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Here we demonstrate the proof-of-principle that a coaxial stub resonator can be used to detect early
stages of biofilm formation. After promising field tests using a stub resonator with a stainless steel inner
conductor as sensitive element, the sensitivity of the system was improved by using a resonator of
shorter physical length, implying higher resonance frequencies (and by that a higher frequency range
of operation) and improved sensitivity towards dispersion. In addition, the space between inner and
outer conductor was filled up with glass beads, thereby exploiting the larger surface area available for
biofilm formation.

Analysis of the biofilm and the stub resonator signal, both as function of time, indicates that the sensor
allows detection of early stages of biofilm formation. In addition, the sensor signal clearly discriminates
between the first stages of biofilm formation (characterized by separated, individual spots of bacterial
growth on the glass beads) and the presence of a nearly homogeneous biofilm later on in time. Model
simulations based on the transmission line theory predict a shift of the sensor response in the same direc-
tion and order of magnitude as observed in the biofouling experiments, thereby confirming the operating
principle of the sensor.

� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Biofouling, i.e., the colonisation of an interface by a diverse
array of organisms, affects surfaces and by that may have
detrimental effects on the operation of processes in the field of
water technology such as, raw water pre-treatment, drinking
water production and distribution, wastewater treatment, indus-
trial water cooling and water quality analysis [1–6].

Because of the high impact of biofouling on process operation
and by implication high economic cost, in recent years there has
been an increasing interest in developing an on – line sensor able
to monitor biofilm formation in real time, especially in an early
stage [7–9]. Despite all the efforts to engineer such a sensor,
discussed in detail in [10–16], reliable detection technology for
(the onset of) biofouling is still lacking.
Existing technologies rely on pressure drop changes [14,17], dif-
ferential heat transfer [10,19] or differential turbidity [20]. Actu-
ally, none of these methods can reliably detect biofouling in an
early stage. Changes are detected when it is already too late and
the system operation already suffers from serious impairment.

Of all the different detection technologies to track biofouling,
actuators that are either acoustic [21], optical [22] or electromag-
netic [23] in nature are most reliable and most sensitive [10,24].
A drawback of all these devices is however that the actual detector
required is rather expensive whether that is e.g., an optical sensor
[25], an analyser for scattering (S) parameters [18] or an imped-
ance analyser [26].

The motivation to develop a new type of biofouling sensor was
based, firstly, on the realization that we really need the detection
of biofouling in a much earlier stage than currently available and,
secondly, to offer a more cost effective alternative for existing tech-
nology. In the present study we demonstrate the feasibility of a
(flow-through) coaxial stub resonator as a sensitive element of a
biofouling sensor. Such resonator systems and their amplitude-fre-
quency or AF response has been characterized, simulated and
reported by the authors previously [27–31]. We discuss two
different designs of such resonators. The first one has an inner
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and outer conductor separated by a fluid. The formation of a
biofilm on the surface of the inner conductor (and on the surface
of the outer conductor but to a much lesser extent) affects the skin
effect of the inner conductor as well as the dielectric between inner
and outer conductors thereby changing the AF response of the res-
onator. In the second type of resonator, the space in between both
conductors is filled up with glass beads (Fig. 1).

The changes in AF response are caused by both the formation of a
biofilm on the surface of the glass beads and the reaction of the inner
conductor surface to the amount of nutrients in the feed stream. In
this case, the response is more related to an (apparent) change in
composition of the feed solution. The sensor geometry and dimen-
sions were designed such that the sensor can be operated at flow
conditions that are relevant for process operation in industrial
equipment and piping and that the required electronics equipment
can be produced in a cost effective way. Additional advantages of
our sensor compared to currently existing ones are that it operates
as an early warning system and is low in maintenance.

2. Materials and methods

2.1. Sensor description

Fig. 1 shows a schematic outline and the basic elements of a
sensor based on a stub resonator coaxial transmission line, dis-
cussed in detail previously [27–31].

The resonator itself consists of an inner and outer conductor
separated by a fluid of certain dielectric permittivity. A change in
this (effective) permittivity of the fluid, e.g., due to a change in fluid
composition, will alter the resonator characteristics. Formation of a
biofilm on the surface of the inner and/or outer conductor will also
change the behaviour (i.e., resonant frequency and quality factor)
of the resonator. In general, the system is more sensitive to
changes at the surface of the inner conductor than of the outer con-
ductor. Obviously, the larger the surface area covered with biofilm
mass, the higher the volume fraction of biofilm dielectric between
inner and outer conductor. As explained in a previous study [28],
an inner conductor of larger diameter will however not result in
a more sensitive sensor, an effect due to stronger converging elec-
tric field lines near an inner conductor of smaller diameter. There is
however a way to enlarge the effective surface area without com-
promising the sensor’s sensitivity. Surface area enhancement can
also be accomplished by filling up the space in between both con-
ductors e.g., with glass beads (see Fig. 1). A schematic cross section
of such system is shown in Fig. 3. The formation of a biofilm on the
surface of the glass beads (in red) introduces a dielectric permittiv-
ity that differs from the permittivity of the glass and the fluid. As a
result, the resonant frequency and quality factor (amplitude ratio)
shift upon biofouling of the glass beads surface.

