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ARTICLE INFO ABSTRACT

Keywords: Bacterial biofilms have a significant economic and health impact in many different domains. In such films, the
Bacteria extracellular matrix prevents the diffusion of biocides, so antibiotic treatments require a concentration 500 to
Biofilm . 1000 times higher than that used to eliminate the same bacteria when present as planktonic stage. Early
Ii(:;}? lércézﬁgcy detection of biofilms is therefore essential for effective eradication. In this paper, we present the development of
Monitoring a real-time and label-free radiofrequency biosensor dedicated to the monitoring of bacteria and biofilm growth.
Sensor Its principle relies on an open-ended coaxial probe sensitive to the variation of the electrical conductivity of the

probed medium in the microwave range. As shown, between 0.3 and 1 GHz, the high sensitivity of the method
(2.3 x 10* CFU/mL) highlights the biofilm growing at the early stage of its formation. To demonstrate experi-
mentally such effects, two model bacteria, Vibrio natriegens and P. aeruginosa, are considered. The proposed
method should therefore be considered as a promising technique for biofilm monitoring in batch bioreactors or

flow cells experiments.

1. Introduction

Bacterial biofilms are complex structures which are essentially
composed of polysaccharides, proteins, nucleic acids and microorgan-
isms such as bacteria or microalgae [1]. They enhances cells develop-
ment, the expression of pathogenicity or toxins production and prevents
external chemical compounds from reaching the cells [2-4]. In this
form, microorganisms are much more resistant to antibiotic treatments,
sometimes up to 1000 times more and increase their pathogenicity when
biofilm reach a mature stage [5]. Consequently, biofilm formation
strongly impacts several activities and applications. The development of
innovative detection techniques of early stages of biofilm formation and
associated microorganisms growing is of fundamental interest.

Bacteria growth is currently measured by standard culture-based
laboratory assays or by molecular reactions. Such measurements
require extensive sample preparations or expensive instrumentations
and are not ideal. Biosensors allowing a real-time and label-free moni-
toring are proposed in the literature. They are based on optical devices,
impedance spectroscopy, dielectric characterization or surface acoustic

* Corresponding authors.

waves [6-9]. Among them, Electrical Impedance Spectroscopy (EIS) is a
well-established method which operates from 10 mHz to 100 kHz to
analyse interfacial properties between metallic electrodes and biological
matter [10-12]. In this case, biofilm formation can be studied by elec-
trical models [11]. The p-cellular membrane dispersion of cells that
occurs between 0.1 and 10 MHz was also proposed to monitor the
growth of bacteria [13]. A good correlation was obtained on biomass
concentration and sporulation status using both the dielectric permit-
tivity and optical density methods. However, due to the variety of po-
larization phenomena of biological matter which occur below 100 MHz,
interpretation of dielectric permittivity spectra in this range remains a
challenging task. Working in the microwave range where the polariza-
tion is dominated only by water dipolar polarization effects allows a
more reliable scientific approach [14,15]. Artis et al. [16] proposed the
use of a coplanar waveguide coupled to a microfluidic reservoir to probe
the proliferation of cells at 20 GHz. This was done by considering the
variation of power loss in the radiofrequency (RF) transmission line. In
addition, another recent work used a coaxial transmission line to
demonstrate a linear relationship between the real part of the complex
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permittivity and the bacterial concentration in solution at a frequency of
16.0 GHz [17]. However, the sensitivity of the method is about 108 CFU.
mL~! which is not ideal for the biofilm prevention, where bacteria needs
to be detected at lower concentrations.

The application of the method in the frequency range 0.1 to 3 GHz is
of particular interest for the development of low cost sensors since the
technology is cheap in this range because of the existence of authorised
frequency ISM bands. Interdigitated electrodes were demonstrated to be
sensitive to the growth of bacteria [18]. Recently, bacterial growing was
also monitored via the realization of high sensitive radiofrequency res-
onators [19]. This was achieved by measuring a variation of the
amplitude and frequency of the resonance during E. Coli growth in the
ISM band at 2.5 GHz. The experiment presented a variation of the
resonant frequency of 3.4 MHz / log(ODggp), i.e. a frequency ratio
variation of 1.36 x 10™> / 1og(ODggo). The method was subsequently
applied to the growing of bacteria in solid growth medium [20-23]. In
another study, a capacitive microwave biosensor was shown to be able
to detect 10° CFU/mL [24]. However, in these previous studies, no
distinction between bacterial growth and biofilm formation was re-
ported. Only Hoog et al. [25] proposed to monitor the biofilm formation
by using a coaxial resonator filled by glass beads on which bacteria
adhere. The method showed a change of both the frequency and the
amplitude of the resonance indicating the variation of the dielectric
permittivity and tangent loss associated with the biofilm formation.

