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Abstract: Bacterial biofilms are a major cause of harm related to medical infections and biofoul-
ing. Thus, 80% of total infections are caused by biofilm-forming microorganisms. Consequently,
knowledge of biofilm formation stages is crucial to develop effective treatments to prevent their
formation in medical implants, tools, and devices. For this purpose, quartz crystal microbalance
(QCM) sensors are becoming a good alternative to analytical methods for the real-time monitoring of
bacterial growth in liquid media culture. In a previous paper, the authors described an affordable
multi-channel measurement instrument based on QCM sensors. However, in order to validate its
correct operation, complementary experimental measurements based on bacterial biofilm growth
were performed. In this work, the experimental measurements that allow the identification of the
different biofilm formation stages are described. The results obtained are discussed.

Keywords: quartz crystal microbalance; biosensor; biofilm; real-time measurement; continuous
monitoring; electrical impedance analysis

1. Introduction

A biofilm is a form of bacterial growth in which microorganisms adhere to each other
within a self-produced matrix of extracellular polymeric substances (EPSs) that usually
adhere to a solid surface. The EPS matrix provides functional characteristics to the structure,
such as improved resource capture, adhesion to surfaces, digestive capacity, protection
against external agents, and the prevention of bacterial dehydration. Thus, the formation of
the biofilm provides microorganisms with a strong resistance to antibacterial treatments [1].
This leads to significant problems of infections caused by the contamination of medical
prostheses and tools, causing an increase in healthcare risks and significant economic
losses. Another field where biofilm formation generates a great negative impact is water
distribution systems [2–4]. The presence of bacterial biofilm in pipes is a major issue in
terms of water quality and corrosion problems. For this reason, important research efforts
are being carried out to understand the mechanism of biofilm formation and to develop
specific medical treatments and more effective prevention and control techniques.

Biofilm formation is an extremely complex process that includes several stages. First,
the initial attachment of planktonic bacteria to a surface is promoted by a conditioning layer
consisting of organic and inorganic molecules. Specific cell membrane proteins, adhesins, or
bacterial appendages, such as pili or flagella, play an important role in avoiding the action
of hydrodynamic and repulsive forces, as well as selecting the surface. In the second stage,
after the attachment has become irreversible, bacterial colonies grow to form a complex
layer of biomolecules and cause EPS secretion that constitutes the external matrix. In the
third stage, the biofilm reaches its maximum thickness, acquiring a three-dimensional
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gel-like structure. At this point, it has achieved its maturation. Finally, when biofilms
are fully mature, detachment may occur, allowing bacteria to take on a planktonic state
again that may be dispersed to colonize new sites. Identifying the first stages of biofilm
adhesion to a surface is crucial for developing novel solutions to prevent biofilm formation.
As a result, it is necessary to develop appropriate instrumental techniques that allow the
online monitoring of biofilm growth. Traditional ways of studying biofilm growth are
mainly based on bacteria counting techniques. These procedures involve the pre-treatment
of the sample, which leads to biofilm destruction. Therefore, they are considered end-
point detection techniques and are unable to monitor the process of biofilm formation
over time. Alternatively, new technologies were developed for biofilm monitoring. These
include the biofilm ring test, microtiter plate, and Calgary device. Nevertheless, these
techniques fail to provide real-time information on biofilm growth. Other techniques, such
as microfluidic systems and flow chambers, allow real-time biofilm monitoring by means
of optical detection methods but require the use of additional instrumentation. Microscopy,
including atomic force microscopy (AFM), transmission electron microscopy (TEM), and
scanning electron microscopy (SEM), is also used. However, these are destructive, have a
low throughput, require expensive instruments, and do not provide online information
on biofilm growth. Recently, some reviews regarding different techniques for biofilm
monitoring were published [5–10].

