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Abstract: Bacterial biofilms present significant challenges
across microbiology, environmental science, water manage-
ment, and healthcare. This study employs Quartz crystal
microbalance with dissipation monitoring (QCM-D) and inter-
facial rheology system (IRS) for in situ analysis of Escherichia
coli biofilm growth and viscoelastic properties. By monitoring
biofilm development at both bulk and micro scales in real-
time, we identified three distinct growth phases: surface
attachment and initial growth, maturation, and dispersion.
Optimal biofilm formation occurred in Luria-Bertani medium
medium at 5% (v/v) inoculation, as indicated by high complex
viscosity and modulus values of 5.38mPa·s and high complex
modulus of 169.13 kPa. IRS data corroborated these findings,
showing consistent elastic and viscous behavior patterns,
with the storage modulus (G′) reaching 0.057 Pa·m and loss
modulus (G″) peaking at 0.016 Pa·m during the maturation
phase. Our results highlight the sensitivity of QCM-D in mea-
suring biofilm properties and the effectiveness of using com-
bined micro- and macro-scale methods for comprehensive
biofilm characterization.

Keywords: surface adhesion, interfacial dynamics, QCM-D,
biofilm growth and formation, interfacial rheology

1 Introduction

Bacteria can colonize almost any surface by synthesizing a
polymeric matrix, forming what are known as biofilms [1].
This phenomenon presents a significant challenge across
various domains, leading to severe issues in environ-
mental, industrial, and biomedical applications. Infections
associated with biofilms are frequently encountered on
surfaces such as the urinary system, teeth, and lungs. Addi-
tionally, numerous industries, including dairy, food, water
systems, dentistry, and healthcare, suffer from the adverse
effects of biofilm formation [2–6].

Biofilms are biologically active and dynamic commu-
nities comprising bacteria enveloped by a matrix of exo-
polysaccharides (EPS), extracellular polymers, DNA, and
proteins [7,8]. This three-dimensional structure occupies
the interstitial space between bacterial cells and plays a
crucial role in protecting microbes against chemical and
mechanical stresses, which are essential for their survival
and persistence [9,10]. The bacterial matrix is a heteroge-
neous and dynamic substance with structures that vary
over time and space, exhibiting properties of both solids
and fluids [4,11]. The characteristics of biofilms evolve
throughout their formation stages and in different envir-
onmental conditions due to their heterogeneous structure,
which results from varied responses at both bulk- and
micro-scales [4,10].

The mechanical properties of biofilms, including elastic
strain, viscous creep, modulus, and toughness, are profoundly
affected by various environmental, chemical, and hydrody-
namic stresses [12–14]. Biofilms exhibiting high elastic moduli
can endure substantial mechanical stress and resist deforma-
tion while remaining within the linear deformation regime
[4,15]. These properties are modulated by the complex
internal structure of the biofilm, which includes a cross-
linked polymer network and interactions among negatively
charged DNA, cations, and other matrix constituents [13,16–18].
Additionally, microorganismswithin biofilms engage in sophis-
ticated signaling mechanisms to coordinate their collective
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behaviors. This phenomenon, known as quorum sensing,
enables bacterial cells to transition from a free-swimming state
to a biofilm lifestyle [19–21].

The properties of biofilms at liquid–air or liquid–
liquid interfaces can be examined to understand their beha-
vior under different environmental conditions [22–24]. Such
studies are essential for comprehending how biofilms adapt
and survive in various settings. In situ measurements of the
interfacial rheological response of bacterial biofilms offer
valuable data on bacterial growth and biofilm formation
dynamics [25–27]. These measurements are critical for
revealing the mechanical stability and structural integrity of
biofilms in situ. This information is crucial for understanding
the overall structure and function of the biofilm matrix, as
well as its interactions with the surrounding environment [22].
Despite these advancements, there remains a scarcity of stu-
dies that have thoroughly characterized the time-dependent
behavior of biofilms and compared their properties at both
bulk- and micro-scales during the growth and formation pro-
cess [28,29]. Such comprehensive studies are necessary to elu-
cidate the dynamic nature of biofilm development and to
identify key factors that influence their mechanical properties
and structural evolution over time.