2.2. The dielectric properties of a coaxial resonator filled with glass
beads covered with a biofilm

The effective dielectric permittivity eeff and the effective loss
tangent tandeff of a coaxial resonator with multiple concentric lay-
Fig. 1. Schematic 3D image of the coax sensor with a length of 30 cm and an outer
conductor diameter of 25.4 mm filled with glass beads. Also indicated are the input
and output ports used for fluid flow-through.
ers of different dielectric permittivity has been described in [33,34]
and is expressed by:

eeff ¼ f ðer1;er2; . . . ; ernÞ ð1Þ

tan deff ¼ f ðtan d1; tan d2; . . . ; tan dnÞ ð2Þ

In an ideal resonator without any losses, the resonance
frequency fres of an open ended (k/4) and closed end (k/2) resonator
are given by Eqs. (3a) and (3b), respectively. In this special case, the
dielectric constant ere can be determined directly from Eqs. (3a)
and (3b) [27,28].

f res ¼
2n� 1

2 � p �
ffiffiffiffiffiffi
LC
p ¼ c � ð2n� 1Þ

4l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffieree0lrel0
p ð3aÞ

f res ¼
n

2 � p �
ffiffiffiffiffiffi
LC
p ¼ c � n

2l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffieree0lrel0
p ð3bÞ

where c represents the speed of light in vacuum (m/s), n the order
number of fres (Hz), l the length of the resonator (m), lr relative
magnetic permeability of the dielectric between inner and outer
conductors (–), l0 the absolute vacuum permeability (H/m), e0 the
absolute vacuum permittivity (F/m) and ere the real part of the rel-
ative effective dielectric constant. Note that the capacitance C in
Eqs. (3a) and (3b) is determined by the real part ere of er.

For a lossy resonator, polarization and conductivity losses in the
dielectric under investigation, as well as resistance losses in the
inner and outer conductors, must be taken into account. A detailed
model accounting for these losses, essentially based on telegra-
pher’s equations, is explained in [35].

In order to describe the behaviour of the biofouling sensor i.e., a
lossy resonator packed with glass beads on which a film of biofoul-
ing can grow, the model described in [35] was extended with
expressions for both the effective dielectric permittivity er and
the effective conductivity of the composite dielectric consisting
of glass beads with biofilm, immersed in a feed substrate.

For a lossy dielectric, complex dielectric permittivity can be
described as:

er ¼ ere � jeim ð4Þ

where ere and eim represent the real and imaginary parts of er,
respectively.

The effective loss tangent tandeff (–), which is a measure for the
dielectric losses in the system, is expressed by Eq. (5):

tan deff ¼
xeim þ reff

xere
ð5Þ

where eim and reff reflect the polarization losses and the conductiv-
ity losses in the dielectric, respectively, and x = 2pf the angular fre-
quency, in rad/s.

In the following, two models for the effective dielectric permit-
tivity of the composite dielectric will be discussed.

For this, we consider the coaxial resonator packed with glass
beads with dielectric permittivity egb and volume fraction ugb [–]
(see Fig. 3). The glass beads are covered with a biofouling layer
with dielectric permittivity el and volume fraction ul. The free
space in between the beads is occupied by feed substrate with
dielectric permittivity em and volume fraction um.

The first model is known as Lichtenecker’s logarithmic law and
is based on the assumption that the individual components in the
mixture are randomly distributed over the total volume of that
mixture [34].

According to Lichtenecker’s logarithmic law the effective
permittivity eceff of the (composite) space between inner and outer
conductor is given by:

log eceff ¼
Xn

i¼1

ui � log ei ð6Þ
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log eceff ¼ ugb � log egb þul � log el þum � log em ð7Þ

The second model for the effective dielectric permittivity, fur-
ther on referred to as the ‘‘parallel dielectric layers model’’ is based
on the assumption that the resonator is filled with subsequent lay-
ers of the individual components of the composite dielectric i.e.,
with a layer of glass, a layer of biofilm and a layer of feed substrate.

According to the ‘‘parallel dielectric layers model’’ the effective
dielectric permittivity eceff of the composite space between inner
and outer conductor is given by:

eceff ¼ ugb � egb þul � log el þum � log em ð8Þ

The validity of both models for the composite system in Fig. 3
will now be discussed. From an electrical point of view, biofilm for-
mation in a resonator, filled with feed substrate and a packed bed
of glass beads as dielectric, can be seen as replacing feed substrate
volume by biofilm volume. Therefore, the response changes of the
resonator are primarily determined by the difference in dielectric
properties of the biofilm and the feed substrate.

However, biofilm formation introduces a third dielectric in the
resonator volume and a difference between the biofilm and the
feed substrate is that the biofilm preferentially forms on the sur-
face of the glass beads. This is important since the dielectric prop-
erties of the composite material in the resonator are not only
determined by the volume fraction of the biofilm in the composite
material but also by its distribution over the total composite vol-
ume. Since a packed bed of glass beads is present between the
inner and outer conductors of the resonator, and since biofilm for-
mation preferentially occurs at the glass bead surface, formation of
biofilm may result in ‘‘thin biofilm sheet structures’’ throughout
the resonator volume, connecting the inner conductor with the
outer conductor. However, not all biofilm will be part of a ‘‘direct
biofilm connection’’ between inner and outer conductors. A similar
reasoning can be held for the packed bed of glass beads.