Acoustic sensors are becoming a good alternative for the measurement of bacte-
rial growth in liquid media culture. Among them, sensors based on quartz crystal mi-
crobalances (QCMs) were demonstrated as a potentially cost-effective, reliable, and non-
destructive technique. QCM-based sensors overcome the drawbacks of the previously
mentioned ones, as they provide real-time information on the biofilm formation process.
Several studies regarding the monitoring of biofilm formation using QCM sensors may be
found in the literature [11–21].

These types of sensors are based on the fact that QCM resonance parameters (the
series resonance frequency shift, ∆fs, and the change in the resistance at this frequency,
∆Rm) reflect the changes in the medium of contact. These two parameters correlate with
the density and viscosity of the medium and are very sensitive to the dynamics at the
solid-viscous liquid interface and to the appearance of a viscoelastic film that gradually
replaces the contact of the QCM with the liquid. The measurement of both parameters could
be performed using QCM-D dissipation monitoring techniques [22–25], by embedding
the sensor in the feedback network of an oscillator [26,27] or by extracting them from the
electrical impedance analysis [28,29], as in the case of our multi-channel system [30]. Novel
system architecture, the measurement procedure, the automatic compensation of the static
electrical capacitance Co of the QCM, and the accurate extraction of the series resonance
frequency fs and the electrical impedance at resonance Rm were introduced. This was
possible via the current availability of high-performance and low-cost analogue and digital
integrated circuits that allow the implementation of specific impedance analysers that
are compact, rapid, and affordable for the accurate measurement of the QCM resonance
parameters. Accordingly, the system performance meets the demanding requirements
for the simultaneous online monitoring of microbial growth and biofilm formation under
controlled ambiance in multi-well Petri plates.

This paper presents the bacterial biofilm growth experiments that were carried out and
the results obtained in order to characterize the different biofilm formation stages for the
validation of the performance and limitations of the instrument. The theory of operation is
explained in Section 2. In Section 3, the descriptions of the novel multi-channel system, the
QCM sensors, and the materials and methods used in the experiments are detailed. The
experimental results are shown and discussed in Section 4 in order to identify the biofilm
development stages. Finally, in Section 5, the conclusions of the work are presented.
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2. Theory

The electrical impedance of a QCM crystal depends on the electrical capacitance
formed by the electrodes, the quartz as a dielectric material, and the so-called motional
impedance, which presents a resonance. The two QCM resonance parameters, the series
resonance frequency, fs, and the resistance at this frequency, Rm, are well correlated with
the viscoelastic properties of the medium in physical contact with the front face of the
QCM [31]. Therefore, the changes in the bacterial culture from initial bacterial adhesion to
biofilm formation and subsequent growth could be estimated by measuring the shifts in
the series resonance frequency and the resistance of a QCM.

The equivalent electrical model of the QCM sensor, when loaded with the bacte-
rial culture and the biofilm adhered to its surface, could be derived from the classical
Butterworth-Van Dyke (BVD) electrical circuit for an unperturbed QCM [17,18,27,31,32].
This model is depicted in Figure 1 and represents the electrical impedance of the sensor
near resonance.
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Figure 1. Equivalent electrical model of the QCM sensor.

The electrical model is composed of two main parallel branches: the capacitance (Co) of
the purely electrical branch, which includes the fixed dielectric capacitance and the holder
and connector capacitances, and the impedance of the motional branch. The motional
impedance of the unperturbed QCM is represented by the sum of the motional inductance,
Lm, the motional capacitance, Cm, and the motional resistance, Rm. This resistance also
includes the losses due to the loading effect caused by the support of the QCM on the holder.
When the sensor is loaded using a material in contact with its surface, a new impedance
Zload is added to the motional branch. A rigid layer or deposited mass attached to the
sensor surface could be modelled as an inductance. A liquid loading with a density and
viscous coefficient could be modelled as an inductance connected in series with resistance,
respectively. However, as in our biofilm experiments, the effects of a thin viscous layer in
combination with a liquid loading exhibit more complex behaviours.