In this work, we conduct a dual-mode investigation of
bacterial biofilm growth and formation at both bulk and
micro scales. Biofilm formation and viscoelastic properties
were continuously monitored in real-time, allowing for
dynamic observation of biofilm development. These two
approaches were applied under different environmental
conditions to facilitate biofilm growth and identify com-
monalities in the changes of physical properties over
time. We aim to elucidate the dynamics of bacterial biofilm
growth, providing insights into how biofilms respond to
different environmental stimuli.

2 Materials and methods

2.1 Bacterial strain

Escherichia coli was cultivated in Lysogeny broth (LB, BD
Difco), Sabouraud dextrose broth (SD, MB Cell), or Marine
broth (Condalab) media to assess biofilm formation. Initially,
seed cultures were grown in 4mL of LB medium at 37°C with
continuous shaking at 180 rpm for 15 h. For shake flask cul-
tures, the seed cultures were inoculated at a concentration of
0.2% (v/v) into baffled flasks containing 50mL of LB medium.
These cultures were then incubated overnight at 37°C with
continuous shaking at 180 rpm. This protocol ensured the con-
sistent and reproducible formation of E. coli biofilms, allowing
for subsequent experimental analysis. In addition, as shown in
Figure 1, a flow chart was shown to systematically outline the
experimental design and analytical workflow.

2.2 Quartz crystal microbalance with
dissipation (QCM-D)

The QCM-D monitoring was employed to measure both the
resonance frequency and the dissipation of energy resulting
from material adhesion on the electrode surface. This tech-
nique facilitates real-time monitoring of molecular adsorp-
tion and interactions on various surfaces. The QCM-D
(openQCM Q-1, Novaetech., Italy) uses AT-cut piezoelectric
gold-quartz sensors oscillating at 10MHz, which are parti-
cularly suitable for liquid biosensing applications [30,31]. For
these measurements, the liquid sample is held on the sensitive
gold surface within an open cell, following the mounting of the
gold-quartz oscillator. During the experiments, changes in

Figure 1: A flow chart for characterizing biofilm formation through micro-scale and macro-scale observations.
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frequency and dissipation values were meticulously measured
and recorded. The measurements of resonance frequency and
dissipation were conducted at room temperature over a day.

2.3 Interfacial rheology

The interfacial rheological characteristics of bacterial cluster
layers were measured using a rheometer (MCR 302, Anton
Paar, Austria) equipped with a biconical disk geometry. After
achieving a zero-gap configuration, the tip of the bicone was
carefully positioned at the interface between the cultivated
medium and oil. This positioning was done while applying
the detected normal force to ensure precise determination of
the surface. The interfacial storage modulus ( ′Gi ) and the
interfacial loss modulus ( ″Gi ) were measured to characterize
the rheological behavior of the interface. E. coli biofilms were
formed in an interfacial rheology system (IRS) container
using LB, SD, or Marine broth medium. The temperature
was maintained at 37°C to promote bacterial growth, utilizing
the peltier temperature control system integrated into the
container. To investigate the development and properties
of the bacterial film interface over time, time sweep experi-
ments were conducted. These experiments employed a con-
stant strain of 1% and a frequency of 1 Hz, lasting for
approximately 100 h. Measurements were performed under
two specific conditions: (1) using LB broth with varying

bacterial concentrations of 2, 5, and 10% (v/v); and (2) using
different growth mediums (LB, SD, and Marine) with a con-
sistent bacterial inoculation concentration of 5% (v/v).