From the reasoning above, it becomes clear that the system in
Fig. 3 cannot be considered as randomly distributed elements of
biofilm, glass beads and feed substrate over the total dielectric vol-
ume. However, it can also not be considered as a volume filled with
subsequent layers of the individual components of the composite
dielectric. In reality, the value of eceff is expected to be in between
the results calculated by model 1 and model 2. In this contribution,
both models will be applied as limiting cases to estimate the value
of eceff.

To calculate the effective loss tangent tandeff the effective con-
ductivity of the system rceff [S/m] was determined assuming that
model 2 applies i.e., that the resonator volume is filled with subse-
quent layers of the individual components of the composite dielec-
tric, resulting in Eq. (9):

rceff ¼ ugb � rgb þul � rl þum � rm ð9Þ

This assumption is considered reasonable for estimating rceff

since the feed substrate is the continuous phase (directly connect-
ing the inner and outer conductors from an electrical point of view)
and since it has a high conductivity as compared to the glass beads.
This means that the term ugb�gb is negligible in practice as com-
pared to the term um�m. The biofilm is present around the glass
beads and its conductivity is also considerably higher than that
of the glass beads. Further, as previously explained, ‘‘thin biofilm
sheet structures’’ connect the inner and out conductors. So to some
extent, the biofilm and feed substrate can be considered indeed to
be present in the resonator according to model 2.

2.3. Biofouling formation and structure

In literature, several models on biofilm formation were pro-
posed [8,37–40]. Based on these models we have the following
view on biofilm formation in the coaxial resonator system filled
with glass beads:

– Almost immediately after bringing the glass beads in contact
with feed substrate, containing a suspension of bacteria, its sur-
face is covered by a so-called primary film (conditioning film),
modifying the properties of the surface. Formation of such a
layer of surface active molecules is the first step prior to the
actual formation of the bacterial film and may last for a few sec-
onds to minutes after the glass surface is exposed to the feed
substrate [41].

– Primary film formation can be followed by a secondary coloni-
zation of bacteria that benefit from a protective environment in
the biofilm and/or feed on the remnants of other bacteria. In
this secondary community, better resource or space competi-
tors may exclude less competitive organisms [42–44].

– Stable biofilms are composed primarily of microbial cells and
extracellular polymeric substances (EPS) secreted by these cells.
The EPS fraction consists basically of polysaccharides, account-
ing for up to 50–90% of the total organic carbon of biofilms and
proteins. The polysaccharides can be considered the primary
matrix material of the biofilm [45].

For describing the dielectric properties of the biofilm, following
assumptions were made:

– The biofilm mainly consists of water i.e., the mass fraction of
water in the biofilm is higher than about 0.90 and lower than
about 0.98 [46,54–57] and a good approximation of the biofilm
is 1000 kg/m3 [61].

– The real part of relative dielectric permittivity ere of the viable
bacteria and the EPS layer in the biofilm are 60 [52] and 70
[58], respectively.

– Even though the composition of the EPS layers most likely
depends on the exact process conditions, its composition was
considered to be constant during the course of the experiments
of this study. Existing literature report polysaccharides [62] and
proteins as dominant EPS components [63].

– According to [52] the overall composition formula of the bio-
mass is expressed by Eq. (10):

C : Hð1:77Þ : Oð0:49Þ : Nð0:24Þ ð10Þ
2.4. Experimental setups

2.4.1. Half-wave closed ended coaxial resonator
We started out with a half-wave (instead of quarter-wave)

closed ended coaxial resonator. This resonator was essentially very
similar to the one shown in Figs. 1 and 2 but without the glass
beads. Table 1 summarizes the physical dimensions of this stub
resonator.

2.4.2. Quarter-wave open-ended coaxial stub resonator
Fig. 4 shows a schematic overview of the experimental set-up

used to monitor biofouling. The system comprises three identical
flow-through systems, each of them equipped with a peristaltic
pump (Masterflex), two tubes and a vessel of 120 L, with pump,
tubes and vessel all interconnected to a closed configuration. The
construction of the dummies which have the same geometry as a
coaxial sensor excluding an inner conductor, the mode of operation
and the experimental conditions were also exactly the same as
those for the coaxial resonator. These five dummies, all running
in parallel with the actual resonator tube, provided five indepen-
dent controls. This set up made it possible to obtain a control sam-
ple each day (up to five) the experiment was running without
disturbing the process of biofilm formation in the remaining tubes,



Fig. 2. Schematic outline of the coaxial stub resonator sensing system consisting of
a function generator (FG), a spectrum analyzer (SA) and the coaxial stub resonator
(RE). The dotted inlet and outlet indicate that the flow-through resonator can be
optionally used as batch resonator.