The present work aims therefore at developing a microwave sensor
which highlights the transition from bacteria growing to biofilm for-
mation. This will be made in batch bioreactors which are extensively
used for many applications including testing of treatment solutions. For
this purpose, a microwave sensor based on an open-ended coaxial
transmission line is first developed by electromagnetic simulations. The
studied material is then positioned at the end of the probe. The influence
of the variation of the electrical conductivity and of the real part of the
dielectric permittivity associated with bacteria/biofilm growing on the
sensor response is then discussed. To validate experimentally the sensor,
two models of bacteria/biofilm growing are studied. The non-
pathogenic marine bacterium Vibrio natriegens, has a very low duplica-
tion time (less than ten minutes) [10,26] and allows an investigation of
bacteria growing without any biofilm formation. In contrast, the bac-
terium Pseudomonas aeruginosa which has been the subject of fairly
comprehensive studies leads to the development of a biofilm [27-29].
The physiological properties of these two bacteria acquired since several
decades make them suitable for study models [27]. Comparison of
experimental results on these two bacteria together with electromag-
netic simulations proves the ability of the sensor to separate biofilm
formation from suspension growth.

2. Material and methods
2.1. Microorganism preculture and cell growth

Two gram-negative model bacteria were used: P. aeruginosa (Schro-
eter) (PAO1) and V. natriegens (Payne) (ATCC 14048). P. aeruginosa and
V. natriegens were inoculated from frozen stock into Teflon tube con-
taining respectively: 50 mL of Tryptic Soy Broth media (TSB) or Nutrient
Broth liquid medium (NB) supplemented with 1.5% NaCl. Strains were
then incubated overnight at 37 °C for P. aeruginosa and at 28 °C for
V. natriegens. In order to determine the correlation between absorbance
and bacterial concentration (cells per mL), the optical density at 600 nm
(ODggp) was measured every 2 h (in 8 replicates) during 24 h using a
spectrophotometer (TECAN Infinite™) for both bacteria. After each
reading, 100 pl of culture were sampled and plated onto Tryptic Soy
Agar (TSA) or Nutrient Agar (NA) plates (respectively for P. aeruginosa
and V. natriegens) in order to count the number of Colony Forming Units
(CFU). For all the experiments, starting bacterial suspension was
adjusted at 2 x 10”7 CFU/mL in TSB for P. aeruginosa and 2 x 10° CFU/
mL in NB medium for V. natriegens.
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2.2. Experimental setup

The manufactured probe is based on the principle of truncated co-
axial probes, where an electric field is formed at the end of the line
allowing a better sensitivity to the solution overhead. It consists of a
cylindrical transmission line, composed of two conductive brass parts
with a length of 15 mm. The inner and outer diameters measure 0.62 and
9.1 mm respectively and are separated by a dielectric (PTFE) with a
diameter of 2.0 mm. A Teflon tank is located at the end of the line, which
can be filled with bacterial culture solutions (the maximum volume is
about 75 mL). This transmission line is connected to a vector network
analyzer (VNA) to acquire the reflection (or S;; parameter) as function
to the frequency or in a frequency range. The VNA is a handheld Anritsu
MS2037C model, which frequency band is from 5 kHz to 15 GHz. The
frequency of the incident signal was chosen from 0.1 to 3.0 GHz when
the characteristic impedance of the line is 50 Q. The electromagnetic
field propagates along the coaxial line and reflection occurs when it
encounters an impedance mismatch between the probe and the bacterial
culture in the tank. The reflection depends on the solution conductivity
and on its complex permittivity e* seen at the end of the probe [30]. The

permittivity can be defined as £"(0) = € (») —j. (e”(a)) + wLm) where €’
is the real part of the permittivity, ® the angular frequency, o the elec-
trical conductivity and gy the permittivity of the vacuum. The sensor is
connected to the VNA by a coaxial line that exits an oven (to regulate the

different culture temperatures) through the front door seal.
2.3. Electromagnetic simulations and characterisations

A SOL (Short, Open, Load) calibration is performed at the end of the
coaxial line. Growth monitoring was performed by inoculating bacterial
preculture into 10 mL of culture medium (TSB or NB) and measures were
taken every 30 min for 24 h. A lid held in place by parafilm was placed
on top to maintain the sterility of the solution during the experiment and
the whole sensor was then placed in an oven at 28 °C. For P. aeruginosa,
the temperature was set at 37 °C; measurement were performed every
30 min for 48 h. The frequency range of the measurements is from 0.03
GHz to 3.0 GHz. To investigate reflection of a coaxial probe, electro-
magnetic simulations were realized using the software HFSS (High
Frequency Structural Simulator) from ANSYS. It utilizes tetrahedral
mesh elements to determine a solution to a given electromagnetic
problem. Simulation sweeps were realized between 0.1 and 3.0 GHz.