2.4 Morphology observations

The morphology of the E. coli biofilm was characterized
using a field emission scanning electron microscope (FE-
SEM, JSM-7900F, JEOL, Japan) operated at an accelerating
voltage of 2.0 kV. Prior to imaging, the biofilms were rinsed
with a phosphate-buffered saline solution to remove any
non-adherent material. The samples were then coated with
a thin layer of platinum using a sputter coater (108 Auto
Sputter Coater, Cressington Scientific Instruments, USA) to
enhance conductivity and imaging quality. For additional
topographical and deflection analysis, the biofilms at the
end of the formation process were examined using an atomic
force microscope (AFM, NX20, Park Systems, Korea). The tap-
ping mode was employed for these measurements as it is
particularly effective in improving lateral resolution for soft
materials such as bacterial film surfaces [32]. This dual
approach, utilizing both FE-SEM and AFM, provided a com-
prehensive analysis of the biofilm morphology, allowing for
detailed visualization of surface structures and the assess-
ment of mechanical properties at the micro- and nanoscale
levels.

Figure 2: (a) Stages of bacterial biofilm development: attachment and interaction of planktonic bacteria (steps 1–3), growth and maturation with EPS
production (steps 4 and 5), and dispersion at critical mass (step 6). (b) IRS measurements using bicone geometry. E. coli biofilms form at the interface
between mineral oil (upper phase) and bacteria-laden medium (lower phase). (c) Experimental stages for monitoring biofilm formation on the QCM
electrode during sensing measurements.
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3 Results and discussion

3.1 Micro-scale observations of biofilm
formation

The formation of biofilms can be defined in five stages, as
schematically illustrated in Figure 2a. It starts with (i) the
attachment of planktonic bacteria to the surface and (ii)
the production of extracellular polymeric substances (EPS)
that result in irreversible cell attachment. During this
period, the cells were surrounded by a slime-like substance
made of extracellular polymers and exhibited colloidal-
like behavior [33]. After that, (iii) bacterial structures

were established and grew through quorum sensing, (iv)
matured and solidified into a layer, and (v) dispersed their
cells into the environment [25,34,35]. Cell interactions and
inter-structural forces hydrodynamically changed the mechan-
ical properties at each step [10]. Thus, in order to effectively
control biofilms and eradicate the negative effects they can
cause, it is crucial to have a thorough understanding of the
mechanism by which they form and the mechanical proper-
ties, especially the viscoelastic behavior, of their matrix
[14,19,36]. And the nomenclature of abbreviations used in
this study is provided in Table 1.

QCM-D is a highly sensitive analytical technique used
to investigate the formation and properties of biofilms. The
primary roles of QCM-D in biofilm research include real-
time monitoring, quantification of adsorption, assessment
of mechanical properties, analysis of interactions, and
environmental response. This information is crucial for
developing strategies to control biofilm formation and
mitigate its impact in various applications, including med-
ical devices, water treatment systems, and industrial pro-
cesses. E. coli biofilm was grown on the surface of the
sensor electrode, creating an organized biofilm structure
at a temperature of 25°C. Figure 3 and Table 2 represent the
QCM-D signal shifts that indicate E. coli growth at various
concentrations in LB broth. The biofilm growth stages are
characterized by three distinct phases: surface attachment
and initial growth (green color, phase I), maturation (orange
color, phase II), and dispersion (purple color, phase III). In
phase I, a gradual decrease in frequency (Δf) and an increase

Table 1: Nomenclature of abbreviations used in this study

Abbreviation Full name

E. coli Escherichia coli
EPS Extracellular polymeric substances
QCM-D Quartz crystal microbalance with dissipation
IRS Interfacial rheology system
LB Luria-Bertani medium
SD Sabouraud dextrose medium
Δf Delta frequency
ΔD Delta dissipation
G ′i Interfacial storage modulus
G ″i Interfacial loss modulus
mPa s Millipascal-seconds (unit of viscosity)
kPa Kilopascal (unit of modulus)

Figure 3: QCM-D signal dynamics of E. coli biofilm growth on a gold substrate at room temperature for 28 ± h in LB medium. Bacterial volume
concentrations: (a) 2%, (b) 5%, and (c) 10% (v/v), with corresponding DF plot graphs: (d) 2%, (e) 5%, and (f) 10% (v/v). Colors represent each phase of
bacterial film formation: green (phase I), orange (phase II), and purple (phase III).
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in dissipation (ΔD) were observed, attributed to bacterial
adhesion and initial growth on the quartz plate. This beha-
vior reflects the formation of a soft layer composed of bac-
teria and EPS. Phase II shows stabilization of both frequency
and dissipation signals, indicating that the bacterial film has
reached maturity. During this stage, the structure of the
biofilm solidifies, and the viscoelastic properties stabilize.

