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A B S T R A C T

Biofilms are the primary cause of clinical bacterial infections and are impervious to typical amounts of antibiotics,
necessitating very high doses for elimination. Therefore, it is imperative to have suitable methods for charac-
terization to develop novel methods of treatment that can complement or replace existing approaches using
significantly lower doses of antibiotics. This review presents some of the current developments in microsystems
for characterization and sensing of bacterial biofilms. Initially, we review current standards for studying biofilms
that are based on invasive and destructive end-point biofilm characterization. Additionally, biofilm formation and
growth is extremely sensitive to various growth and environmental parameters that cause large variability in
biofilms between repeated experiments, making it very difficult to compare experimental repeats and characterize
the temporal characteristics of these organisms. To address these challenges, recent developments in the field
have moved toward systems and miniature devices that can aid in the non-invasive characterization of bacterial
biofilms. Our review focuses on several types of microsystems for biofilm evaluation including optical, electro-
chemical, and mechanical systems. This review will show how these devices can lead to better understanding of
the physiology and function of these communities of bacteria, which can eventually lead to the development of
novel treatments that do not rely on high-dosage antibiotics.
1. Introduction

Bacterial biofilms are a major cause of concern in the clinical setting.
They are the primary cause of infections, commonly forming on medical
devices such as implants and catheters, as well as on respiratory tract
surfaces and teeth [1,2]. It is estimated that 65% of all bacterial in-
fections involve biofilms [3]. The high mutation rates and horizontal
exchange of genetic material in biofilms promote antibiotic tolerance
mechanisms and result in high resistance to antibiotics [1,4–8]. It is
estimated that biofilms require 500 – 5000� higher doses of antibiotics
for treatment as compared to freely floating planktonic bacteria [1,7,9].
The use of such high doses - significantly higher than the minimum
inhibitory concentration (MIC) - to treat medical device-associated in-
fections in patients is practically impossible due to adverse side effects
such as renal failure and more importantly due to the emergence of
antibiotic resistant strains [8]. Antimicrobial resistance is a major threat
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to health, disrupting our ability to treat a range of infections [10]. In
2019, the World Health Organization (WHO) declared antimicrobial
resistance as one of the major ten threats to global health [11,12]. Hence,
there is an urgent need to study and develop alternate treatment meth-
odologies that eliminate the need for such excessive antibiotic doses.
However, this aim requires effective methods to study and characterize
biofilms.

While biofilms have been studied for decades [13,14], much is still
unknown. Over the last few decades, a number of in vitro models have
been developed to not only understand the biology of biofilms, but also to
study the effect of biofilm response to external stimuli such as change in
pH or exposure to antimicrobials [8,15–20]. However, standard pro-
cedures are yet to be established for the characterization and study of
biofilms. Moreover, the variability inherent to biological systems war-
rants the need for highly parallel study designs to ensure reliability,
something that many current systems do not adequately address. Biofilms
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grown in vitro show a high degree of growth variability both between and
within platforms [21,22], preventing reliable comparison of treated
biofilms to their controls. Additionally, biofilm characterization and
evaluation often rely on bulky external quantification equipment or
laborious protocols that label components of the biofilm and destroy the
biofilm itself [23,24]. Furthermore, maintaining the consistency of
macroscale protocols is a challenge that adds to the variability of bio-
films. Therefore, there is an urgent need to develop scalable and reliable
systems that can noninvasively quantify and characterize biofilms.
Considering the broad variations of the real environmental settings
where biofilms form (e.g. implanted devices, surgical tools, etc.), it is also
essential to develop different characterization methods in parallel to
address the varying clinical needs.

Here, we briefly review the aforementioned challenges and conven-
tional macroscale systems, and then proceed to give an in-depth over-
view of novel microtechnological approaches. Microscale devices and
lab-on-a-chip (LOC) sensing platforms have been considered as an ideal
solution to address this multi-faceted problem. Microfluidics provides
several advantages including ease of fabrication, low reagent volumes
and cost, tight environmental control, and high throughput; the imple-
mentation of microfluidic devices for biofilm studies has been discussed
in detail by Greener et al. [25]. Their review provides an in-depth view of
PDMS microchannel devices and the conventional metrology tools that
these devices rely on. Our work touches upon these microfluidic devices
for biofilm characterization with more emphasis on the
microfluidics-integrable microsensing technologies [26–58] that can be
used to evaluate biofilms in real-time for label-free, continuous, and
noninvasive characterization of biofilm properties. This review aims to
present some of the in vitro microsystems developed over the past few
years for biofilm testing and treatment evaluation. First, we review
macro-scale systems that have gained recognition as standards for bio-
film testing, followed by different types of microsystems that aspire to
mimic their macro-scale counterparts in portable and point-of-care set-
tings, while reducing reagent and resource costs and improving biofilm
monitoring. In particular, we review sensor-less microfluidic systems
followed by the ones combined with optical, electrochemical, and
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mechanical monitoring systems.

2. Macro- and micro-scale biofilm reactors

In developing the field of biofilm science, various new techniques and
formats to evaluate biofilms have been employed by researchers through
the years, during which macroscale biofilm reactors have gained a
reputation as the standard for growth and evaluation of biofilms.
Broadly, these reactors can be divided into static reactors and flow cells.
Static reactors allow for growth of biofilms in an environment where the
media is replenished only periodically. As a result, nutrients can become
locally depleted, and waste and planktonic cells can accumulate. The
most common format for growing biofilms in a static environment uti-
lizes microwell plates. Microwell plate readers are a staple in every
microbiology and biotechnology laboratory. Furthermore, automated
systems for filling and mixing reagents in microwells exist that allow for
easy biofilm handling and experimentation.

As opposed to static reactors, flow cells provide a continuous supply
of nutrients to the biofilm. These platforms also aid in removal of waste
and any planktonic cells that disperse from the biofilm, an added
advantage over static systems. Flow cells typically have one inlet, one
outlet, and one channel throughout which biofilms are grown. The bio-
films grown in these devices can be monitored continuously using a
microscope, provided the device is mounted on a transparent substrate.
Some of the commonly used flow reactors are presented in Fig. 1 and are
discussed in detail below.

The modified Robbin’s device is a commonly used method for eval-
uating biofilms. The device, shown in Fig. 1a, consists of a main channel
that contains multiple specimen plugs onto which biofilms can be grown
in a flow environment with constant shear. After growth, these plugs can
be removed and the biofilm on the plugs can be subjected to various
experiments [19]. Although the biofilms are grown in parallel, their
analysis remains serial in this configuration.

The Calgary biofilm device combines insertion capability with
traditional microwell plate technology and the ability to apply shear
stress through flow as provided by the modified Robbin’s device [15].
Fig. 1. (a) Schematic of two parallel modified Rob-
bin’s devices, showing a specimen set of plugs on
which the biofilm is allowed to grow. Reproduced
with permission from Ref. [19]. (b) Cross-sectional
(top) and top view (bottom) of a Calgary biofilm de-
vice. The figure on the top shows the pegs on which
the biofilm grows as the channels below are used to
flow nutrients. The bottom figure illustrates the pegs
in a 12x8 array compatible with a 96-well plate.
Reproduced with permission from Ref. [15]. (c)
Photograph of a CDC biofilm reactor (CBR). Repro-
duced with permission from Ref. [59].