Fig. 3. Schematic cross section of the coaxial stub resonator filled with glass beads
of which the surface is covered by a biofouling layer (red). We distinct three types of
dielectric between inner and outer conductor: feed substrate (green, dielectric
permittivity em (–), loss tangent tandm (–), glass beads (blue, dielectric permittivity
egb (–), loss tangent tandgb (–) and biofouling layer (red, dielectric permittivity el (–),
loss tangent tandl (–). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Geometric parameters of the flow-through resonator. The outer and the inner
conductors of the resonator were both made from stainless steel 316L.

Parameter Flow-through resonator

Length, l 1.05 (m)
Inner conductor diameter, d 5 � 10�3 (m)
Inner diameter of the outer conductor, D 75 � 10�3 (m)
Diameters of the fluid inlet and outlet 27 � 10�3 (m)
Conductivity of stainless steel 316L, r 1.45 � 106 (S nm�1)
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including the actual resonator. Feed substrate, ‘contaminated’ with
bacteria cells, was dosed from a supply vessel into each tube by a
peristaltic pump at a flow rate of 1.2 L h�1.

Table 2 gives an overview of the dimensions of the quarter-
wave coaxial stub resonators applied in this study, see also Figs. 1
and 2.

In order to control variations in the resonance frequency and
the shape of a response signal a HAMEG HMS3010 3 GHz Spectrum
Analyzer with Tracking Generator was used. (It should be
mentioned that this type of Spectrum Analyzer does not have a
fixed input voltage of the tracking generator for each piece of
equipment. In this study three different Spectrum Analyzer were
used (see also MATLAB codes in the ‘‘Supplementary information’’).

The interconnecting transmission lines have all a characteristic
impedance Z0 of 50 Ohm. The transmission lines were connected to
the resonator by using SMA (SubMiniature version A) connectors
all with a total length of 20 mm.

To prevent corrosion of SMA connectors the sensors were filled
with a 1–1.5 cm layer of epoxy resin at the bottom of the sensor,
thereby fully immersing the SMA connectors in the resin. The real
part of dielectric permittivity ere of epoxy resin is 3–6 [47].

It should be also mentioned that the difference of the total vol-
ume of the dummy and total volume of the resonator with the
inner conductor of 5 mm is 4%. This difference in available internal
volume is caused by the absence of an inner conductor in the
dummies.

The differences in amount of glass beads 14% (the average
amount of glass beads in the dummy (resonator without an inner
conductor) is 2030 and the average amount in the resonator with
an inner conductor 1750).

2.4.3. Feed substrate
In order to enhance bacterial growth the installation was fed

with substrate consisting of a solution of NaCH3COO, NaNO3 and
NaH2PO4 in tap water, resulting in a mass ratio C:N:P of
100:20:10 [46]. All chemicals were purchased in analytical grade
(Boom B.V., Meppel, Netherlands) and dissolved in tap water. For
the simulations, the value of em of the feed substrate was set at
78 (see also the MATLAB code in the ‘‘Supplementary
information’’).

2.4.4. Glass beads
The coaxial resonator tubes and dummies, all with a volume of

137.4 ml, were packed with glass beads of 4 mm diameter (Merck
KGaA, Germany), with a total number of beads per tube of, on aver-
age, 2030. The surface area of a single glass bead is 0.5 cm2. The
dielectric permittivity of glass egb varies within a range of 3.8–19
[48–50]. The dielectric permittivity of quartz glass is 3.8 and that
of regular window glass 7.6. Taking into account that the porosity
of glass beads is less than that of regular window glass, in this
study egb was assumed to be 5.8 (see also MATLAB codes in the
‘‘Supplementary information’’).

2.4.5. Culture of Escherichia coli
Escherichia coli (E. coli) O157:H7 was cultured by incubating

200 ml standard Lysogeny broth (LB) media for 24 h at 36 �C
[49]. The total cell number in the feed substrate solution at the
start of the experiment was in the range of 5 � 105 and
10 � 105 cells ml�1.

2.4.6. Sampling and analysis of glass beads
To determine the composition and the amount of accumulated

biofouling as function of time, samples of the glass beads from the
(dummy) resonator tubes and from the feed substrate (30 ml) were
taken during each day of the experiment. Collected beads and
sampled feed substrate were stored (at �20) in (disinfected) glass
tubes until further investigation. Both types of samples were sub-
jected to four different analyses: TCN, ATP, TOC, HPC, explained in
more detail in the following paragraphs.

2.4.7. Total cell number (TCN)
For TCN determination, a Neubauer Improved Counting

Chamber was used and the total number of cells in the sample
was counted optically using a microscope (DM750, Leica, Wetzlar,
Germany). Five squares, each with a volume of 1 lL, were



Fig. 4. Schematic of the experimental set-up consisting of (1) dummy (tube), (2) pump with double rotating shaft, (3) tank with feed substrate, (4) inlet hose, (5) outlet hose,
(6) coaxial sensor connected to the frequency generator and spectrum analyzer, (7) an inner conductor of coaxial sensor.

Table 2
Geometric parameters of the flow-through resonator (see also the ‘‘Supplementary
information’’). The outer and the inner conductors of the resonator were both made
from stainless steel 316L.