The impedance of the motional branch of the unperturbed sensor exhibits a series
resonance frequency, fs, which is provided in Equation (1).

fs =
1

2π
√

LmCm
(1)

The resistance of this branch at its resonance frequency is directly provided by the
motional resistance, Rm. When the sensor surface is loaded, the resonance frequency is
affected by the reactive component of the load impedance, while the resistance at resonance
varies with the resistive part of the load due to its viscosity. The change in the resonance fre-
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quency, ∆fs, of a QCM when it is loaded with a mass may be calculated using the Sauerbrey
Equation (2), while the Kanazawa-Gordon Equation (3) is valid for liquid loading [33,34].

∆ f s = −
2 f 2

s
A√ρqµq

∆m (2)

where A is the electrode area, ρq and µq are the density and rigidity moduli of the quartz
crystal, respectively, and ∆m is the mass change.

∆ fs = − f 3/2
s

(
ηlρl/πµqρq

)1/2 (3)

where ρl is the density of the liquid, ηl is the viscosity of the liquid, and ρq and µq are the
density and rigidity moduli of the quartz crystal, respectively.

On the other hand, the change in the resistance at the resonance frequency ∆Rm for
the QCM with liquid loading conditions is provided in Equation (4).

∆Rm = 2n fsLm
(
4π f sηlρl/µqρq

)1/2 (4)

where n is the number of QCM sides in contact with the liquid, and Lm is the inductance
for the unperturbed, i.e., dry, resonator.

However, as in our biofilm experiments, the effects of the formation of a thin viscous
layer in combination with a liquid loading exhibit a more complex behaviour than those
explained by Sauerbrey and Kanazawa for purely mass loading or viscous liquid loading,
respectively.

Additionally, it should be noted that the resonance frequency is usually estimated
by obtaining the minimum electrical impedance measurement at the QCM terminals.
However, the error committed is considerable when the motional resistance increases due
to the capacitance (Co) influence, as it occurred in our case of interest. For this reason, the
suitable extraction of the parameters of the motional branch was based on the accurate
compensation of this capacitance in the QCM sensor electrical impedance measurement.

Therefore, the accurate analysis of the impedance of the motional branch provides
useful information about the changes in the QCM sensor loading material, that is, about
the process of biofilm formation and growth.

3. Materials and Methods
3.1. QCM Sensor Design and Fabrication

A QCM-based sensor was designed to be submerged in the wells of a Petri plate
containing the bacterial culture. This sensor required a specific holder design because it
was placed vertically inside each well to cause the measurement not to be sensitive to
sedimentation. A commercial QCM crystal with a resonance frequency of 5 MHz and
gold/titanium electrodes manufactured by Quartzpro (model QCM5140TiAu120-050-Q)
was chosen. Figure 2 shows the designed QCM-based sensor. The holder consists of a
compact construction manufactured employing a digital light processing (DLP) 3D resin
printer. It housed the QCM crystal, whose back face was maintained without any contact
or acoustic loading. Biocompatible 3D printer resins (TD90 and R140D90) manufactured by
3Dresyn were considered for this purpose. In this new sensor design for bacterial biofilm
measurements, the sensitivity and losses produced by the crystal support on the holder,
assembly stability, airtightness, measurement specificity, and compatibility of the holder
material with the biological culture media were taken into account. More details about the
QCM sensor are explained by the authors in previous works [35,36].
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3.2. The Measurement System

A multi-channel instrument for online monitoring was developed in order to measure
bacterial biofilm growth in liquid media culture. It was composed of an array of QCM
sensors placed inside a multi-well Petri plate with liquid samples, as shown in Figure 3.
Therefore, the system permitted the parallel real-time measurement of several bacterial
cultures and control channels at the same time. A 12-channel setup was used in the
experiments of the present work.
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Figure 3. Array of QCM sensors, thermostatic chamber, and multi-well Petri plate.

The QCM resonance parameters of each sensor were obtained from the measurements
of their electrical impedance, Zx, in a frequency range around its mechanical resonance.
The electrical impedance was determined by means of an electronic circuit based on an
auto-balancing impedance bridge, as shown in Figure 4, and using Equation (5).