S. Subramanian et al. Biofilm 2 (2020) 100015
The device has two components, a pegged lid and a bottom with chan-
nels, shown in Fig. 1b. The pegs on the lid can be positioned over the
channels or fitted into a traditional 96-well plate. The flow of the liquid in
the channels can be directed around the pegs by placing the device on a
rocking table. The biofilms grown on the pegs experience a constant
amount of shear due to the flow of the fluid. They can be removed and
analyzed individually, as in the case of the Robbin’s device, or the pegged
lid can be inserted in a microwell plate filled with different antibiotics or
new treatments that require testing. A major drawback of these two
macroscale devices is that imaging biofilms on the pegs or specimen
plugs using either confocal microscopy or scanning electron microscopy
requires that each peg or plug be individually broken off of the lid and
manipulated.

The CDC biofilm reactor (CBR) allows for the growth of biofilms
under moderate to high fluid shear stress [59]. The reactor, shown in
Fig. 1c, incorporates 24 removable biofilm growth surfaces (coupons) for
sampling and analysis, and consists of a 1l glass vessel with an outlet
positioned to provide about 350 ml of working fluid capacity. The
polyethylene lid supports 8 independent removable rods that can each
house 3 coupons, an inlet port, and a gas exchange port. The entire device
is usually placed on a digitally controlled stir plate to provide constant
rotation of the stir bar at a designated speed for controlling the amount of
applied fluid shear. The CBR is used as a flow cell, i.e. a continuous-flow
stirred-tank reactor, by constantly pumping fresh media into and out of
the reactor. A disadvantage of this device is that it is bulky, and all 24
coupons must be subjected to the same treatment. Hence testing different
treatments needs to be done separately, which contributes to an increase
in experimental variation and means the CBR requires larger volumes
than either microwell plates or microscale devices to test the same
number of conditions. Furthermore, the biofilms grown in macroscale
systems are usually analyzed using end-point analysis, which destroys the
biofilm while only providing a single data point.

Alternatively, microscale systems are capable of addressing many of
the disadvantages and measurement challenges of their macroscale
counterparts. The use of microfluidics allows for greater ease in con-
trolling the fluidic environment and integration of microfabricated sen-
sors or micropatterned growth substrates [25,60,61]. A mm-scale flow
through system developed by Tolker-Nielsen et al. for studying biofilm
growth using microscopy overcomes some challenges associated with
macroscale approaches, allowing non-destructive and continuous anal-
ysis [62]. However, this system still requires the relatively larger sample
and reagent volumes. In comparison to the macroscale platforms,
microfluidic systems can be designed to require smaller sample and re-
agent volumes, frequently on the order of nanoliters. In the recent past,
several standard macroscale methods, routinely used for the analysis of
biomolecules such as electrophoresis and PCR, have been successfully
miniaturized into microscale systems [63,64]. While larger samples of
bacterial cultures are easy to obtain, it is often difficult to obtain larger
volumes of reagents, antibiotics, or new drugs under research. The
following section discusses the advantages of microsystems over their
macro-counterparts in more detail and delves into the various micro-
systems currently under development for biofilm studies.

3. Microsystems for biofilm studies

While the simplest microfluidic systems, whether they are single
channel or chamber, are miniature versions of existing macroscale plat-
forms such as flow cells or microwell plates, complex fluid-handling ar-
chitectures can be integrated with arrays of channels or chambers to
enable multi-experiment capabilities within a single device. On-chip
pumps can provide tunable flow of solutions throughout a device
whereas integrated valves, such as Quake valves which use pressurized
gas to control valve orientation [65–67], can direct this flow to desig-
nated locations on demand.

Another significant advantage of using microfluidic systems is that
they can be integrated with microfabricated sensors. These microscale
3

LOC systems provide numerous advantages in biomedical research and
clinical diagnostics, and can be a valuable tool in investigating novel
therapies. They enable functional integration with other technologies,
leading to portability and high-throughput usage. These translational
systems hold the potential to improve the resolution, regulation, sensi-
tivity, and flexibility over more traditional approaches. In summary,
these devices can provide a dense array of sensors at the micro-scale to
drastically reduce the necessary sample volumes, reproduce flow condi-
tions similar to in vivo environments, and enable real-time and non-
destructive biofilm analysis. These are critical elements to both biolog-
ical testing for drug discovery and biofilm detection systems [26–58,68].

By leveraging these advantages of microsystems, more recent biofilm
research is providing new insight on the various properties of biofilms in
ways that are impossible with classical macroscale systems such as the
Robbin’s device or microwell plate. This includes studies on the devel-
opment of antibiotic resistance, biofilm growth characterization, and the
role of intercellular communication [69–74]. Furthermore, it has been
suggested that microdevices will reduce the necessary analysis time from
days to the order of 2–4 h with more accurate recognition of specific
biological targets [75,76].

Although most biofilm studies utilize direct measurement of biofilm
thickness with microscopy and image analysis, very few studies
demonstrate real-time, continuous, non-invasive monitoring of biofilms.
While microsystems have leveraged the properties of microfluidics to
create environments more difficult to obtain with traditional biofilm
reactors, only a few real-time integrated microsystems have been
developed for biofilm sensing, characterization, and treatment. While
integrated systems relying on the optical properties of biofilm are the
most common, microsensor approaches utilizing the electrochemical or
mechanical properties of biofilm have also shown promise. The devel-
opment and validation of such microsystems against traditional methods
will allow for easy detection of biofilm formation and evaluation of new
treatments for prevention and removal in real-time.

3.1. Sensor-less microfluidic platforms

There have been numerous sensor-less microfluidic flow cells devel-
oped to understand and design complex synthetic biology circuits to
study the effects of various growth parameters such as pH, flow rates, and
temperature on biofilms and biofilm growth. Since these bioreactors are
not equipped with real-time sensing capabilities, traditional methods of
biofilm study like confocal microscopy, colony forming units (CFU), or
crystal violet staining assays were employed for biofilm characterization.

Microfluidic platforms can help minimize the impact of the inherent
variability of biofilm growth by designing platforms capable of multiple
biofilm characterization experiments, including controls, in parallel on
the same device [77]. This reduces inter-device variability, and along
with the advantage of high-throughput experimentation, saves time and
resources for reproducible biofilm studies.