In phase III, the biofilm reaches a critical mass and
begins to disperse. The structure of the film collapses,
resulting in a decrease in stiffness and mass, which is evi-
denced by an increase in dissipation shifts.

For the QCM-D measurements of 2, 5, and 10% (v/v)
inoculated samples (Figure 3a–c), the Δf and ΔD exhibited
similar patterns. In phase I, following the initial microbe
attachment period, Δf exponentially decreased while ΔD
correspondingly increased over approximately 8 ± 2 h.
The duration of these attachments varied with concentra-
tion. During the subsequent establishment and maturation
period (II), relatively gradual changes were observed in Δf
and ΔD. At this stage, the cells rigidly adhered to the sensor
surface, indicating that they had reached a stable state.
Therefore, when the bacterial film is well-formed, there
are minimal mass changes and decreased energy dissipa-
tion. Figure 3a shows that for the 2% (v/v) data, the change
in Δf and ΔD ranged from −100 ± 20 Hz and −10 ± 5 µm over
approximately 13 h. In Figure 3b, the 5% (v/v) data exhib-
ited a range in Δf and ΔD of 100 ± 20 Hz and −20 ± 5 µm over
approximately 17 h. Figure 3c indicates that for the 10%
(v/v) data, the change in Δf and ΔD ranged from −200 ±

20 Hz and 20 ± 5 µm over approximately 20 h. These results
suggest that the biofilm, particularly at a concentration
of 5% (v/v), has reached a state of well-defined maturity,
with the viscoelastic properties of the adhering film layer
remaining largely unchanged. During the final dispersion
period (III), the mass of the biofilm reached a critical point
and began to collapse in structure. This behavior, along with
the decrease in layer rigidity, is typically characterized by
an increase in dissipated energy. Figure 3a shows that for
the 2% (v/v) data, the change in ΔD was −5 µm over approxi-
mately 3 h. In Figure 3b, the 5% (v/v) data exhibited a ΔD

range of 10 µm over approximately 3 h. Figure 3c indicates
that for the 10% (v/v) data, the change in ΔD was 5 µm over
approximately 3 h. These observations suggest that the E.
coli biofilm formed at 5% (v/v) exhibits more robust proper-
ties for measuring mechanical strength and viscoelasticity
changes during film formation than the other concentrations.

Frequency shift versus dissipation shift (D–F) plots, or
QCM-D signatures, are used for qualitative analysis of cel-
lular processes, revealing the effects of substrates and bio-
molecules on cell adhesion [37]. D–F plots analyze adsorbate
conformation by examining the Δf and ΔD relationship,
showing energy loss per unit mass without time components
[38–40]. The dissipation-to-frequency shift ratio, ΔD/(−Δf),
from QCM-D measurements, determines biofilm character-
istics on sensor surfaces [41]. Slope amplitude indicates layer
rigidity, with positive values suggesting loosely packed layers.
More viscous materials show higher dissipation per unit
mass, indicating softer films. A straight D–F plot line suggests
a homogeneous layer, while a curved line indicates changing
conformation with increased coverage [42,43]. As adsorption
progresses, ΔD versus Δf graphs reveal changes in the viscoe-
lastic properties of the attached layer, formingmultiple linear
segments (Figure 3d–f). Initially (phase I), bacterial cells form
a dense layer on the quartz plate with minimal ΔD fluctua-
tions and decreasing Δf, indicating increased cell adhesion
stability and a more compact matrix. During phase II, the
closely clustered ΔD/(−Δf) values reflect smaller changes in
Δf and ΔD signals than in phase I, suggesting less pronounced
mass and viscoelastic changes. Comparing D–F plot slopes
helps assess the mechanical characteristics of the layers.
The 5% (v/v) biofilm (Figure 3e) shows strong mechanical
properties with a small, linear slope, whereas the 10% (v/v)
sample (Figure 3f) displays a steeper slope, indicating a more
viscous biofilm.