2.4. Growth kinetics determination

Cells and biofilm formation kinetics were carried out for both bac-
teria. The pre-culture was inoculated in 60 mL of TSB to reach a con-
centration of 2 x 10° CFU/mL for V. natriegens and 2 x 10’ for
P. aeruginosa, in the same tank above the sensor. Every 30 min during 24
h and 48 h respectively, 500 pL of medium is collected and the ODgqg is
measured with a spectrophotometer (TECAN Infinite™). Biofilm for-
mation kinetics was performed by labelling the biofilm with Crystal
Violet in 96-well plates. At each measurement time, 50 pL of a Crystal
Violet solution was added. After 10 min, the content of the wells was
removed and a very delicate washing was performed by soaking the
plates in a distilled water bath. Finally, 200 pL of ethanol was added to
solubilize the stained adhered cells. The determination of the specific
biofilm formation (SBF) value was calculated according to the method of
Naves et al. [31].

3. Results and discussion

The development of radiofrequency sensors dedicated to bacteria
growing monitoring is based on the variations of the real part of the
complex dielectric permittivity (¢’) and of the loss tangent or electrical
conductivity (tan (8) or 6). In this part, we focus on a sensor based on an



M. Longo et al.

(@) (b)

Sensing and Bio-Sensing Research 36 (2022) 100493

Fig. 1. Sketch of the probe. a) 3D view; b) side view and c) bottom view. The brass parts, the solution and the dielectric parts are respectively in red, blue and green.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. HFSS simulations of S;; parameter. a) variation of the electrical conductivity ¢ for a fixed value of ¢’ = 81. b) variation of the relative dielectric permittivity &

for a fixed value of 6 = 1.5 S/m.

open-ended coaxial transmission line which displays an intense electric
field at sensor/medium interface where a biofilm is expected to growth.
Fig. 1 shows the design of the sensor. Fig. 1(a) represents the 3D view of
the bioreactor, with the sensor in red and the solution in blue which can
be filled with bacterial culture solution. The height and radius of the
solution were both set to 50 mm (filled tank). Fig. 1(b) and Fig. 1(c) are
2D views. The sensor is based on the principle of an open-ended coaxial
probe.

Fig. 2 displays the simulated variation of the S;; parameter with the
electrical conductivity o (Fig. 2(a)) and the real part of the dielectric
permittivity € (Fig. 2(b)) of the surrounding solution. In Fig. 2(a), at low
frequencies, the S;; values depend linearly on the conductivity. This is
explained by an increase of dielectric losses (tan (8)) initiated by an
increase of c. At frequencies above 1.0 GHz, the reflection parameter
seems to tend towards a unique value, independently of the conductiv-
ity. This result is interpreted by a limited influence of the conductivity
above 1 GHz. These results prove the interest of working with such
device between 0.1 and 1.0 GHz to get a high sensitivity of S1; to the
electrical conductivity. Fig. 2(b) evaluates the impact of € on the S
parameter. Values between 66 and 81 are selected to cover a large
variation of this parameter in agreement with previous works [16,32].
The electrical conductivity ¢ was set to 1.5 S/m, the value of the control
TSB medium. As shown, the S;; values are almost constant in the 100/
500 MHz range. The variation does not exceed 0.25 dB below 1.0 GHz.
Above this frequency, some differences clearly appears on S;1 parameter
making difficult to differentiate the influence of both ¢’ and ¢ from the
sensor response. These results demonstrate clearly the interest of
working in the low frequency range with the proposed sensor to be only

sensitive to ¢ without any influence of €.