Hong et al. report the development of a multi-channel microfluidic
device to study a biofilm circuit that utilizes two dispersal proteins along
with a population-driven quorum-sensing switch [78]. The microfluidic
device consists of a diffusive mixer for cells and media, and eight
microchambers where biofilm growth is imaged using confocal micro-
scopy and COMSTAT. The device is made from PDMS with pneumatic
elements to control microvalves, and it allows for the isolation of
different biofilm samples and careful control of media to each of them.
Within this microfluidic device, the authors show the displacement of the
initial biofilm using a second disperser species, which is then removed
using a chemically induced switch. This was the first demonstration
within a fluidic device where cells that have been engineered to be able
to displace an existing biofilm are then removed on command, allowing
one to control multi-species biofilm formation. The same group also
developed a modified cell mixer layer of the microfluidic flow cell device
for investigating bacterial biofilm formation and organization in
response to different concentrations of soluble signals [72]. They
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demonstrate the utility of the flow cell by studying the effect of 7-hydrox-
yindole and isatin, either individually or in combination at varying
concentrations, on biofilm development of pathogenic E. coli. The au-
thors suggest that this microfluidic model could be used towards a
fundamental understanding and characterization of events leading to
bacterial attachment to surfaces and of various chemicals that influence
biofilm formation or inhibition. Connell et al. also probed how bacterial
communication and colony formation drives antibiotic resistance by
confining them in microscale ‘lobster traps’ made of
photo-cross-linked-protein that is permeable to nutrients, waste prod-
ucts, and other biomolecules [79]. These structures were capable of
capturing single cells and growing them into microcolonies, which begin
to display resistance to antibiotics with as few as 150 cells.

Lam et al. recently reported the development of a high-throughput
microfluidic ‘artificial teeth’ device for quantitatively evaluating
several biochemical factors in the growth and development of dental
biofilms [80]. This device, shown in Fig. 2a, has 128 separate 1 mm
Fig. 2. (a) (Left) Fabricated microfluidic ‘artificial teeth’ device placed on the auto
artificial teeth chip. (Right-bottom) Sketch of multiple structural layers in a cultur
Ref. [80]. (b) Photographs of assembled devices with green water filling actuated co
blocked by closed valves. (Bottom) Device in biofilm sectioning orientation, with side
permission from Ref. [84] (c) (Left) Schematic of the microfluidic 3D gradient-gener
aeruginosa and chemoeffector-releasing surfaces. (Right) Illustration of the mechan
permission from Ref. [85]. (For interpretation of the references to colour in this figu
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diameter growth chambers, each of which can have its own controlled
microenvironment. The specific parameters that can be manipulated per
chamber include bacterial species, media composition, flow rate, and
dissolved oxygen concentration. This controlled environment was ach-
ieved via layering PDMS microchannels with the pneumatic control
channel on top, followed by an oxygenation channel, water jackets to
minimize evaporation, upper and lower flow control channels, media
flow channels, and culture chambers. Finally, an array of valves, micro-
mixers, and micropumps allow these channels to control the individual
microenvironment of each chamber, implementing 8 different dissolved
gas conditions at a given time. Skolimowski et al. developed a micro-
fluidic approach for controlling oxygen gradients for creating a cystic
fibrosis model with Pseudomonas aeruginosa. The oxygen gradients in the
PDMS microchannels were regulated simply by altering the flow rate,
which changed the ratio of advective and diffusive transport [81,82].

Our group has developed a biofilm segmentation platform to perform
multiple studies, with an integrated control, on a single biofilm. The
mated microfluidic control platform. (Right-top) Design layout of 128-chamber
e region and design of the gas micromixer. Reproduced with permission from
ntrol channels. (Top) Device in biofilm growth orientation, with side channels
channels open and central channel sectioned by closed valves. Reproduced with
ating wound model used for quantifying the interaction between Pseudomonas
ism of gradient generation (cross-sectional view of device). Reproduced with
re legend, the reader is referred to the Web version of this article.)
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authors leverage advantages of microfluidics to develop a system in
which biofilms are formed and sectioned, allowing parallel assays on
multiple sections of one biofilm. The device shown in Fig. 2b has two
modes of operation. During biofilm growth mode, the device allows for
media to flow along the length of the center channel while the side valves
remain closed (Fig. 2b-top), enabling growth of a single uniform biofilm.
In the treatment testing mode, the side valves are opened and the center
valves are closed, allowing for segmentation of the center channel into
multiple sections. Each section can then be independently treated with
different treatments, thereby allowing for multiple experiments to be run
in parallel (Fig. 2b-bottom). Using one of the channels as an integrated
control helps to accurately compare the multiple experiments in the run,
thereby eliminating inter-experimental variations.

There are also microfluidic systems reported that have been com-
bined with macroscale detection techniques other than confocal micro-
scopy. Hua et al. reported a microfluidic reactor that is compatible with
time-of-flight secondary ion mass spectrometry (ToF SIMS) for spatial
imaging of the chemical makeup of the biofilm [83]. The platform, or
System for Analysis at the Liquid/Vacuum Interface (SALVI), allows the
direct imaging of liquids with vacuum-based instruments and techniques
and can be used under both ambient and vacuum conditions for imaging
while being simultaneously compatible with confocal microscopy and
ToF SIMS. SALVI consists of a PDMS microchannel fully enclosed in a
100 nm SiN membrane, with holes drilled in the SiN using the primary
ion beam of the ToF SIMS as detection windows. This system was also
used to examine the heterogeneity at different points along the micro-
channel using 2D and 3D chemical mapping of biofilms.

Other microfluidic systems have aided the development of new
methodologies to study various biofilm properties, such as viscosity,
antibiotic susceptibility, and mechanical stiffness. Paquet-Mercier et al.
demonstrated a new method to monitor biofilm viscosity using multi-
channel microfluidics [86]. The device is a simple PDMS/glass device
and biofilms were tracked optically to determine how the biofilm seg-
ments moved temporally along the channel. A tracking algorithm and
imageJ were used to analyze each image for tracking, and a two-phase
viscous flow model was used to determine dynamic viscosity of biofilm
at different phases of the experiment. The viscosity was based on the
velocity of the segment and its thickness. Shin et al. reported the use of a
similar single channel microfluidic device to examine the susceptibility
of Pseudomonas aeruginosa to a combination of Tobramycin and sodium
dodecyl sulphate (SDS) as verified using confocal microscopy [87]. The
impact of varying hydrodynamic conditions has also been explored in
microfluidic systems. Lee et al. explored the impact of wall shear stress
and flow velocity on a biofilm in a straight, single channel [88]. The
impact of shear stress within a microfluidic device and on biofilm for-
mation is explored in more detail by Salta et al. The channels in their
device consisted of four separate sections, each with a subsequently
smaller height, in order to generate four different hydrodynamic shear
stress conditions. They utilized this platform to study the attachment and
formation of marine biofilm [89]. Serioli et al. developed centrifugal
microfluidic devices which do not rely on external pumps to drive flow
have been used to study the impact of shear on Pseudomonas aeruginosa
with low sample volumes and increased ease of use. The Lab on a Disc
platform simply uses a spinning motor to create the desired flow condi-
tions within the device [90].