The QCM-D signal shifts for E. coli film growth, inocu-
lated at 5% (v/v) in LB, SD, and Marine broths, are shown in
Figure 4 and Table 3. The Δf and ΔD behaviors are similar
across different conditions. Biofilm formation occurs in
three phases, which are adhesion and development (I),
maturation and stabilization (II), and final dispersion (III).
During phase I, mass increases were observed, indicated by
changes in Δf for SD (−800 ± 50 Hz), LB (−700 ± 50Hz), and
Marine (−300 ± 50Hz). Corresponding changes in ΔD were
SD (200 ± 10 µm), LB (40 ± 10 µm), and Marine (30 ± 10 µm).
Significant variations in SD are attributed to the unique
properties of the SD medium, supported by the dissipation
shift graph (Figure 4b) and FE-SEM images (Figure 6B(b) and
B(e)). During phase II, the LB sample exhibited Δf and ΔD
changes of 100 ± 20 Hz and −20 ± 5 µm, respectively. The SD
sample showed no significant ΔD changes, while a slight
increase was observed in the Marine broth sample. These

Table 2: Resonance frequency and dissipation shifts obtained from
QCM-D measurements under different volume concentrations at each
biofilm formation stage

Frequency shift (Hz) Dissipation shift (µm)

f2%(v/v) f5%(v/v) f10%(v/v) D2%(v/v) D5%(v/v) D10%(v/v)

Ⅰ −300 ± 50 −700 ± 50 −400 ± 50 10 ± 10 40 ± 10 40 ± 10
Ⅱ −100 ± 20 100 ± 20 −200 ± 20 −10 ± 5 −20 ± 5 20 ± 5
Ⅲ −30 ± 10 −100 ± 20 −40 ± 20 −5 ± 3 10 ± 3 5 ± 3
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findings suggest that the decrease in Δf is due to the SD
medium’s properties or increased salt content in the Marine
broth, rather than pure biofilm characteristics. In phase III,
the Marine broth and LB samples showed similar behavior,
but changes in the Marine broth sample are influenced by
medium properties, not just biofilm dispersion. The experi-
ments concluded that biofilm formation was most effective
in LB medium at 5% (v/v) inoculation, providing optimal
conditions for biofilm development and stability.

3.2 Viscoelastic characterizations of biofilm
formation

The Sauerbrey equation is a fundamental principle in QCM
experiments, relating the frequency change of the quartz
crystal to the mass change on its surface. The equation is
given by [38]

= − ×f
n

C
mΔ Δ , (1)

where n is the odd number of the harmonic (n = 3), C is the
mass sensitivity constant, which is governed by the quartz
material, and Δm is the mass change at the crystal surface
[38,44]. The analysis of viscoelastic films in contact with a
liquid involves a model based on continuum mechanics, as
described by [45–47]
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where ω denotes the angular frequency, ρq and ρl repre-
sent the densities of quartz and liquid, respectively, µq is
the shear modulus, and fn is the frequency at the overtone
n. The values of Δfn correspond to the measured frequency
shift, whereas ΔΓn (=ΔDn fn/2) denote the change in the
half bandwidth of the frequency spectrum at overtone
n. Additionally, f0 represents the fundamental resonant
frequency [47]. Given the viscoelastic properties of the
biofilms observed across all measured frequencies using
QCM-D, we calculated the storagemodulus (G′), loss modulus
(G″), and complex modulus = ′ + ″G G G

2 2( ) to derive model
values with viscoelastic mechanisms and equations.