The influence of bacteria and biofilm growth on the sensor response
was studied experimentally. Measurements were made with an interval
of 30 min after the inoculation of the bacteria. Fig. 3(a) shows the
experimental S;; data as a function of frequency during the growth of
Vibrio natriegens and for different incubation times. Measurements of the
NB media are highlighted in red and show a value of —7.75 dB at 50 MHz
which then increase from 0.3 GHz to 3.0 GHz. During the growing of
bacteria, the same pattern as the control medium is displayed with a
clear decrease of the S values. This behavior is observed in simulations
and proves the strong correlation between the increase of electrical
conductivity and bacterial concentration. Above 1.0 GHz, all curves
merge progressively into a unique value indicating, in agreement with
simulations, a loss of sensitivity to o. Fig. 3(b) shows the AS;; (S11
normalized to the control media values) as function of the incubation
time for several frequencies below 2 GHz. The same trend is observed at
all frequencies, i.e. a clear decrease of the AS;; value during the first two
hours of growth, then slows down to reach a constant value after 6 h of
incubation time. As expected from simulations, the sensitivity of the
method is enhanced at low frequencies leading to an initial value of
—0.72 dB/h at 0.3 GHz against —0.22 dB/h at 2.0 GHz.

Fig. 3(c) shows the measured growth kinetics of the suspended
bacteria and the biofilm formation of Vibrio natriegens strains made by
optical density measurements (ODgg) and Crystal Violet staining. The
planktonic development of the bacteria in these experimental conditions
is fast and lasts about 7 h to reach a maximum concentration of almost
108 CFU.mL L. The amount of bacteria in the solution is then stable until
the end of the experiment. As observed, very weak SBF values are
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Fig. 3. Sensor response and growth kinetics of the bacterium Vibrio natriegens.
a) S;1 measurements of the bacterium during its growth during 24 h. b) Vari-
ability of the S;; normalized in function of the control NB culture media at the
frequencies of 0.3, 0.5, 1.0 and 2.0 GHz. ¢) Growth and biofilm forma-
tion kinetics.

measured indicating no biofilm formation. Such results proves that
V. natriegens is a fast growing bacterium [33-35] but its biofilm for-
mation remains negligible. Such results display a very good agreement
between the sensor response and the conventional measurements per-
formed on bacteria growth in a bioreactor, indicating the ability of the
method to monitor in real-time bacteria growing. At 0.3 GHz frequency,
the first two hours of growth show a decrease of 1.45 dB. Over this
period of time, the bacterial concentration increases from 2.0 x 10° to
3.2 x 10° which corresponds to a slope of 0.95 dB/log(CFU) or 0.95 dB/
log(ODggp). In the work of Narang et al. [19], a microfluidic microwave
ring resonator is used to detect the presence of E. coli in a liquid medium
under different pH conditions. A maximum sensitivity of 0.4771 dB/log
(ODggp) was obtained indicating the high sensitivity achieved with the
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Fig. 4. Sensor response and growth kinetics of the bacterium Pseudomonas
aeruginosa. a) S1; measurements of the bacterium during its growth during 48 h.
b) Variability of the S;; normalized in function of the control TSB culture media
at the frequencies of 0.3, 0.5, 1.0 and 2.0 GHz. c¢) Growth and biofilm forma-
tion kinetics.

present method. Moreover, given the variations observed at the shelf
level, the background noise seems to be close to 0.04 dB which corre-
sponds to a sensitivity of 2.3 x 10* CFU/mL i.e. a sensitivity close to that
obtained recently in Piekarz et al. work. [24].

The ability of the sensor to detect suspended bacteria in solution
being established, similar experiment was performed with P. aeruginosa,
a bacteria which is known to produce a biofilm. Fig. 4(a) displays the S1;
parameter as function of the frequency for different inoculation times.
As for V. natriegens, S1; values are decreasing during the growth of the
bacteria. The different initial values of the S;; parameter and the shape
of the curves below 500 MHz between the two experiments is ascribed to
the two different media used.

Fig. 4(b) shows the AS;; parameter as function of the incubation
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time for several frequencies below 2 GHz. Initially, the variation is
similar to the Vibrio natriegens one, with a decrease that slows down to a
stationary phase after 6 h. However, at 7 h of incubation time, a further
decrease clearly appears on the measurements. In contrast to bacteria
growing, this process is a long time process and stops only after about 60
h of incubation for a stabilization (data not shown). Note that this
further decrease can be observed only below 1 GHz due to the highest
sensitivity of the sensor in this range. Fig. 4 (c) displays the growth
curves of planktonic bacteria and biofilm. The growth of P. aeruginosa is
a little longer than V. natriegens and lasts between 8 and 10 h, then a
stationary phase appears with minor variations at a final concentration
of 4.4 x 10° CFU/mL. The sensitivity for this bacteria is about 0.82 dB/
log(ODggp) on the linear phase on the first 2 h. This difference with
V. natriegens highlights the dispersion of results due to the nature of the
cells studied, which had already been slightly discussed by Russel et al.
[17]. Indeed, the physicochemical properties of the cells (size, mem-
brane thickness, roughness) will strongly influence the measurements
and can explain these differences in sensitivity which has not often been
taken into account in studies.