Zx(jω) ∼= −
V1(jω)

V2(jω)
·R (5)
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The system architecture of the measurement system was based on four blocks: the
sensor interface and analogue front-end, the signal generation block, the data acquisition
and communication block, and the control block. The whole system was connected to a
personal computer in order to control the experiments, perform the data acquisition and
processing, and present the results. The sensor interface and analogue front-end block
included the signal conditioning circuits responsible for properly obtaining voltage V1
and V2, corresponding, respectively, to the voltage and the current of each QCM sensor
in order to calculate its electrical impedance at every excitation frequency. These circuits
were excited by means of a sinusoidal signal. The signal generation block generated the
voltage V1 and performed the frequency-sweep of the sinusoidal signal in the frequency
range of interest by means of a direct digital synthesizer DDS. The analogue signals V1 and
V2 from the signal conditioning circuit were captured by means of two A/D converters
in the data acquisition block. As the instrument was a multi-channel system, signals from
each QCM sensor were multiplexed in order to use a single A/D converter for all of them.
Then, the digital signals were stored in an FPGA device and transferred to the PC. All these
tasks were implemented using the data acquisition and communication block. Finally, a
control block was responsible for enabling and disabling the QCM sensor input channels,
configuring the DDS device and the A/D converter, and supervising the data configuration.
A custom software application developed using the LabVIEW language and running on a
PC controlled the measurement system and provided a graphical interface to the user. The
automatic compensations of the QCM static electrical capacitance (Co) and the frequency
response of the measurement circuit permitted a very accurate analysis of the motional
branch impedance and the determination of the resonance parameters in the heavily loaded
QCM, as occurs with biofilms. Finally, in order to keep the temperature under control, the
multi-well Petri plate with the QCM sensors was placed into a thermostatic chamber. The
temperature in the thermostatic chamber was controlled and measured accordingly. The
measurement system is described in more detail by the authors in a previous paper [30].

3.3. Bacterial Cultures and Experimental Preparation

In order to perform the bacterial biofilm formation and growth experiments, liquid
cultures of Staphylococcus aureus were used since it is one of the most frequently involved
in biofilm-related infections. Staphylococcus aureus was spread on Columbia Agar with 5%
sheep blood (BD, Fraga, Spain) and incubated at 37 ◦C overnight. Afterwards, the bacterial
culture was diluted to a 0.5 McFarland and grown in Trypto-Casein Soy Broth (TSB) plus
0.25% glucose (which stimulates biofilm formation) to obtain a final concentration of
106 CFU/mL.

In the 12-well Petri plate setup, 9 were filled with 3.8 mL of bacterial culture. The
three remaining wells were filled with a 3.8 mL volume of TSB plus 0.25% glucose without
bacteria for control purposes.
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Prior to each experiment, the sensors were thoroughly cleaned. Traces of biofilms,
which could adhere to the sensors from previous measurements, were removed with 70%
ethanol. Then, they were cleaned with 10% bleach for 20 min, dried, and UV radiated for
15 min before mounting them on the interface and analogue front-end board. A calibration
of the instrument was performed prior to use with the procedure described in a previous
paper [30]. The different experimental parameters, number of channels, total time, sampling
period, frequency range, and temperature, among others, were specified by means of the
graphical user interface of the software application of the instrument.

At the end of the experiments, to measure the quantity of the biofilm formed exclu-
sively in the active area of the sensors that remained submerged in the bacterial culture, a
flocked swab was used to remove it, avoiding touching the holder. All biofilm collected was
completely recovered in a 1× Phosphate Buffer Saline (PBS) solution for each sensor. Serial
dilutions (1/10) were performed and subsequently spread on a Luria-Bertani medium
(LB agar). The plates were incubated at 37 ◦C overnight. After that, colony counts were
carried out, and only the plates with a total of 30–300 colonies were considered valid for
determining the concentration in CFU/mL. The same procedure was reproduced for the
planktonic culture in the wells of the plate corresponding to each sensor.