Parameter Flow-through resonator

Length, l 29 � 10�1 (m)
Inner conductor diameter, d 5 � 10�3 (m)
Inner diameter of the outer conductor, D 25 � 10�3 (m)
Diameters of the fluid inlet and outlet 27 � 10�3 (m)
Conductivity of stainless steel 316L, r 1.45 � 106 (S m�1)
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subjected to counting and the average value of two independent
duplo measurements was taken. TCN [cells/lL] is given by:

TCN ¼ Number of cell counted=Number of squares

� counted ðmm2Þ � Depth ðmmÞ � Dilution factor ð11Þ
2.4.8. Adenosine triphosphate (ATP)
As a relative measure for the active biomass content of the

biofilm, the ATP concentration of the biofilm obtained from the
glass bead surface was determined. For this purpose, the entire
tube volume, containing all 2030 glass beads, was added to
100 ml of phosphate-buffered saline (PBS) solution (containing
NaCl 8 g L�1, KCl 0.2 g L�1, Na2HPO4�7H2O 1.15 g L�1 and KH2PO4

0.2 g L�1; pH-adjusted to 7.3). In order to detach the biofilm from
the glass bead surface, the suspension of glass beads in PBS was
sonicated at 37 kHz for 5 min. After sonication, the suspension
was further homogenized using a Vortex (Heidolph Reax Vortex
Mixer, Germany). Finally, the suspension was centrifuged for 20 s
at 2500 rpm. 20 ml of the supernatant was stored at �20 �C until
further analysis by the Vitens laboratory in Leeuwarden (Exp. No.
V131232127_F001).

The ATP measurement of the feed substrate was based on
150 ml samples, without further dilution.
2.4.9. Total organic carbon (TOC)
To determine the TOC content of the biofilm, all 2030 glass

beads of a single tube were added to 100 ml of PBS in a TOC-free
glass tube. Subsequently, the samples were sonicated at 35 kHz
for 15 min (BANDELIN, Ultrasonic bath SONOREX DIGITEC,
Germany). As for the feed substrate, 150 ml was mixed with
100 ml PBS in a TOC-free glass tube. The TOC concentration in both
samples was measured with a TOC analyser (Shimadzu, Japan).
2.4.10. Heterotrophic plate counts (HPC)
100 ml PBS was added to 150 ml of glass beads (containing

2030 beads) and shaken for 20 min. Samples were diluted 103,
106 and 108 times using 2 mm sterile polypropylene tubes. To
determine CFU per cm2, LB agar plates were used. Therefore,
100 lL of diluted sample was spread on the plates. Plates were
incubated at 37 �C for 72 h.

The HPC procedure for the feed substrate (105 ml) was essen-
tially the same.

2.5. Experimental conditions

Temperature, conductivity, and operation time were controlled
and stable for each set of experiments.

Table 3 contents information regarding experimental
conditions.

3. Results and discussion

In presenting the results we will follow the chronological order
the sensor has been developed. This way the reader can witness the
different phases of the project and, more importantly, follow the
arguments that defined our research direction.

Starting point was a flow through half-wave closed ended reso-
nator as shown in Fig. 2 but without the glass beads. In the absence
of glass beads the system solely monitors biofilm formation at the
surface of inner and outer conductor, both made from (corrosion-
resistant) stainless steel. As explained earlier, the resonator is
much more sensitive to biofilm formation on the inner conductor
as compared to the outer conductor. In a previous contribution
[27,28], the authors have shown that such flow-through resonator
can be operated in a stable and reproducible way and that it is fea-
sible for measuring the dielectric properties of fluids.

Fig. 5 shows the results of a field test at a drinking water pro-
duction facility and water quality centre of WLN at Glimmen,
Netherlands. The field test was executed at the SenTec testing facil-
ity of WLN where different qualities of drinking water are available
for testing sensors at ‘‘real life conditions’’. The test was executed
with drinking water from Annen i.e., purified ground water.

Even though we monitored biofilm formation for as long as
14 days, the results indicate minimal effects on the AF response.
However, visual inspection of both inner and outer conductors
revealed surface modification. Both inner and outer conductors of
the flow through sensor were covered by a thin but visible slimy
layer.



Table 3
Temperature T (�C) and conductivity r (S/m) of the feed substrate for each set of experiment.

Main points of the experiment Temperature
T (�C)

Conductivity r (S/m)

WLN at Glimmen, The Netherlands: drinking water from Annen i.e., purified ground water (Fig. 5) 9.6 ± 1.0 300 � 10�4 ± 54 � 10�4

WLN at Glimmen, The Netherlands: the mixture of drinking water ‘‘De Punt’’ and raw ground water, creating a high iron
(hydroxide) content and with that, a high fouling rate (Fig. 6)

10.3 ± 1.5 300 � 10�4 ± 54 � 10�4

WETSUS, The Netherlands: tap water (Fig. 7) 20.0 ± 1.5 515 � 10�4 ± 20 � 10�4

WETSUS, The Netherlands: using the substrate of the feed and E. coli culture (Fig. 8) 20.0 ± 1.5 618 � 10�4 ± 20 � 10�4

WETSUS, The Netherlands: using the substrate of the feed, E. coli culture and AgNO3 (Fig. 14) 22.0 620 � 10�4

Fig. 5. Left and right panels show the amplitude versus or AF plots in the presence of biofilm on the surface of inner conductor during 12 days of operation using water from
Annen in frequency range of 5–70 MHz and the 3rd resonance in more detail, respectively.