In contrast to V. natriegens, this bacteria produce a large amount of
biofilm. The SBF index starts to be significant from 6 h of incubation.
The increase progressively slows down with time, showing a shelf at 48
h of growth. The different phases reported by the S;; parameter at low
frequencies are therefore clearly related to changes in the growth of the
bacteria and biofilm during the experiment. The rapid decrease during
the first 6 h corresponds to the growth of suspended bacteria only. The
next step is explained by the biofilm formation. Obviously, at 7-10 h
incubation time, the two processes are active since it corresponds to the
end of growing stage of bacteria and the start of biofilm formation.

These experimental results demonstrated that the sensor is thus able
to track the growth of suspended bacteria and biofilm formation in a
culture medium. To further prove the interest of the method, another
experiment aiming at isolating the biofilm formation was carried out.
Each bacteria was incubated during 48 h. In contrast to previous mea-
surements, the culture medium was renewed just before the S;; mea-
surements in order to simulate the effect of a flow cell. Fig. 5 shows the
S11 values measured at 24 h and 48 h for both the bacteria. Fig. 5(a)
corresponds to V. natriegens in the NB medium. The results indicate that
there are no significant variation of Sj;. Since the medium above the
probe is similar for each runs, only attached bacteria, i.e. the biofilm has
an influence on the S;; parameter. No biofilm formation is then
confirmed. Concerning P. aeruginosa, results on the Fig. 5(b) indicate a
significant drop of the S;; values over the frequency range below 1 GHz.
Beyond 2 GHz, as displayed in Fig. 4a, the S;; parameters after 24 and
48 h are very close and there is even an inversion of the curves. How-
ever, this slight inversion is not significant due to the used process,
which requires to renewal of the liquid. The decrease of the S;; over the
48 h is about 0.51 dB at 0.3 GHz which is very close to the variation of

S11 measured in Fig. 4(b) from 7 h of growth to the end of the experi-
ment. The impact of biofilm expansion on the sensor response is thus
well established and this confirms that, on Fig. 4(b), the two growths are
well identified. The slope was based on the evolution of the biofilm
thickness, leading to a biofilm specific sensitivity equal to —0.012 dB/h
at the frequency of 0.3 GHz.

4. Conclusion

The development of a sensor based on the electromagnetic waves
reflection is presented for the monitoring of bacteria and biofilm
growing. The principle of the sensor is based at about 300 MHz on the
variation of the electrical conductivity () or tangent loss (tan (8)) while
the influence of the dielectric permittivity on the data is negligible.
Having the ability to detect biofilms in the early stages of formation is
crucial. Key applications in aquatic microbiology are to find new anti-
microbial treatments with low resistance rates to prevent the occurrence
of disease, biofouling or bio-corrosion. This sensor brings a solution to
this problem and could be used in many fields to support other tech-
niques in biofilm prevention systems.

CRediT authorship contribution statement

Matthieu Longo: Investigation, Writing — original draft. Stéphane
Rioual: Conceptualization, Writing — original draft, Supervision. Phil-
ippe Talbot: Investigation, Writing — original draft. Fabienne Faj:
Conceptualization, Writing — original draft, Supervision. Claire Hellio:
Conceptualization, Writing — original draft, Supervision. Benoit Lescop:
Conceptualization, Writing — original draft, Supervision.

Declaration of Competing Interest
None
Acknowledgements

This work is also supported by the European Union through the
European Regional Development Fund (ERDF), the Ministry of Higher
Education and Research, the Région Bretagne, the Conseil général du
Finistere and Brest Métropole Océane, through the CPER Project 2015-
2020 MATECOM. This research was funded by Agence Nationale de la
Recherche (France), grant number ANR-19-SARG-0006.

References

[1] J.W. Costerton, Introduction to biofilm, Int. J. Antimicrob. Agents 11 (1999)
217-221.