Microfluidics has also helped researchers develop models that come
close to mimicking different microenvironments. For example, Wright
et al. reported a microfluidic system that mimics the wound microenvi-
ronment in order to study polymicrobial biofilms [85]. The microfluidic
device consists of a top layer of PDMS, a middle layer of agarose, and a
bottom glass slide (Fig. 2c). The PDMS layer has three channels, two of
which are used to introduce chemoeffectors. These compounds induce
the chemical wound environment via a diffusion gradient through the
agarose, to an observation channel where the biofilm is grown. The nu-
trients often have to diffuse through a collagen matrix in a wound
environment. Since the agarose allows diffusion while the PDMS does
5

not, it serves to recreate the physical wound environment. The authors
also fabricated a single-inlet microfluidic device with 25-μm diameter
microposts which mimics the topography found in wound environments.
The third PDMS channel introduces chemoeffectors directly to the bio-
film channel through the ceiling. An advantage the authors emphasize is
the compatibility of their system with high resolution imaging tech-
niques. Terry et al. also presented a microfluidic wound model, consist-
ing of a simple Y-channel coated in collagen to help recapitulate a wound
microenvironment. This platform was utilized to evaluate the efficacy of
antimicrobials against Methicillin-resistant Staphylococcus pseudinterme-
dius biofilm [91]. Glass and PDMS microfluidic systems have also been
utilized to study biofilm dynamics on osmosis membranes nondestruc-
tively using confocal laser scanning microscopy [92].

In addition to these custom-fabricated systems, the commercially
available BioFlux microfluidic device has emerged as a tool for studying
biofilm susceptibility to antimicrobial compounds. The system uses
pneumatic pressure to drive flow across a microfluidic channel, and a
microscope images the resulting biofilm in the microchannel. The device
is designed similarly to microwell plates, with 24 fresh media wells and
24 spent media wells connected to 24 microfluidic channels. Benoit et al.
utilized this system to evaluate the efficacy of an array of anti-microbial
compounds, and Kristensen et al. utilized this system to evaluate the
impact of osteopontin on biofilm adhesion [93,94].

The microfluidic systems presented here (summarized in Table 1)
demonstrate the viability of these devices to create complex microenvi-
ronments, thereby enabling multi-parameter biofilm studies. While
integration of these devices with sensitive, low-power, real-time moni-
toring techniques remains a challenge, the recent progress made in this
field is suggestive of the urgent need for new tools to understand and
treat these difficult-to-eradicate infections.

3.2. Optical microsystems

Traditional biofilm studies rely on standard optical techniques such as
confocal microscopy, crystal violet staining, or SEMs. Multitudes of
studies have been performed on various biofilms using these techniques
[23,73,95–97]. However, these labeling procedures are inherently
destructive to the biofilm, as a result of which only end-point measure-
ments are obtainable.

In recent years, other optical techniques that allow for real-time, non-
invasive detection of biofilms have been developed. For example, Yawata
et al. report a non-destructive label-free biofilm formation monitoring
system using an image analysis technique based on a modified confocal
reflection microscopy (CRM) in a single channel PDMS/glass micro-
fluidic device shown in Fig. 3a [98]. To overcome the challenge of image
saturation when using CRM, the authors modified the technique to allow
for continuous manual adjustment of the detector gain while scanning
along the Z-axis to maintain the signal intensity of cells at a constant
level. This modification of CRM with continuous gain adjustment was
termed Continuous Optimizing CRM (COCRM). Using this technique,
successful visualization of Streptococcus mutans biofilm growth was ob-
tained every 12 h over a 60-h growth period (Fig. 3b).

Imaging at long, 12-h intervals yields poor temporal resolution of
biofilm formation and growth. However, real-time chemical imaging of
bacterial activities can facilitate a more comprehensive understanding of
the dynamics of biofilm structures and functions. This has been demon-
strated using synchrotron radiation-based Fourier transform infrared
(SR-FTIR) spectromicroscopy in an open-channel microfluidic system by
Holman et al. and others [99,103]. This imaging technique has been
known to yield high spatial resolution and label-free vibrational signa-
tures of chemical bonds in biomolecules, but has been restricted in use
due to the water in biofilms, shown to hinder SR-FTIR sensitivity. This
was overcome by Holman, who developed a simple open-channel
microfluidic system with hydrophilic DRIE-etched microstructures
which can circumvent the water-absorption barrier for chemical imaging
of the developmental dynamics of bacterial biofilms with a spatial



Table 1
Summarization of the characteristics of the microsystems presented.

Microsystem Type Bacterial Species
Detected

Detection Method Duration of
Experiment

Interval between consecutive
data points

Ref

Sensor-less Microfluidic
Systems

E. coli Fluorescence 62 h 2 h [72,78]
Streptococci spp,
F. nucleatum

Fluorescence 7 d 1 d [80]

E. coli Fluorescence 24 h End-point [84]
P. aeruginosa,
E. coli

Fluorescence 72 h Real-time [85]

P. aeruginosa Fluorescence 24 h End-point [87]
Pseudomonas spp Optical Density 80 h Real-time [86]
Shewanella spp ToF-SIMS 6 d End-point [83]
S. pseudintermedius Fluorescence 24 h End-point [91]
P. aeruginosa Fluorescence 4 d End-point [81,82]
C. marina Confocal Laser Scanning Microscopy 210 min End-point [89]

Optical Systems S. mutans Confocal Reflection Microscopy 72 h 12 h [98]
E. coli Synchrotron Radiation Fourier Transform

Infrared Spectroscopy
10 h Real-time [99]

C. albicans,
C. tropicalis,
C. parasilosis

Brillouin Spectroscopy, Raman Spectroscopy 72 h End-point [104]

G. sulfurreducens Electrochemical Surface Plasmon Resonance 24 h Real-time [100,106]
P. mirabilis Fiber Optic Evanescent Wave Spectroscopy 4 h Real-time [103]
R. palustris Fiber Optic Evanescent Wave Spectroscopy 250 h 4 h [101]
E. coli Optical Density 24 h Real-time [102]

Electrochemical Systems S. mutans,
S. aureus,
S. epidermidis

Impedance 24 h 1 h [115]

S. oneidensis Electrochemical Impedance Spectroscopy 17 h 30 min [97]
E. coli, Salmonella Electrochemical Impedance Spectroscopy 48 h 3 h [112]
P. aeruginosa,
S. maltophilia

Impedance, Amperometry 12 d Real-time [118]

S. aureus Impedance 24 h Real-time [119]
E. coli Impedance 24 h 12 h [128]
S. epidermidis,
S. aureus

Electrochemical Impedance Spectroscopy 20 h 30 min [129]

P. aeruginosa Impedance 200 h Real-time [130]
E. coli Impedance 48 h Real-time [124]
E. coli Impedance 48 h Real-time [121]
P. stutzeri,
S. epidermidis

Electrochemical Impedance Spectroscopy 2 h 5 min [136]

S. epidermidis Cyclic Voltammetry, Differential Pulse
Voltammetry

65 h 15 min [122]