Fig. 6. Left and right panels show the amplitude versus frequency or AF plots in the presence of iron oxide on the surface of inner conductor during 6 days of operation using
water from ‘‘De Punt’’ mixed with ground water in frequency range of 5–70 MHz and the 3rd resonance in more detail, respectively.

Fig. 7. Left and right panels show the amplitude versus frequency or AF plots in the presence of biofilm on the surface of inner conductor during 4 days of operation using the
substrate of the feed and E. coli culture in frequency range of 1–1000 MHz and the 3rd resonance in more detail, respectively.
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Although the observed lack of signal change in Fig. 5 might be
caused by the limited fouling potency of the drinking water used
for these experiments, it was concluded that the sensor should
be sufficiently sensitive to detect the thin but visible biofilm that
was observed after 14 days. In order to obtain more information
on the sensor performance under field conditions, it was decided
to expose it to water with much higher fouling capacity. For this
purpose, the field test was executed with a mixture of drinking
water from location ‘‘De Punt’’, i.e., purified surface water, and
raw ground water. Now, a clear signal shift was observed within
just four days of operation (Fig. 6).

However, afterwards inspection and analysis of the resonator
proved a response due to the deposition (scaling) of iron oxide
on the inner conductor rather than biofilm formation. This



Fig. 8. Left and right panels show the amplitude versus frequency or AF plots in the presence of biofilm on the surface of inner conductor and glass beads during 4 days of
operation using the substrate of the feed and E. coli culture in frequency range of 1–1000 MHz and the 3rd resonance in more detail, respectively.

Fig. 9. Resonant frequencies and amplitudes of the first five resonances over a time period of 4 days and in response to biofilm formation. Error bars represent the standard
deviations of three independent experiments.

Fig. 10. Correlation between changes in resonant frequencies and amplitude for the
first five resonances over a time period of four days and in response to biofilm
formation.
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observation actually pointed us in the direction of quite another
application for our sensor, i.e., the monitoring of scaling and
oxidation process [29].

In order to evoke biofilm formation, our next step was to
incubate the system with E. coli and perfuse the resonator with a
(standard) feed solution promoting bacteria growth. The key
adjustment was however to fill the resonator tube with glass beads
to enhance the surface area for bacteria adherence.

To show the effect of the presence of glass beads, we run two
experiments in parallel, one without (Fig. 7) and the other with
glass beads (Fig. 8).

Clearly, the presence of glass beads significantly increased the
response sensitivity of the resonator to biofilm formation. This is
reflected in the change of both resonant frequency and ratio of cur-
rent amplitude. The results confirm the hypothesis that the AF
responses mainly depend on the formation of biofouling on the
surface of glass beads and less depend on multiplication of
bacterial cells (E. coli in this study) in the feed substrate (see also
the earlier). There is also growth of bacteria during biofilm forma-
tion. Note that the response shown in Fig. 8 is entirely different
from the ‘scaling’ response shown in Fig. 6. Whereas deposition
of Fe(OH)3 results in an upward shift of the AF response i.e.,
towards a higher amplitude at the resonance frequency, biofilm
formation shifts the response, first, towards higher resonance
frequencies and slightly lower amplitudes, followed by a shift in
opposite direction.(discussed later in more detail). This difference
points to a different working mechanism responsible for the two
different types of responses observed.

Fig. 9 delineates the changes of resonant frequency and ampli-
tude ratio separately for the first five resonances in Fig. 8. The
experiments ran for four days and each plot has a data point for



Fig. 11. Analysis of colony forming units (CFU); total cell number (TCN); total organic carbon (TOC) and adenosine triphosphate (ATP) over time and normalized for surface
area. All samples used were collected exclusively from biofilm material on the surface of glass beads. Data based on three independent experiments.

Fig. 12. SEM images of the glass bead surface, taken on 1st, 2nd, 3rd and 4th day of the experiment. Each image gives a qualitative reflection of the observed glass bead
surface texture and was selected based on a microscopic scan of different surface areas.

Table 4
The calculated biofilm volume fraction in the dielectric between inner and outer conductors ul at days 1–4 as derived from TOC measurements, assuming mass fractions (%) of
biomass in the biofilm of 2%, 5% and 10%, respectively (see also the ‘‘Supplementary information’’).