[2] P.V. Bhaskar, N.B. Bhosle, Microbial extracellular polymeric substances in marine
biogeochemical processes, Curr. Sci. 88 (2005) 45-53.


http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0005
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0005
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0010
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0010

M. Longo et al.

[31

[4

=

(5]

[6]

7]

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

B. Burrowes, D.R. Harper, J. Anderson, M. McConville, M.C. Enright,
Bacteriophage therapy: potential uses in the control of antibiotic-resistant
pathogens, Expert Rev. Anti-Infect. Ther. 9 (2011) (2011) 775-785, https://doi.
org/10.1586/eri.11.90.

J.U. Kreft, JW. Wimpenny, Effect of EPS on biofilm structure and function as
revealed by an individual-based model of biofilm growth, Water Sci. Technol. 43
(2001) 135, https://doi.org/10.2166/wst.2001.0358.

T.F. Mah, B. Pitts, B. Pellock, G.C. Walker, P.S. Stewart, G.A. O'Toole, A genetic
basis for Pseudomonas aeruginosa biofilm antibiotic resistance, Nature 426 (2003)
306-310, https://doi.org/10.1038/nature02122.

J. Azeredo, N.F. Azevedo, R. Briandet, N. Cerca, T. Coenye, A.R. Costa,

C. Sternberg, Critical review on biofilm methods, Crit. Rev. Microbiol. 43 (2017)
313-351, https://doi.org/10.1080,/1040841X.2016.1208146.

M. Grossi, M. Lanzoni, A. Pompei, R. Lazzarini, D. Matteuzzi, B. Ricco, An
embedded portable biosensor system for bacterial concentration detection,
Biosens. Bioelectron. 26 (2010) 983-990, https://doi.org/10.1016/j.
bi0s.2010.08.039.

J. Paredes, S. Becerro, F. Arizti, A. Aguinaga, J.L. Del Pozo, S. Arana, Real time
monitoring of the impedance characteristics of Staphylococcal bacterial biofilm
cultures with a modified CDC reactor system, Biosens. Bioelectron. 38 (2012)
226-232, https://doi.org/10.1016/j.bios.2012.05.027.

Y.W. Kim, M.T. Meyer, A. Berkovich, S. Subramanian, A.A. Iliadis, W.E. Bentley,
R. Ghodssi, A surface acoustic wave biofilm sensor integrated with a treatment
method based on the bioelectric effect, Sens. Actuator A Phys. 238 (2016)
140-149, https://doi.org/10.1016/j.sna.2015.12.001.

J. Hoff, B. Daniel, D. Stukenberg, B.W. Thuronyi, T. Waldminghaus, G. Fritz, Vibrio
natriegens: an ultrafast-growing marine bacterium as emerging synthetic biology
chassis, Environ. Microbiol. 22 (2020) 4394-4408, https://doi.org/10.1111/1462-
2920.15128.

L. Liu, Y. Xu, F. Cui, Y. Xia, L. Chen, X. Mou, J. Lv, Monitoring of bacteria biofilms
forming process by in-situ impedimetric biosensor chip, Biosens. Bioelectron. 112
(2018) 86-92, https://doi.org/10.1016/j.bios.2018.04.019.

H.P. Schwan, Electrical properties of tissue and cell suspensions, Adv. Biol. Med.
Phys. 5 (1957) 147-209, https://doi.org/10.1016/B978-1-4832-3111-2.50008-0.
M.H. Sarrafzadeh, L. Belloy, G. Esteban, J.M. Navarro, C. Ghommidh, Dielectric
monitoring of growth and sporulation of Bacillus thuringiensis, Biotechnol. Lett. 27
(2005) 511-517, https://doi.org/10.1007/s10529-005-2543-x.

F. Artis, T. Chen, T. Chretiennot, J.J. Fournie, M. Poupot, D. Dubuc, K. Grenier,
Microwaving biological cells: intracellular analysis with microwave dielectric
spectroscopy, IEEE Microw. Mag. 16 (2015) 87-96, https://doi.org/10.1109/
MMM.2015.2393997.

R.A. Alahnomi, Z. Zakaria, Z.M. Yussof, A.A. Althuwayb, A. Alhegazi, H. Alsariera,
N.A. Rahman, Review of recent microwave planar resonator-based sensors:
techniques of complex permittivity extraction, applications, open challenges and
future research directions, Sensors 21 (2021) 2267, https://doi.org/10.3390/
521072267.

F. Artis, D. Dubuc, C. Blatche, K. Grenier, Biological cells proliferation in
microwave microsystems, in: 2012 IEEE/MTT-S Int. Microw. Symp. Digest 1-3,
IEEE, 2012.