The calculated values of the storage and loss moduli
(Figure 5a and b) demonstrate changes in the mechanical
properties during time-dependent formation phenomena.

Figure 4: QCM-D signal dynamics of E. coli biofilm growth inoculated with 5% (v/v) on a gold substrate at room temperature for 28 ± 2 h. Samples
grown under different environmental conditions: (a) LB, (b) SD, and (c) Marine broth, with corresponding D–F plot graphs: (d) LB, (e) SD, and (f) Marine
broth. Colors represent stages of bacterial film formation: green (phase I), orange (phase II), and purple (phase III).

Table 3: Resonance frequency and dissipation shifts obtained from
QCM-D measurement under different environmental conditions at each
biofilm formation stage

Frequency shift (Hz) Dissipation shift (µm)

fLB fSD fmarine DLB DSD Dmarine

Ⅰ −700 ± 50 −800 ± 50 −400 ± 50 40 ± 10 200 ± 10 30 ± 10
Ⅱ 100 ± 20 −100 ± 50 −100 ± 50 −20 ± 5 20 ± 5 10 ± 3
Ⅲ −100 ± 20 20 ± 5 −100 ± 50 10 ± 3 5 ± 2 10 ± 3
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Fluid-like characteristics predominated during the disper-
sion phase, as indicated by higher energy dissipation. In
contrast, solid-like properties became prominent during

the attachment and maturation phases, as reflected in
the increased storage modulus (G′). These findings exhibit
slight variations in interfacial rheology measurements,

Figure 6: (a) In situ IRS measurements of E. coli biofilm formation at bacterial volume concentrations of 2, 5, and 10% (v/v) in LB medium. Interfacial
storage modulus (G ′i ) and loss modulus (G ″i ) were measured over 4 days using a time sweep at 37°C. (b) In situ IRS measurements under different
environmental conditions at a 5% (v/v) concentration. (c) and (d) Graphs of tan δ for (a) and (b). (e) Images of biofilm growth captured inside the IRS
container at each formation stage.

Figure 5: Storage modulus, loss modulus, and complex modulus calculated from QCM data using equations (2) and (3) under varying conditions:
(a)–(c) bacterial volume concentrations and (d)–(f) biofilm growth substances.
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likely due to differences in the growth environment con-
figuration. Biofilm development on the QCM sensor surface
involves interactions at the solid–liquid interface. In bulk
rheology measurements, a bacterial film forms at the inter-
faces between the liquid phase of the growth medium and
the mineral oil phase. The QCM, with significantly lower
inertia compared to a bulk rheometer, is more sensitive to
fluid characteristics, particularly when fluid viscosities are
very low [47]. Similar to QCM-D results, the 5% (v/v) sample in
the concentration comparison experiment and the sample
grown in SD in the environment comparison experiment
exhibit the most prominent viscoelastic characteristics and
polymer structure production at the solid interface. Figure 5c
shows that fully formed biofilms on a solid surface exhibit the
highest complex viscosity and modulus when inoculated at 5%
(v/v) in LB broth and in SD broth.

3.3 Macro-scale observations of biofilm
formation

The interfacial rheology system (IRS) was used to study
bacterial film development at the liquid–liquid interface.
Biofilm formation involves complex structural changes over
various phases, driven by increased bacterial film density
and cell interactions [48]. For instance, layer adsorption
increases both elastic and viscous moduli. To analyze vis-
coelastic properties during biofilm development, mea-
surements of interfacial storage modulus ( ′Gi ) and loss
modulus ( ″Gi ) were conducted [49,50]. These moduli
reveal the elastic (energy storage) and viscous (energy
dissipation) behaviors of the biofilm, crucial for under-
standing its mechanical properties and stability.