Day TOC_lab (mg/ml) 2% (w/w) biomass in biofilm 5% (w/w) biomass in biofilm 10% (w/w) biomass in biofilm

1 1.57 ± 0.36 1.38 � 10�1 ± 3.13 � 10�2 5.53 � 10�2 ± 1.25 � 10�2 2.76 � 10�2 ± 6.26 � 10�3

2 3.29 ± 1.11 2.90 � 10�1 ± 9.81 � 10�2 1.16 � 10�1 ± 3.92 � 10�2 5.80 � 10�2 ± 1.96 � 10�2

3 4.32 ± 2.75 3.81 � 10�1 ± 2.42 � 10�1 1.52 � 10�1 ± 9.69 � 10�2 7.62 � 10�2 ± 4.84 � 10�2

4 4.16 ± 2.35 3.67 � 10�1 ± 2.07 � 10�1 1.47 � 10�1 ± 8.29 � 10�2 7.34 � 10�2 ± 4.14 � 10�2
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each day. As can be seen, the changes over time for the resonances
were very similar, notably in the case of the resonant frequency
with a peak value at day 2. The similarity is valid for the amplitude
ratio as well (but to a slightly lesser extent) and with a minimum
value at day 2. From these similarities in response changes we con-
clude that the mechanism responsible is the same for each reso-
nance. An important conclusion as it declassifies other, possible
interfering, processes causing similar changes.

Fig. 10 correlates the observed change in resonant frequency
and the one in amplitude, for the first five resonances and over a
time period of four days. The increasing dispersion at higher fre-
quencies (resonances) is evident as the individual data points for
each resonance diverge with increasing resonance number. This
conclusion is in line with decrease of the quality factor i.e., the
broader band with of each resonance relative to its center fre-
quency, with increasing resonance number in the AF plot, see the
left panel of Fig. 8.

In order to correlate the observed AF responses of the resona-
tors to bacterial growth/biofilm formation, samples were taken
simultaneously and used for total organic carbon (TOC), total cell
Fig. 13. The observed and simulated third resonance AF plots for the biofouling experime
1 and 2 are represented by the red circles and green circles, respectively. The magenta
respectively. (For interpretation of the references to colour in this figure legend, the rea
number (TCN), colony forming units (CFU) and adenosine triphos-
phate (ATP) analysis (Fig. 11; n = 3). The increase of TOC over time,
obtained exclusively from the bead surface, demonstrates the
‘deposition’ of carbon. The observation that TCN and ATP simulta-
neously increase renders support for the conclusion that the
increase of TOC reflects the presence of (living) bacteria on the
bead surface rather than scaling effects due to the deposition of
inorganic carbon. The temporal dip at day 3 seen simultaneously
in the analysis of ATP, TCN and CFU indicates a ‘real’ effect rather
than an artefact. The most plausible reason for this observation is
carbon depletion of the feed solution (experiments were per-
formed in a closed system at recycle conditions over the resonators
and dummies). The carbon coming free after mass starvation of
bacteria cells served as carbon source, resulting in a blooming bac-
teria culture at day 4.

In addition to the CFU, TCN, TOC and ATP measurements, the
glass bead surface was examined by scanning electron microscopy
(SEM) and examples are shown in Fig. 12, at magnifications of
5000. The SEM images indicate attachment of biofilm after day 1
but, in addition, also some detachment of biofilm between days 3
nts comprising the resonators filled with glass beads. The experimental data for days
and blue curves represent the model simulations for the first day and second day
der is referred to the web version of this article.)



Fig. 14. AF response in the presence of 3 mM AgNO3 during 5 days of operation in frequency range of 1–1000 MHz with the 3rd resonance plotted in more detail (right panel).

Fig. 15. Resonant frequency and amplitude of the first five resonances over a time period of four days and in response to AgCl deposition.

Fig. 16. Correlation between changes in resonant frequencies and amplitude for the
first five resonances over a time period of five days and in response to AgCl
deposition.
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and 4, an effect possibly related to the observed mass starvation, as
indicated by the data in Fig. 11, and subsequent blooming of the
bacteria culture at day 4.

In order to relate the observed sensor response shown in Fig. 8
to the biofilm formation on the glass beads, model simulations
were executed. Major objective was to investigate whether the
changes in the AF responses, measured during the biofilm experi-
ment, can be explained by changes in the dielectric properties of
the composite material in the resonator, applying the model
explained in Section 2.2.

A major challenge for the model simulations is to obtain a real-
istic estimate of the biofilm volume in the resonator, even more so
because the % mass fraction of biomass in the biofilm strongly
depends on process conditions. Reported values for the % mass
fraction vary from 2% to 10%. [46,54–57]. For this reason, the model
simulations were executed for these two limiting cases as well as
for an assumed biomass fraction of 5%. The total amount of
biomass in the biofilm and subsequently the volume fraction of
biofilm were derived from the TOC measurements according to
the procedure outlined in the ‘‘Supplementary information’’.

Table 4 gives an overview of the calculated volume fractions of
the biofilm on the glass beads from day 1 to day 4 assuming
biomass fractions (%) of the biofilm of 2%, 5% and 10%.

It should be mentioned that, as Table 4 shows, at the start of the
experiment (i.e., the recording labeled day 1) a significant amount
of TOC was measured already. Most likely, this TOC concentration
represents small amounts of TOC originating from the feed
substrate attached to the glass bead surface during sampling.

The two key parameters characterizing changes in the dielectric
properties of the composite material in the resonator are ere and
tandeff. The biofilm consists of E. coli and EPS with relative dielec-
tric constants of 60 and 70, respectively. In the simulations, it



Fig. 17. SEM images of the glass bead surface before (left) and after (right) the deposition of AgCl.
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was assumed that the dielectric constant of the biofilm layer
el = 60, thereby implicitly assuming that, at day 2, the dielectric
properties of the biofilm are determined by the presence of
E. coli rather than EPS (extracellular polymeric substance).