P. aeruginosa Square Wave Voltammetry 24 h End-point [123]
Mechanical Systems P. aeruginosa Quartz Crystal Microbalance 6 d Real-time [142]

S. mutans Quartz Crystal Microbalance- Dissipation 20 h Real-time [144]
P. aeruginosa Quartz Crystal Microbalance- Dissipation 1 h 5 min [145]
S. salivarius Quartz Crystal Microbalance- Dissipation 4 h Real-time [146]
S. epidermidis Quartz Crystal Microbalance- Dissipation 140 min Real-time [147]
P. aeruginosa Quartz Tuning Fork Resonance 72 h Real-time [148,149]
E. coli,
P. aeruginosa

Surface Acoustic Wave 48 h Real-time [68,154,
155]
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resolution of several micrometers. To image the biochemical properties
and the distribution of bacterial activity before and after antibiotic
application, the entire view field of the biofilm was divided into
equal-sized squares before raster scanning, collecting full SR-FTIR
spectra at each position, following which the scans were processed
using different algorithms. Recently, Mattana et al. reported using optical
methods to generate maps of the bulk chemical and mechanical prop-
erties of biofilm on the microscale. Biofilm matrix stiffness was deter-
mined using Brillouin microspectroscopy and the composition was
mapped using Raman microspectroscopy. Candida biofilms were grown
for 72 h and dried for one week before being introduced into the custom
microscope setup for imaging, which collects Brilluoin spectra using a
multi-pass tandem Fabry-Perot interferometer and Raman spectra with a
dispersive monochromator. While these were done as end-point mea-
surements, the authors report that this approach could be used to probe
these properties of biofilms in situ [104].

Surface plasmon resonance (SPR) has been demonstrated as a means
to characterize biofilm physiology optically. A PDMS microchannel in
combination with a gold sensing surface on a glass prism enables real-
6

time and label-free dissemination of the attachment and growth dy-
namics of Escherichia coli and Pseudomonas aeruginosa biofilms [105]. The
change in the resonance peak of the light reflected from the gold sensing
surface arises from a change in refractive index attributable to the
attached biofilm biomass. SPR offers non-destructive and continuous
monitoring over a larger surface area thanmany other optical techniques,
up to 1 cm2. Fiber optical methods of detecting biofilms have also been
reported. One group reports a fiber-optic sensing system to detect the
formation of electroactive biofilms via electrochemical surface plasmon
resonance (EC-SPR), where biofilm formation on the fiber surface leads
to a measureable shift in the refractive index [100]. Here, the optical
fiber consists of a tilted fiber Bragg grating (TFBG), coated in a nano-gold
film, which acts as the working electrode. The gold-coating offers
simultaneous electrochemical and optical SPR-based measurements of
biofilm in hard to reach environments. Hu et al. also report a similar
electrochemical fiber optic sensor for biofilm detection on the surface of
the sensor as shown in Fig. 3c–d [106].

Simpler fiber optical microsystems for biofilm detection have also
been studied. Zhong et al. reported a gold coated fiber optic sensor for



Fig. 3. (a) A microfluidic device used for biofilm studies in Ref. [98]. (b) Orthometric views of a S. mutans NBRC13955 biofilm acquired by SYTO9 (left), and COCRM
(right). (a) and (b) Reproduced with permission from Ref. [98]. (c) Photographs of plasmonic fiber-optic sensor for in situ biofilm monitoring. (d) The enlargement of
the bioelectrochemical cell, showing the configuration of a gold-coated TFBG sensor probe with polarization of light oriented for SPR excitation. (c) and (d)
reproduced with permission from Ref. [100]. Copyright 2016 American Chemical Society. (e) Schematics of the fiber-optic sensor and reference probes (LRF: light
reflective film). Reproduced with permission from Ref. [101]. (f) Cross-sectional schematic of the microfluidic platform. (Left) The microfluidic channel molded in the
PDMS layer is positioned on top of patterned measurement windows and aligned to external optical components. (Right) Photograph of microfluidic device for optical
density monitoring of biofilm (inset) integrated with fluidic components, and positioned over photodiodes and under LEDs. Reproduced with permission from
Ref. [73]. (g) Schematic of the microfluidic biofilm observation, analysis and treatment (Micro-BOAT) platform. The platform is capable of performing six experiments
in parallel on a single chip. Real-time biofilm monitoring is achieved via the measurement of biofilm OD using charge-coupled devices (CCD) and a tuned light
emitting diode (LED) source (not shown). Reproduced with permission from Ref. [102]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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detection of biofilm growth in bioreactors via fiber-optic evanescence
wave spectroscopy [101]. The fibers have a U-shaped chemically etched
region, which was used as the exposed sensing region; the etch into the
unclad fiber sensing region served to increase the evanescent field in-
tensities. Each sensor contains an uncovered sensing probe, as well as a
parallel reference probe coated in a porous polyimide-silica film (Fig. 3e).
The reference probe measures the light transmission through the liquid,
while the sensing probe measures the transmission through both the
liquid and the bacterial biofilm. The sensing probe was able to measure a
significant percent decrease in transmission intensity when biofilm
formed, both with and without flow. Phillip-Chandy et al. presented a
similar plastic optical fiber with its cladding removed over a sensitized
length that measures the growth of biofilms in a closed loop water pro-
cess system by evanescent field attenuation and intensity modulation
[107]. The sensor detects biofilm build-up at the fiber surface by means
of refractive index modulation. The authors showed that the increase in
refractive index from the water to the biofilm reduces the intensity of
light propagating in the fiber and attenuates the high order modes.

Although the aforementioned methods provide high sensitivity, they
require extensive data collection and processing. Thus, simpler methods
of imaging that require less or almost no data processing have been
suggested. Previous work conducted in our group showed that biofilm
thickness can be determined using simple off-the shelf optoelectronic
7

devices, such as photodiodes or CCD arrays, shown in Fig. 3f–g [73,102].
Here, the optical density gives a direct measure of the biofilm thickness,
while the CCD array functions in deriving the spatiotemporal thickness of
the biofilms along the length of the channel. Each of the optical micro-
systems discussed here are summarized in Table 1.
3.3. Electrochemical microsystems

Electrochemical biosensors are a well-studied class of sensors and are
the first widely successfully commercialized biosensors [108]. These are
broadly divided into three types according to the operating principle
governing their method of measurement: impedimetric/non-faradaic and
faradaic (potentiometric, amperometric) transducers.