4. Results

The multi-channel system based on QCM sensors was widely used to perform the
online monitoring of bacterial biofilm formation and growth and to identify the different
stages of these processes. Several 24-h and 48-h experiments were performed, mainly using
Staphylococcus aureus. The instrument was obtained over the total experimental time, both
the resonance frequency and the resistance at resonance for each QCM sensor submerged in
the wells of the plate. The temperature of the thermostatic chamber was set to a temperature
of 37 ◦C to facilitate biofilm growth.

Figures 5 and 6 show the representative results of the resonance frequency shift,
∆fs, and the resistance at the resonance shift, ∆Rm, in two different experiments using
a Staphylococcus aureus culture over 24 h and 48 h, respectively. The evolution of the
QCM sensor resonance parameters for only two different channels among the nine wells
containing the bacterial culture is presented.

The results of the rest of the active channels are not presented as the behaviours of all
of them are quite similar. The resonance parameter evolution of the control channels is not
presented either, as it does not show any significant variation, as expected.

The changes in the resistance at the resonance (∆Rm) of the QCM sensors submerged
in the channels with the bacterial culture always exhibited a similar profile. After the
fluctuations attributed to the initial perturbations of the cultures and temperature stabiliza-
tion inside the measurement chamber at the beginning of the experiment, the resistance
remained stable until the bacteria began to adhere to the sensor surface, starting the
resistance-growing phase. This phase behaviour reflects the transition from the instant
when the QCM is only loaded with a liquid bacterial culture to when it is loaded with a
viscous biofilm adhered to its surface. The initial adhesion of the free-floating bacteria
to the sensor surface implies a mass addition to the QCM, but when they are structured
within an extracellular polymeric substance (EPS) matrix conforming a viscous layer, the
viscosity dampens the QCM’s operation and results in increased resistance at resonance.
The more abundant and viscoelastic the biofilm is, the more resistance is measured. When
the biofilm is thick enough, the load effects of the liquid media are not relevant, prevailing
the viscoelastic properties of this layer. Finally, once the biofilm reaches its maturation, sev-
eral effects occur that could explain the variations shown in the resistance. The changes in
the biofilm’s structure and the bacterial metabolism are translated into changes in the shear
rigidity and viscosity of the layer detected with the QCM sensor. Also, the detachment
processes with the dispersion of bacteria result in mass losses of the biofilm that also affect
the sensor’s electrical impedance. As seen in the resistance profile, it clearly permits the
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real-time identification of the different stages of the biofilm’s formation and growth, from
initial bacterial adhesion to the surface to biofilm growth and biofilm maturation.
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On the other hand, the resonance frequency shift (∆fs) of the sensors in the wells
with bacteria shows a decreasing trend due to the mass loading effects of the media
at the QCM sensor surface, as predicted with the Sauerbrey and Kanazawa equations.
Nevertheless, from one biofilm formation stage to another, a slope change in the evolution
of the resonance frequency may be seen. Even in some other experiments that were carried
out, increments in the resonance frequency were measured. These behaviours cannot be
explained by the too-simplified Sauerbrey and Kanazawa equations, as the adhesion of
the flexible microorganisms to the surface results in the formation of a soft film, which
cannot be considered a rigidly attached mass. In this situation, a more complex model of the
impedance Zload added to the motional branch of the BVD model must be used [18,23,37,38].