Fig. 13 shows the measured and simulated third resonance AF
plots for the biofouling experiments using the biofilm volume frac-
tions in Table 4, for days 1 and 2. Two models were compared,
Lichtenecker’s logarithmic law for composite material (model 1,
Eq. (7)) versus a model description in terms of a system composed
of parallel dielectric layers of glass, biofilm and feed substrate,
respectively (model 2, Eq. (8)). As explained in Section 2.3, the ‘‘real
life situation’’ is expected to represent an intermediate result
between these two model simulations.

Both the experimental data and the model simulations reveal
that biofilm formation on the glass beads results in a shift of the
minimum in the AF plots towards higher frequencies. This is
expected since, from an electrical point of view, biofilm formation
can be seen as replacing feed substrate dielectric (em � 77) by bio-
film dielectric (el � 60). As a result, biofilm formation will decrease
the effective dielectric constant eceff, resulting in a shift of the min-
imum in the AF plot towards higher frequencies, see also Eq. (3a)
(representing the ideal resonator case, the applied model is
described in more detail in [28]. Fig. 13 further shows that applica-
tion of Lichtenecker’s logarithmic law predicts a smaller shift of the
AF plot towards higher frequencies than the ‘‘parallel dielectric lay-
ers’’ model, which results directly from the lower value of ere pre-
dicted by the ‘‘parallel dielectric layers’’ model.

In spite of the large number of assumptions made, both for cal-
culation of the biofilm volume fraction in the resonator and for the
model simulations, Fig. 13 clearly demonstrates that, in case of bio-
fouling on the glass beads, the measured sensor response (shift in
AF plot) is in the same direction and order of magnitude as pre-
dicted by the model, thereby confirming that the operating princi-
ple of the sensor is (predominantly) defined by changes of eceff.

The results also reveal that a more detailed model, accounting
for the exact geometric interactions between the different compos-
ite materials in the resonator, i.e., for the influence of glass beads
with a shell of biofilm immersed in feed substrate on both dielec-
tric permittivity and conductivity of the composite material, opens
possibilities to use the model as a tool to relate signal change of the
sensor more quantitatively to the volume fraction of biofouling in
the system.

To further proof that the responses seen in Fig. 8 are indeed due
to biofilm formation, a control experiment was performed in the
presence of 3 mM/L of AgNO3, a potent bacteria growth inhibitor
(Fig. 14). The results are affirmative. Compared to Fig. 8, over the
first 2 days the response hardly changed. Even though the response
was clearly affected in a later stage (day 5), the observed shift was
in opposite direction of the one seen in the absence of AgNO3 in the
feed solution, indicating quite a different working mechanism. This
hypothesis was confirmed by Energy Dispersive X-ray spectros-
copy (EDX) that identified the spots as depositions of AgCl, due
to its low solubility (see also the ‘‘Supplementary information’’).

The AF responses of Fig. 15 were subjected to a similar analysis
as those shown in Figs. 9 and 10. As in Fig. 9, the trend of the res-
onant frequency was identical for all resonances included in the
analysis. As for the amplitude, we arrive at the same conclusion
except for the first resonance. More importantly, the trends shown
in Fig. 15 are essentially different from the one shown in Fig. 9. This
distinction emphasizes the fact that the observed (shift in)
response is due to a different cause, i.e., biofilm formation versus
AgCl deposition, respectively.

Fig. 16 correlates the observed change in resonant frequency
and the one in amplitude, for the first five resonances and over a
time period of five days. The increasing dispersion at higher fre-
quencies (resonances) is evident as the individual data points for
each resonance diverge with increasing resonance number.

The difference between the glass bead surface covered with a
biofilm and one with AgCl became also apparent from SEM
images (Fig. 17). Whereas the images at day 1 of Figs. 12 and
17 are very similar, the images taken at day 4/5 are completely
different with absolutely no bacteria cells attached in the pres-
ence of AgNO3.

Note that the observed shift in the AF response curve towards
higher resonance frequencies (see Fig. 14) is in the anticipated
direction since the static relative dielectric permittivity eeff of AgCl
is 11.14 [66], thereby decreasing eeff of the dielectric between inner
and outer conductors, see equation Eq. (3a) and increasing the res-
onance frequencies of the resonator, see equation Eq. (3a).
4. Conclusions

– A flow-through stub resonator, with glass beads between
inner and outer conductor as a surface for biofilm formation,
was successfully applied to detect (early stages of) biofouling.

– Model simulations based on transmission line theory predict
a shift in the amplitude versus frequency response of the sen-
sor in the same direction and order of magnitude as observed
experimentally, thereby confirming the operating principle of
the sensor.

– The results indicate that isolated spots of biofilm and a
homogenous biofilm layer result in a different AF response
of the sensor, opening possibilities to discriminate between
the onset of biofouling and a homogeneous biofilm layer

– The flow-through sensor design is relatively simple, robust
and can be cleaned inline, opening possibilities to further
develop it into a cost effective inline biofouling sensor.
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