Impedimetric Microsystems: Impedance based techniques have been
used as a method of transduction for detecting and quantifying bacteria.
Specifically, impedance microbiology (IM) has been used for decades to
detect the presence of microorganisms in samples in the food industry,
environment, health care, etc. In IM, the change in impedance is
measured using a pair of electrodes that is submerged in the culture
medium. To detect bacterial growth in real-time, the relative or absolute
change in conductance, impedance or capacitance of the solution are
measured at a given temperature. While classical impedance microbi-
ology uses either direct or indirect measurement techniques for
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Fig. 4. Cross-section schematic of electrical circuit model of a pair of interdigitated electrodes (IDE). (a) Circuit model for sterile culture media before inoculation with
bacterial cells. (b) Equivalent series and (c) parallel circuit models after biofilm and ECM formation. (d) Standard E-plates (16-wells) and magnification of one of the
wells coated with gold microelectrodes. Reproduced with permission from Ref. [115]. (e) A 12-flow channel unit consists of an amperometric counter electrode and
the fluidically independent microfluidic flow channels sealed by a substrate with planar gold-electrode structures. Different electrode designs were used depending on
the application including circular electrodes with a gap of 500 μm and interdigitated electrodes with gaps of 15–100 μm. Reproduced with permission from Ref. [118].
(f) Multi-parametric chip module containing the different sensors. The chip contains two IDEs, rectangular (IDE 1) and circular (IDE 2). The electrodes for the
measurement of dissolved oxygen are the reference electrode (RE), the working electrode (WE) and the counter electrode (CE). The punctual electrodes (PE) for the
potentiometric measures were prepared to be selective for Naþ and Kþ. For the pH measurement, an additional iridium oxide layer is electrodeposited on the
electrode selected. For robustness purposes, the PE are replicated. The reference electrode for potentiometric measures of Naþ, Kþ, and pH is the silver/silver chloride
electrode (Ag/AgCl RE). Reproduced with permission from Ref. [119]. (g) Microfluidic flow cell with 3-electrode setup to perform EIS. Reproduced with permission
from Ref. [97]. (h) Photograph f the multi-channel microfluidic device with IDE electrodes for biofilm sensing and treatment using the bioelectric effect. Reproduced
with permission from Ref. [120]. Copyright 2017 American Chemical Society. (i) Photograph of flexible impedance sensor consisting of gold IDEs on polyimide film
interfaced with a section of a silicone urinary catheter. Reproduced with permission from Ref. [121]. (j) Photograph of the thin-film electrochemical biosensor before
and after a biofilm growth experiment. Reproduced with permission from Ref. [122] (k) Optical micrograph of the electrochemical camera chip with integrated
electrodes and amplifiers highlighted. Chip is 1 cm x 1 cm. Reproduced with permission from Ref. [123]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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measuring the impedance change of the media, several studies have
found that the total impedance change during bacterial growth consists
of two components that can be measured at different frequency ranges:
(i) impedance change contributed by the media and (ii) impedance
change contributed by the electrode/electrolyte interface, also known as
the electrochemical double layer (EDL) impedance. This electrochemical
impedance measurement is generally a non-faradaic process that does
not involve charge transfer at the electrode surface, which contrasts with
the faradaic – amperometric or potentiometric - approaches discussed in
the next section. The EDL impedance dominates at lower frequencies
(typically < 10 kHz), while the growth medium impedance becomes
more dominant at frequencies above 10 kHz. A simple equivalent circuit
model, in which a resistor, Rs, is in series with two EDL capacitors, each
of value Cdl, can be used to understand the frequency dependence of both
impedances on the overall impedance. The impedance Z of the circuit can
be mathematically expressed as equation (2.1) below:

jZj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
s þ

�
1

πfCdl

�2
s

(2.1)

where f is the frequency, Rs is the solution resistance and Cdl is the EDL
capacitance at the electrodes.

Similarly, interdigitated microelectrodes (IDEs) - a conventional two-
electrode system configuration at miniaturized scales - have been used
for sensing biological samples via impedance [75,109–111]. The equiv-
alent circuit model, mathematically expressed in (2.1), remains valid for
the case of the IDEs. However, the frequency ranges over which the EDL
capacitance and the medium capacitance are dominant may change with
the electrode spacing and width. Yang et al. demonstrated the use of IDEs
for sensing bacterial growth; specifically, the growth induced a 30%
change in the EDL capacitance with almost no change in the medium
capacitance (-0.58%) [111]. In this respect, IDE-based systems can be
advantageous over conventional electrode systems in that the IDE can
measure the change in the EDL capacitance to monitor bacterial growth.

In biofilms, both the cells and the ECM within the biofilm serve as
dielectric materials and thereby are responsible for its electrochemical
impedance that varies with time, composition, or metabolic state of the
biofilm. Hence, bacterial biofilms grown on the surface of microelec-
trodes can be modeled as an electrical circuit. One such equivalent
electrical model is presented in Fig. 4a–c. Fig. 4a presents the electrical
model of a sterile culture media that does not contain any bacteria.
Fig. 4b–c presents a simplified series and equivalent parallel electrical
model for when biofilm and ECM grow between the two electrodes. In
the circuit, the parameters represent the following: Cdl is the EDL
capacitance, Rsol is the resistance of the media without bacterial cells, and
Cbio and Rbio are the capacitance and resistance of the biofilm, respec-
tively. When bacterial metabolism causes a change in the first two pa-
rameters, the impedimetric response of the culture changes
proportionally [70].
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The magnitude of the impedance of the three electrical circuits shown
in Fig. 4a–c can be calculated using equations (2.2), (2.3) and (2.4) listed
below. Paredes et al. calculated the numerical values of the various pa-
rameters by fitting these equations to experimental data obtained for
Staphylococcus epidermis biofilms [70].

ZðaÞ ¼ Rsol þ 2
jωCdl

(2.2)

ZðbÞ ¼ Rsol þ Rbio þ 2
jωCdl

þ 1
jωCbio

(2.3)

ZðcÞ ¼ Rsol Rbio

Rsol þ jωRsolRbioCdl þ Rbio
þ 2

jωCdl
(2.4)

By fitting these or other equivalent models to the experimental data,
specific electrical parameters of the system can be tracked and used to
accurately sense the onset of biofilm growth, as well as the growth over
time. For example, Liu et al. utilized an IDE based impedance sensor and
an equivalent circuit model to track changes in the resistance and
capacitance of E. coli and Salmonella biofilms over time [112]. The
resistive and capacitive components of E. coli growth have also been
monitored using microelectrode arrays [113].

The advantages of using impedance based microsensor systems,
including a reduction in sample volume, low resistance, low power
requirement, high signal-to-noise ratio, and the rapid attainment of a
steady state, make impedimetric techniques one of the most common
methods for biofilm detection and characterization [114]. Gutierrez et al.
used microelectrodes fabricated within the wells of microtiter E-plates to
impedimetrically monitor the growth of Staphylococcus aureus, Staphy-
lococcus epidermidis, and Streptococcus mutans biofilms and their response
to anti-biofilm compounds and bacteriophages (Fig. 4d) [115]. Similarly,
Tubia et al. employed an IDE based microsensor to detect fungal biofilm
growth [116]. Chabowski et al. utilized an IDE based impedance system
fabricated using printed circuit board and low temperature co-fired ce-
ramics technology to measure the impedance characteristics of Pseudo-
monas aeruginosa biofilms [117]. St€ockl et al. employed a 3-electrode
setup - which is a more stable electrode system for impedance mea-
surements with separated reference and counter electrodes - to determine
the bacterial adhesion properties of Shewanella oneidensis biofilms using
electrochemical impedance spectroscopy (EIS) [97]. The flow cell and
electrode setup is shown in Fig. 4g; this device allows parallel confocal
laser scanning microscopy in addition to the EIS for biofilm
characterization.