The dynamics of E. coli biofilm formation were divided
into three stages, analogous to QCM-D data (Figure 6a–d).
During the initial attachment and growth stage (I), the
interface is highly viscous, dominated by the interfacial
loss modulus ( ″Gi ). Over time, the interfacial storage mod-
ulus ( ′Gi ) increases due to bacterial and EPS adhesion. The
crossover point of ′Gi and ″Gi represents the transition from
liquid-like behavior to solid-like behavior at the interface.
This transition reflects evolving interactions among bac-
terial clusters and EPS, contributing to the formation of a
mechanically stable biofilm layer [8]. During the maturity
stage (II), a stable layer with high mechanical strength
forms, dominated by ′Gi , providing resistance to external
stresses [51]. Irregular decreases are likely due to bacterial
metabolic reactions, which consume glucose and lead to
acidification and reduced elasticity [26]. In the final stage

(III), microbial dispersion occurs, causing ′Gi to decrease
and ″Gi to increase, signifying breakdown of the visco-
elastic network. Biofilm thickness increased over time, as
shown in Figure 6e.

Biofilms were grown in LB medium at 2, 5, and 10% (v/v)
for approximately 100 h, as shown in Figure 6a. During
stage I, initial interfacial moduli were similar. The order
of crossover points and subsequent increases in moduli
was 2, 10, and 5% (v/v). Figure 6e shows that increased
elasticity correlates with biofilm development. The highest

′Gi and lowest ″Gi values at 5% (v/v) indicate strong elastic
characteristics. In stage II, ′Gi and ″Gi changes were less
substantial. In stage III, as dispersion occurred, ′Gi

decreased and ″Gi increased, indicating increased viscous
characteristics. Biofilm development in various environ-
ments at 5% (v/v) is shown in Figure 6b. In LB, film forma-
tion was more pronounced than in SD, where changes in
each modulus were minimal. In marine broth, significant
increases in ′Gi and ″Gi were observed, but not a plateau.
These results suggest that E. coli bacteria thrived most
effectively in LB medium at 5% (v/v), with QCM-D data
supporting these findings.

To investigate film strength, tan δ, the elasticity loss
factor, is presented in Figure 5c and d. Tan δ is defined as
the ratio of the loss modulus to the storage modulus (G″/G′)
[52], used to describe damping properties of polymeric
materials [53,54]. Despite the continuous upward trend in
Marine broth, the LB medium at 5% (v/v) exhibited the
most elastic characteristics, while the SD medium showed
the highest viscosity, indicating a soft layer with minimal
bacterial interactions.

3.4 Morphological observations of biofilm
formation

E. coli biofilms were examined using FE-SEM and AFM to
compare the morphological structures of various biofilms
in different environments. Figure 7A and B show signifi-
cant differences in biofilm structures at 17 and 48 h. Figure
7A displays growth in LBmedium at 2, 5, and 10% (v/v) (a, b,
c), as well as shows growth in SD broth and Marine broth at
5% (v/v) (d, e), respectively. At 17 h, bacterial growth and
colonization began, with distinct cell shapes still visible
(Figure 7A). Smooth microorganisms and EPS matrix were
observed. Salt components were noted in the Marine broth
sample due to the fact that seawater was used as a medium
(Figure 7A(e)). Cell distribution differences were attributed
to inoculation concentration. After 48 h, EPS production and
matrix formation increased. EPS communities formed
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around colonies, and cell borders decreased. In the LB 5%
(v/v) sample (Figure 7B(b)), E. coli cells were embedded in
thick EPS structures, displaying smooth and rough morphol-
ogies. In the 5% (v/v) Marine broth sample, EPS and salt
components filled spaces between cells (Figure 7B(e)). Com-
paring inoculation concentrations in LB (Figure 7B), the 5%
(v/v) sample (b) showed the best film structure, followed by
10% (c) and 2% (v/v) (a). Under different environmental
conditions (Figure 7B), the 5% (v/v) sample in LB (b) exhib-
ited the most distinct morphology. Samples in SD broth (d)
showed the lowest biomass, indicating SD broth’s unsuit-
ability for E. coli growth. Marine broth samples (e) demon-
strated lower biofilm formation than LB, with salt covering
bacterial cells.