In Figure 5, the 24-h experiment presents a total resistance change at a resonance (∆Rm)
of 32 Ω and a total resonance frequency change (∆fs) of −200 Hz in channel two and a total
change of 35 Ω and −250 Hz in channel four. The rest of the channels in this experiment
presented variations of ∆Rm ranging from 30 to 60 Ω and variations of ∆fs ranging from
−140 to −200 Hz. The 48-h experiment results in Figure 6 show a total resistance at a
resonance change (∆Rm) of 110 Ω and a total resonance frequency change (∆fs) of −300 Hz
in channel one and a total change of 150 Ω and −250 Hz in channel nine. The rest of
the channels presented variations of ∆Rm ranging from 80 to 150 Ω and variations of ∆fs
ranging from −250 to −350 Hz. The maximum resistance changes of the different channels
and experiments correlated well with the final quantities of biofilm that could be observed
at the sensor surface by optical inspection. In the pictures of the active surface of the sensors
presented in Figure 7, although the biofilm quantity cannot be appreciated, the presence of
the biofilm was confirmed.
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In addition to the optical inspection, the quantification of the biofilm’s formation at the
end of the experiments was performed with the measurement of the bacterial concentration
of both the biofilm adhered to the active surface of the QCM sensor and the planktonic
culture. Table 1 shows the concentrations measured for each channel and experiment.

Table 1. Bacterial concentrations of both the biofilm adhered to the QCM sensor surface and the
planktonic culture at the end of the experiments.

Experimental
Duration

Channel
Number

Biofilm Adhered to
the Surface Sensor

Remaining Bacteria
in the Liquid Culture

24 h 2 2.5 × 106 CFU/mL 9.7 × 108 CFU/mL
24 h 4 3.3 × 106 CFU/mL 8.5 × 109 CFU/mL
48 h 1 1.15 × 107 CFU/mL 1.56 × 108 CFU/mL
48 h 9 1.23 × 107 CFU/mL 1.84 × 108 CFU/mL

This quantification of the bacterial biofilm adhered to the sensor surface at the end of
the experiments is in good agreement with the QCM sensor measurements. All channels
where the biofilm was more abundant show a larger increment in the resistance at the
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resonance, and the slope changes in the resonance frequency profile are more abrupt. The
measurements of the concentration were only performed at the end of the experiment, as
we did not want to interrupt the biological processes involved. However, our results are
in good agreement with more detailed time-dependent morphological characterization
studies that may be found in the literature focusing on the use of a QCM for biofilm
growth monitoring [14,24]. In these works, biofilm images and alternative techniques were
performed at specific times after stopping the biofilm growth process, which implied the
completion of the entire experiment.

All the experiments carried out with the developed instrument, even with different
bacterial types, such as Escherichia coli or Staphylococcus epidermidis, exhibited similar evolu-
tions with the same process stages, although the instant when the biofilm formation started,
the growth slope and biofilm quantity varied.

5. Conclusions

The experimental results of a multi-channel system based on QCM sensors for the
real-time monitoring of bacterial biofilm growth in liquid media culture are presented.
The measuring principle of the system is based on the impedance spectroscopy method,
taking advantage of the availability of high-performance and low-cost analogue and digital
integrated circuits, which allow the implementation of specific impedance analysers that are
compact, rapid, and affordable. Both the QCM-based sensors and the measurement system
were purposely designed to meet the demanding requirements to accurately measure and
analyse the main resonance parameters of the QCM motional impedance. The results show
that the series resonance frequency and the resistance at this frequency are well correlated
with the viscoelastic properties of the medium in physical contact with the front face of the
QCM sensor. In addition, the results are very sensitive to the dynamics at the solid-viscous
liquid interface and to the appearance and growth of the bacterial biofilm.

A motional impedance analysis related to the phenomena involved in the biofilm
formation and growth dynamics may be basically explained with the Sauerbrey and
Kanazawa equations. However, when the initial bacterial biofilm adhesion to the surface
occurred, much more complex effects were involved, and the explanation with the too-
simple classical model is not possible.

The multi-channel system was widely used to perform experiments with bacterial
cultures, mainly with Staphylococcus aureus, and this demonstrated the capabilities to
identify the different biofilm formation stages. All the experiments carried out exhibited
similar evolutions with the same process stages, i.e., initial bacterial adhesion to the surface,
biofilm growth, and biofilm maturation, although the time when the biofilm formation
started and the growth velocity and biofilm quantity varied.
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