More recently, our group developed a microfluidic multi-channel
device based on the principles of bifurcation that allowed for spatial
segmentation of biofilms with the ability to perform multiple experi-
ments on the same chip (Fig. 4h) [120,124]. The sensor-treatment system
is comprised of IDE electrodes that detect biofilms using traditional
impedance measurements and performs treatment using the bioelectric
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effect (BE) [125]. In studies performed with this device, the BE treatment
was applied based on the state of the biofilm, accessed by comparing the
measured impedance values with a user-set impedance change threshold.
Thus, this system allowed for continuous real-time monitoring of biofilm
growth, while simultaneously being programmed to administer treat-
ment when necessary.

More sophisticated impedimetric systems with capabilities to monitor
more than one parameter simultaneously have also been reported.
Bruchmann et al. reported a multi-parametric sensor, presented in
Fig. 4e, that uses both non-faradaic (EIS) and faradaic (amperometric
current) measurements (discussed in the following subsection) within a
multi-channel microfluidic platform to measure biofilm formation and
activity, respectively [120]. Here, gold IDEs or circular electrodes were
used to detect Stenotrophomonas maltophilia and Pseudomonas aueruginosa
biofilms, as well as complex mixed population biofilm formation,
exoenzymatic activity, and their responses to disinfectant and
anti-biofilm reagents, thus making this sensor a qualified tool for
assessing biofilm formation in specific environments. However, a large
experimental variation between biofilms was observed. Similarly, the
sensor developed by Estrada-Leypon et al. usedmultiple sets of electrodes
not only to detect biofilm formation and activity, but also to measure
dissolved oxygen, and Naþ, Kþ, and pH levels within the biofilm [119].
This was achieved by using two sets of IDEs along with punctual elec-
trodes (Fig. 4f). Carminati et al. utilized an impedimetric microsensor for
measuring biofilm formation along with sensors for pH, conductivity,
and temperature for pipe water quality monitoring [126]. Furthermore,
Tubia et al. demonstrated that IDE-based impedimetric sensors func-
tionalized with antibodies that could be utilized for detecting specific
biofilm, in this case B. bruxellensis [127]. Moreover, other studies that
employ microfluidic platforms with IDEs or parallel electrodes for
detecting biofilm formation have been performed [128–131].

Impedimetric biofilm monitoring techniques have been adapted to
flexible substrates for detection in complex environments [121,132]. In
particular, our group has developed an IDE-based impedance sensor on a
flexible polyimide substrate for integration with the cylindrical inner
lumen of a catheter, where biofilms routinely form (Fig. 4i) [121]. The
decrease in impedance of the flexible IDE system corresponds to an in-
crease in biofilm biomass. Furthermore, the same electrodes were used to
implement BE treatment in the cylindrical environment. The flexible
nature of this platform represents a significant step towards imple-
mentation of impedance microsensors on a wide array of vulnerable
surfaces with high degrees of geometric complexity. An additional
approach developed in our group to conform impedance microsensors to
geometrically complex vulnerable surfaces utilized the surface of a uri-
nary catheter as the electrode substrate. The electrodes were directly
plated on the catheter in a two-electrode impedance sensing configura-
tion using a 3D-printed insert for patterning to detect E. coli biofilm
[133].

Commercially available tools have also been implemented for elec-
trochemical biofilm characterization. Mira et al. utilized the xCELLigence
system, which comprises microelectrodes for impedance monitoring
embedded within a 96-well plate, to study oral biofilms [134]. Turolla
et al. utilized commercially available DropSense IDEs for impedance
monitoring of water system biofilms [135].

Potentiometric and Amperometric Microsystems: Faradaic electro-
chemical techniques including potentiometric and amperometric
methods have also been employed for real-time biofilm sensing. These
types of measurements allowmonitoring of faradaic current generated by
the reduction and oxidation of a redox species in contact with a solid
electrode. It has been shown that during the first steps of bacterial
adhesion there is a charge transfer between the cells and the substrate
[136,137]. Bacterial cells generate a variety of molecules (e.g. pyocya-
nin, phenazine-1-carboxylic acid, etc) that possess electrochemically
active groups that can react with the free electrons of the surface. Elec-
trochemical techniques enable tracking of this behavior, making it
possible to study them, and hence, to detect bacterial presence at the
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initial stages of adhesion and biofilm formation.
Beccero et al. achieved this by developing a thin-film sensor (Fig. 4j)

that was designed for cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements [122]. The authors use a
four-microelectrode configuration, which comprises of two gold working
electrodes along with a platinum counter electrode and a platinum
pseudo-reference electrode. This configuration provided higher sensi-
tivity, a lower ohmic drop, and faster achievement of a steady-state
current than a two-electrode configuration [138,139]. Staphylococcus
epidermidis biofilm presence was detected within 2 h after initial inocu-
lation using CV and 1 h after with DPV. An increase in both the current
signal and the three recorded redox peaks were observed proportionally
to biofilm growth. Additionally, the CV and DPV measurements yielded
information about the specific stage of growth of the biofilm, indicated
by different oxidation and reduction peaks, along with shifts in the
overall current value. Similarly, Fysun et al. used CV and square-wave
voltammetry to assess Paenibacillus polymyxa attachment [140].

Other researchers use electrochemical sensing to spatially monitor
the chemical distribution in biofilms, which can help characterize the
biochemical processes and regulation involved in cellular community
development. Bellin et al. used an electrochemical camera chip capable
of simultaneous spatial imaging of multiple redox-active phenazine me-
tabolites, which are associated with biofilm activity and colonization, via
square wave voltammetry [123]. The chip, shown in Fig. 4k, consists of
multiplexed electrodes that enable potential-sweep based electro-
chemical imaging of whole Pseudomonas aeruginosa biofilms. Using both
wild-type and mutant biofilms, the authors were able to confirm the
spatial location of different phenazine metabolites. Additionally, this
method lends itself to detecting unanticipated compounds.

Thus, electrochemical biosensors are a promising class of micro-
systems that lend themselves to miniaturization, require low power, and
are extremely sensitive to small changes in the environment. These ad-
vantages make this class of sensors a serious candidate for real-time
biofilm detection in medical devices or other systems. The electro-
chemical sensing systems presented here are summarized in Table 1.

3.4. Mechanical microsystems

Microsystems that utilize the inherent mechanical properties of the
device to measure the mass loading onto the device surface have also
been developed for accurate biofilm sensing in real-time. These micro-
systems typically employ a thin-film piezoelectric material which can
provide an electrical response corresponding to the amount of mass
loading. The most commonly researched mass loading sensors include
the quartz crystal microbalance (QCM), quartz tuning fork oscillators,
and surface acoustic wave sensors.