M. Russel, M. Sophocleous, S. JiaJia, W. Xu, L. Xiao, T. Maskow, J. Georgiou, High-
frequency, dielectric spectroscopy for the detection of electrophysiological/
biophysical differences in different bacteria types and concentrations, Anal. Chim.
Acta 1028 (2018) 86-95, https://doi.org/10.1016/j.aca.2018.04.045.

I. Nakouti, O. Korostynska, A. Mason, A.I. Al-Shamma’a, Detection of pathogenic
bacteria in aqueous media: assessing the potential of real-time electromagnetic
wave sensing, Int. J. Smart Sens. Intell. Syst. 7 (2020) 5.

R. Narang, S. Mohammadi, M.M. Ashani, H. Sadabadi, H. Hejazi, M.H. Zarifi,

A. Sanati-Nezhad, Sensitive, real-time and non-intrusive detection of concentration

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Sensing and Bio-Sensing Research 36 (2022) 100493

and growth of pathogenic bacteria using microfluidic-microwave ring resonator
biosensor, Sci. Rep. 8 (2018) 1-10, https://doi.org/10.1038/541598-018-34001-w.
S. Mohammadi, A.V. Nadaraja, K. Luckasavitch, M.C. Jain, D.J. Roberts, M.

H. Zarifi, A. Label-Free, Non-intrusive, and rapid monitoring of bacterial growth on
solid medium using microwave biosensor, IEEE Trans. Biomed. Circuits Syst. 14
(2020) 2-11, https://doi.org/10.1109/TBCAS.2019.2952841.

M.C. Jain, A.V. Nadaraja, B.M. Vizcaino, D.J. Roberts, M.H. Zarifi, Differential
microwave resonator sensor reveals glucose-dependent growth profile of E. coli on
solid agar, IEEE Microw. Wirel. Compon. Lett. 30 (2020) 531-534, https://doi.org/
10.1109/LMWC.2020.2980756.

M.C. Jain, A.V. Nadaraja, S. Mohammadi, B.M. Vizcaino, M.H. Zarifi, Passive
microwave biosensor for real-time monitoring of subsurface bacterial growth, IEEE
Trans. Biomed. Circuits Syst. 15 (2021) 122-132, https://doi.org/10.1109/
TBCAS.2021.3055227.

M.C. Jain, A.V. Nadaraja, R. Narang, M.H. Zarifi, Rapid and real-time monitoring
of bacterial growth against antibiotics in solid growth medium using a contactless
planar microwave resonator sensor, Sci. Rep. 11 (2021) 14775, https://doi.org/
10.1038/541598-021-94139-y.

1. Piekarz, S. Gorska, S. Odrobina, M. Drab, K. Wincza, A. Gamian, S. Gruszczynski,
A microwave matrix sensor for multipoint label-free Escherichia coli detection,
Biosens. Bioelectron. 147 (2020), 111784, https://doi.org/10.1016/j.
bi0s.2019.111784.

N.A. Hoog, M.J.J. Mayer, H. Miedema, W. Olthuis, A.A. Tomaszewska, A.

H. Paulitsch-Fuchs, A. Van den Berg, Online monitoring of biofouling using coaxial
stub resonator technique, Sens. Bio-sens. Res. 3 (2015) 79-91, https://doi.org/
10.1016/j.sbsr.2014.10.012.

A. Zachary, An ecological study of bacteriophages of Vibrio natriegens, Can. J.
Microbiol. 24 (1978) 321-324, https://doi.org/10.1139/m78-053.

M.T.T. Thi, W. David, H.R. Bernd, Pseudomonas aeruginosa biofilms, Int. J. Mol.
Sci. 21 (2020) 8671, https://doi.org/10.3390/ijms21228671.

T. Rasamiravaka, Q. Labtani, P. Duez, M., El Jaziri, bioactive natural products:
facts, applications, and challenges, BioMed. Res. Inter. (2015), 759348, https://
doi.org/10.1155/2015/759348.

D.G. Ha, G.A., O'Toole, c-di-GMP and its effects on biofilm formation and
dispersion: a Pseudomonas aeruginosa review, Microbiol. Spectr. 3 (2015), https://
doi.org/10.1128/microbiolspec.MB-0003-2014. MB-0003-2014.

