [13]. That is consistent
with S;1 magnitude degradation study at 16.0 GHz (Figure 8). Assuming that
cytoplasmic polarizability of bacterial cells is connected with the cationic and anionic
functional groups of the molecules in the bacterial cell wall, the size difference is large
enough to explain the Sy magnitude differences observed. The results from the SEM
study in Figure 9 show a clear image of their dense bondage. The evaluation of all
potential reasons for the different behaviour of the pure and mixed cultures is outside
of the goal of this study. However, the discussed reason is maybe already enough so
that the dielectric permittivity and the magnitude of forward scattering could act as a
fingerprint signature of bacterial cells and would be suited to differentiate between
different species to a certain extent.

5. Conclusions
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A close-ended, coaxial, air-line probe has successfully been constructed and used
to investigate the dielectric behaviour of various bacterial cultures (E. Coli, B. Subtilis
and their mixtures). It was demonstrated that the electromagnetic properties at
frequencies between 0.0100-20.0 GHz have the potential to be applied to identify
bacterial contaminations. It is possible, to a certain extent, to differentiate between
different bacterial species and the method can possibly extrapolate to bacterial
electrophysiological differences. The main advantage of the proposed method is the
speed of analysis with the use of microfluidic methods, where bacteria concentrations
can be locally enriched to these levels for detection. The relationship of the dielectric
constant and cell concentration is proven to be linear with 1> values higher than 0.999
for all tested mediums while the sensitivity of the system is 0.177 x 10° (CFUmL™!)!
for B. Subtilis, 0.322 x 10° (CFU mL™")! for E. Coli and 0.913 x 10° (CFU mL")! for
their mixture, respectively. The response time of the process is 60.0s. Both analytical
parameters can be improved by redesigning the inner core diameter and outer core
diameter of the probe. The proposed method could give a new forge direction to
environmentalists and biologists for a more economic and less time-consuming

bacterial detection method.
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Figure Captions

Figure 1. Construction of the coaxial, air-line probe (up) & the three sections of the probe

(down). (ODy is the diameter of the outer casing and ID, is the diameter of the inner rod)

Figure 2. Experimental setup using the VNA and the coaxial air-line probe at 25.0°C.

Figure 3. Flow chart of the measurement and evaluation of the complex permittivity and

permeability properties of microbes at 25.0°C.

Figure 4. Phase-shift correction approach.

Figure 5: Flow chart of the numerical simulation used for the complex permittivity and

permeability calculation at 25.0°C.

Figure 6. Calculated dielectric constant of different concentrations at 25.0°C vs

frequency: B. Subtilis (up), E. Coli (down).

Figure 7. Linear relationship between the dielectric constant and the respective bacterial

concentration at frequencies between 15.0-16.0 GHz, at 25.0°C.

Figure 8. Study of the forward magnitude and voltage degradation of corn oil, £. Coli, B.
Subtilis and mixture thereof (E. Coli 50%+ B. Subtilis 50%) at 2.10 x 10° CFU mL"! cell

concentration at 25.0°C.

Figure 9. SEM scans with 7-8 thousand times magnification of (a) Bacillus
Subtilis (b) Escherichia coli and (c) Mixture of 50.0 % B. Subtilis + 50.0% E. Coli at

25°C.
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Figure 10. Study of the forward magnitude and voltage degradation of corn and

paraffin oil at room temperature (25°C).
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