The QCM is a sensitive technique used extensively to study the solid-
liquid interface. QCM measurements are based on a shift of the quartz
crystal’s resonant frequency due to interactions with solution compo-
nents [141]. QCMs have also been used to study and characterize biofilm
growth and removal in real-time. Reipa et al. used the QCM in
conjunction with optical techniques to monitor the long-term (6 days)
growth of biofilms in a reactor [142]. The authors utilized a parameter,
the ratio of change in resistance to change in frequency, which reflects
changes in the viscoelastic properties of the biofilm, to monitor its
growth and adaptation to low nutrient environments in real-time. In
parallel, the optical technique of white light reflectance off the surface of
the QCM gold electrode was used to determine the biofilm thickness.
Similarly, Castro et al. used a QCM to analyze the viscoelastic properties
of Staphylococcus epidermidis and Escherichia coli, identifying an increase
in shear modulus as a distinctive characteristic in biofilm formation
[143].

QCMs have been combined with dissipation monitoring, known as
QCM-D, to continuously monitor in situ bacterial cell attachment and
growth of biofilms [144]. Using this method, Schofield et al. showed that
biofilms formed under continuous flow had greater biomass and were
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more viscoelastic, or softer, than biofilms that were seeded without flow,
followed by growth under flow. The energy losses represented by the
increases in the dissipative factor (D) indicated an increase in ‘softness’ of
the attached cells. Additionally, the ratio of the dissipative factor to
frequency or D/f was used to provide information of how viscoelasticity
changed per unit mass. These studies allowed not only for the detection
of biofilm monitoring during the various stages of growth and treatment
with antibiotics or antibacterial agents, but also the continuous moni-
toring of the properties of cells while establishing that flow conditions
over cells on the surface is important in creating biofilms with greater
complexity and stability. More recently, this technique has been used to
assess cell-surface interactions as well [145]. Markus et al. combined this
technology with a fluorescent microscope and camera to monitor kinetics
of cell adhesion over time. Two different surfaces, silica (SiO2) and pol-
yvinylidene fluoride (PVDF), which are hydrophilic and hydrophobic,
respectively, were used to test the role of surface wettability on biofilm
formation [145]. Olsson et al. studied the adhesion of a series of Strep-
tococcus salivarius mutants, each possessing various surface appendages
of known lengths, as a function of time using QCM-D. The experimental
results were used to further understand and interpret the frequency
change and dissipation signal due to the complex interactions within the
250 nm between the substratum and the bacterial cell surface [146]. The
same group also showed that while only bacterial attachment to the
quartz crystal microbalance shifts the frequency in the positive direction,
Fig. 5. (a) Photograph of the quartz tuning fork (QTF) of two different lengths. Re
microbalance (QCM) setup coupled with the optical monitoring system. Reproduced w
sensor passivated with Al2O3 and integrated with BE treatment capabilities. Reprod

11
ECM-generating strains of bacteria that form biofilms elicit a frequency
shift in the negative direction [147].

Waszczuk et al. developed disposable piezoelectric quartz tuning fork
mass sensors, shown in Fig. 5a to evaluate bacterial biofilm growth
[148]. The authors demonstrate the use of this low frequency quartz
tuning fork sensor to detect the dynamics of the various phases of the
Pseudomonas aeruginosa biofilm. Unlike QCMs, the effective mass of
molecules adhering to a quartz tuning fork surface is not equal to real
mass, and is only a fraction of the real mass. However, the real mass of
bacterial biofilm grown on the tuning fork can be estimated using the
tuning fork resonant frequency shift. The authors thus validate the use of
the tuning fork as a crystal oscillator which experiences a change in
frequency due to the change in mass resulting from biofilm growth on the
sensing area. The same group demonstrated the use of quartz tuning forks
to detect the viscosity and density of biofilms, and report the develop-
ment of a quartz tuning fork ring-down system (QTFRS), based on the
modulated excitation signal technique to provide the quartz tuning fork
excitation, for detecting the formation of Pseudomonas aeruginosa biofilm
in situ [149]. The authors use the QTFRS oscillation results for reference
liquids to calibrate the device so that unknown densities and viscosities
could be determined. This system was also used to successfully measure
viscosity of the biofilm when subjected to different concentrations of the
antibiotic ciprofloxacin at distinct incubation times.

Surface acoustic wave (SAW) devices are an alternative platform to
produced with permission from Ref. [139]. (b) Schematic of the quartz crystal
ith permission from Ref. [133]. (c) Schematic of a surface acoustic wave (SAW)

uced with permission from Ref. [145].
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the QCM and quartz tuning fork, with the advantages of easier integra-
tion into array systems, simpler miniaturization, and significantly
increased sensitivity due to the surface-guided nature of the mechanical
wave and a higher operating frequency [150–152]. Berkenpas et al.
developed a shear horizontal SAW device with stable temperature con-
trol and high frequency phase measurements for bacterial detection
[153]. Escherichia coli bacteria were cultured and applied to the
antibody-coated sensing surfaces, and the transmission coefficient phase
of the biosensor was monitored continuously using a network analyzer.

Previous work conducted by our group also demonstrated the sensi-
tive real-time detection of biofilm growth using a SAW sensor that is
integrated with the BE treatment system [68,154,155]. A schematic of
the SAW sensor integrated with electrodes for the BE treatment appli-
cation is shown in Fig. 5c. Real-time detection of biofilms is achieved by
measuring the resonant frequency shift of the SAW system, which is a
function of the total biomass adhered to the surface of the sensor and the
change in viscoelasticity. As both biofilm growth and BE treatment cause
a change in the adhered biomass, they can be measured in real-time by
monitoring the resonant frequency of the system. Each of the mechanical
microsystems presented in this work are summarized in Table 1.

4. Conclusion

The rise in super-bugs and antibiotic-resistant infections due to bio-
films over the last few years has created a global health challenge. This
has necessitated the need for efficient tools and methods to characterize
and evaluate these organisms, towards not only developing sensitive
methods to detect these infections in situ, but also conceiving new
antibiotic-free therapies. While macroscale systems currently exist to
study biofilms, they primarily only provide end-point characterization,
which is typically invasive in nature and thus destroys the biofilm. On the
other hand, micro -devices/-systems have significant advantages over
their macro-counterparts, the most important aspect being the ability to
detect in a highly sensitive and non-invasive manner, and characterize
biofilms and their properties in real-time while maintaining a controlled
environment. These systems also aid in the development and testing of
new therapies for biofilm treatment by reducing reagent and resource
costs. These platforms have the potential to help standardize basic bio-
film research and establish universal protocols for treatment and device
development. In addition, efforts are being made to improve portability
and ease of use of existing devices, making point of care the long-term
primary goal. Integrating these microsystems for characterization in
situ on medical implants and other affected surfaces remains a challenge
towards this aim.
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