R. Mansour, S. Rioual, B. Lescop, P. Talbot, M. Abboud, W. Farah, G. Tanné,
Development of a resonant microwave sensor for sediment density
characterization, Sensors 20 (2020) 1058, https://doi.org/10.3390/520041058.
P. Naves, G. Del Prado, L. Huelves, M. Gracia, V. Ruiz, J. Blanco, F. Soriano,
Measurement of biofilm formation by clinical isolates of Escherichia coli is method-
dependent, J. Appl. Microbiol. 105 (2008) 585-590, https://doi.org/10.1111/
j-1365-2672.2008.03791.x.

M. Merabet, Radio-frequency and microwave spectroscopy investigation of
bacteria solutions: determination of the aggregation threshold, Int. J. Embed. Syst.
11 (2019) 60-67.

E. Hoffart, S. Grenz, J. Lange, R. Nitschel, F. Miiller, A. Schwentner, B. Blombach,
High substrate uptake rates empower vibrio natriegens as production host for
industrial biotechnology, Appl. Environ. Microbiol. 83 (2017) e01614-e01617,
https://doi.org/10.1128/AEM.01614-17.

R.G. Eagon, Pseudomonas Natriegens, a marine bacterium with a generation time of
less than 10 minutes, J. Bacteriol. 83 (1962) 736-737, https://doi.org/10.1128/
jb.83.4.736-737.1962.

H.H. Lee, N. Ostrov, B.G. Wong, M.A. Gold, A.S. Khalil, G.M. Church, Vibrio
natriegens, a new genomic powerhouse, bioRxiv (2016), 058487, https://doi.org/
10.1101/058487.


https://doi.org/10.1586/eri.11.90
https://doi.org/10.1586/eri.11.90
https://doi.org/10.2166/wst.2001.0358
https://doi.org/10.1038/nature02122
https://doi.org/10.1080/1040841X.2016.1208146
https://doi.org/10.1016/j.bios.2010.08.039
https://doi.org/10.1016/j.bios.2010.08.039
https://doi.org/10.1016/j.bios.2012.05.027
https://doi.org/10.1016/j.sna.2015.12.001
https://doi.org/10.1111/1462-2920.15128
https://doi.org/10.1111/1462-2920.15128
https://doi.org/10.1016/j.bios.2018.04.019
https://doi.org/10.1016/B978-1-4832-3111-2.50008-0
https://doi.org/10.1007/s10529-005-2543-x
https://doi.org/10.1109/MMM.2015.2393997
https://doi.org/10.1109/MMM.2015.2393997
https://doi.org/10.3390/s21072267
https://doi.org/10.3390/s21072267
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0080
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0080
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0080
https://doi.org/10.1016/j.aca.2018.04.045
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0090
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0090
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0090
https://doi.org/10.1038/s41598-018-34001-w
https://doi.org/10.1109/TBCAS.2019.2952841
https://doi.org/10.1109/LMWC.2020.2980756
https://doi.org/10.1109/LMWC.2020.2980756
https://doi.org/10.1109/TBCAS.2021.3055227
https://doi.org/10.1109/TBCAS.2021.3055227
https://doi.org/10.1038/s41598-021-94139-y
https://doi.org/10.1038/s41598-021-94139-y
https://doi.org/10.1016/j.bios.2019.111784
https://doi.org/10.1016/j.bios.2019.111784
https://doi.org/10.1016/j.sbsr.2014.10.012
https://doi.org/10.1016/j.sbsr.2014.10.012
https://doi.org/10.1139/m78-053
https://doi.org/10.3390/ijms21228671
https://doi.org/10.1155/2015/759348
https://doi.org/10.1155/2015/759348
https://doi.org/10.1128/microbiolspec.MB-0003-2014
https://doi.org/10.1128/microbiolspec.MB-0003-2014
https://doi.org/10.3390/s20041058
https://doi.org/10.1111/j.1365-2672.2008.03791.x
https://doi.org/10.1111/j.1365-2672.2008.03791.x
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0160
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0160
http://refhub.elsevier.com/S2214-1804(22)00022-8/rf0160
https://doi.org/10.1128/AEM.01614-17
https://doi.org/10.1128/jb.83.4.736-737.1962
https://doi.org/10.1128/jb.83.4.736-737.1962
https://doi.org/10.1101/058487
https://doi.org/10.1101/058487

	A high sensitive microwave sensor to monitor bacterial and biofilm growth
	1 Introduction
	2 Material and methods
	2.1 Microorganism preculture and cell growth
	2.2 Experimental setup
	2.3 Electromagnetic simulations and characterisations
	2.4 Growth kinetics determination

	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