The motivation and added value of this study lie in the
detailed and multifaceted analysis of biofilm formation
under various conditions. Figure 7C shows AFM images,
which measure topography and deflection simultaneously
[55]. Using AFM, we obtained high-resolution images that
characterize biofilm shape, interactions, and adhesion [56],
providing spatial resolution to image individual cells and
the EPS matrix [57]. In this study, AFM revealed the com-
plete bacterial film structures after 48 h growth on a Si
wafer, matching QCM-D conditions. AFM images, as shown
in Figure 7C, provided spatial insights into biofilms formed

under varying inoculation concentrations and growth media
[25]. Among the tested conditions, the LB medium with 5%
(v/v) inoculation (Figure 7C(c)) exhibited the most ordered
cluster structure, characterized by a uniform distribution
and height of bacterial cells, indicating optimal biofilm for-
mation. In contrast, samples cultured in SD and Marine
broths (Figure 7C(d and e)) displayed bright regions, sug-
gesting the presence of salt or by-products rather than struc-
tured biofilms or EPS. These results align with QCM-D and IRS
measurements, confirming that E. coli biofilms in LBmedium
at 5% (v/v) inoculation exhibit the most stable and well-struc-
tured morphology.

Figure 7C shows AFM images of various concentrations
in LB: (a) 2%, (b) 5%, and (c) 10% (v/v). Samples (d) and (e)
were inoculated with 5% (v/v) and cultured in SD and
Marine broths. The most orderly cluster structure was
seen in Figure 7C(b), with uniform bacterial cell distribu-
tion and height. Samples grown in LB showed rod-
shaped E. coli morphology, with varying distribution.
Bright regions in samples cultured in Marine and SD
broths (Figure 7C(d and e)) suggested production of
materials like salt, rather than bacterial film or EPS.
These results align with QCM-D and IRS measurements,
showing the E. coli 5% (v/v) sample in LB is optimal for
well-structured biofilm formation.

Figure 7: (A) FE-SEM images of E. coli biofilms grown for 17 h. (a–c) depict biofilms grown in LB medium with inoculation concentrations of 2, 5, and
10% (v/v), respectively. (d and e) Represent biofilms grown in SD and Marine broth, respectively, both at a 5% (v/v) inoculation concentration. (B) FE-
SEM images of E. coli biofilms grown for 48 h, corresponding to (A), illustrating their progression after 30 h. (C) AFM images of E. coli biofilms grown
under various conditions: (a) 2% (v/v) in LB, (b) 5% (v/v) in LB, (c) 10% (v/v) in LB, (d) 5% (v/v) in SD, and (e) 5% (v/v) in Marine broth. The growth period
was 48 h, and Si wafers were used as substrate.
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4 Conclusion

This study employed QCM-D and IRS to investigate the
time-dependent formation and rheological properties of
E. coli biofilms under various growth conditions. Three
distinct growth phases (surface attachment and initial
growth, maturation, and dispersion) were identified at
both micro- and macro-scales. Optimal biofilm formation
occurred in LB medium with a 5% (v/v) inoculation, as
indicated by higher complex viscosity and modulus values,
uniform bacterial morphology, and structured cluster for-
mation. QCM-D demonstrated high sensitivity in capturing
viscoelastic characteristics, while IRS provided insights
into elastic and viscous behaviors, confirming the mechan-
ical properties of the biofilm. Moreover, the combination of
QCM-D, IRS, FE-SEM, and AFM presents a robust frame-
work for characterizing biofilm dynamics at both structural
and mechanical levels. Since this study is limited to E. coli
biofilms, future research should expand to include other
species and explore interactions with antimicrobial agents
to develop effective strategies for biofilm control and eradi-
cation. Despite these limitations, this study contributes to
the deeper insights of combining QCM-D and IRS for com-
prehensive biofilm analysis, paving the way for improved
biofilm management strategies across various fields.
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