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Summary

Some bacteria have coevolved to establish symbiotic
or pathogenic relationships with plants, animals or
humans. With human association, the bacteria can
cause a variety of diseases. Thus, understanding
bacterial phenotypes at the single-cell level is essen-
tial to develop beneficial applications. Traditional
microbiological techniques have provided great
knowledge about these organisms; however, they
have also shown limitations, such as difficulties in
culturing some bacteria, the heterogeneity of bacte-
rial populations or difficulties in recreating some
physical or biological conditions. Microfluidics is an
emerging technique that complements current bio-
logical assays. Since microfluidics works with micro-
metric volumes, it allows fine-tuning control of the
test conditions. Moreover, it allows the recruitment
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of three-dimensional (3D) conditions, in which sev-
eral processes can be integrated and gradients can
be generated, thus imitating physiological 3D envi-
ronments. Here, we review some key microfluidic-
based studies describing the effects of different
microenvironmental conditions on bacterial
response, biofilm formation and antimicrobial resis-
tance. For this aim, we present different studies clas-
sified into six groups according to the design of the
microfluidic device: (i) linear channels, (ii) mixing
channels, (iii) multiple floors, (iv) porous devices, (v)
topographic devices and (vi) droplet microfluidics.
Hence, we highlight the potential and possibilities of
using microfluidic-based technology to study bacte-
rial phenotypes in comparison with traditional
methodologies.

Introduction

Bacteria are microscopic organisms that inhabit all
known habitats on Earth, either interacting with natural
environments or leading to beneficial or harmful effects
in specific hosts. For instance, some environmental bac-
teria grow attached to plants, and a relationship is cre-
ated between both entities. Usually, this is established
as a symbiotic interaction, in which nutrients and protec-
tion are provided (Backer et al., 2018; Vives-Peris et al.,
2020), but some studies have described non-symbiotic
relationships between plants and bacteria (Lamouche
et al., 2018; Deng et al., 2020). This kind of positive rela-
tionship has also been established between bacteria and
animals or humans; for example, the formation of the
intestinal microbiota that facilitates digestion, outcom-
petes pathogenic microorganisms and provides essential
nutrients (Debré and Gall, 2014). In this context,
research on the beneficial relationship between the
microbiota and the human host has resulted in biotech-
nological applications, such as probiotic bacteria, which
contribute to maintaining human health by battling harm-
ful microorganisms, healing gut and skin tissue or
strengthening the epithelial barrier (Lukic et al., 2017).
On the other hand, some pathogenic bacteria have
evolved to cause disease, either by producing virulence
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factors, developing mechanisms to survive in unfavour-
able environments or by manipulating the host immune
system, among others (Kudva et al., 2016; Johnson,
2018). Even though our in-depth knowledge of patho-
gens has led to vaccine and antibiotic development to
treat many infectious diseases (Henriques-Normark and
Normark, 2014), additional research is needed to cope
with the emerging threat of antimicrobial resistance,
emerging and neglected infectious diseases and
research into fastidious pathogens.

Understanding bacterial interactions with cells under
physiological conditions is essential to study certain bac-
terial phenotypes. Traditional microbiological in vitro
techniques include microscopy, cell infection models and
recent molecular, cellular and immunological assays
(Houpikian and Raoult, 2002; Balouiri et al, 2016).
These methods have provided and continue to provide
inestimable information, contributing to gaining insight
into the molecular and cellular microbiology of the host-
bacteria interplay. However, traditional methodologies
have some limitations. On the one hand, although cul-
ture procedures have improved with time, bacteria still
exist that cannot be cultured under in vitro conditions (lto
et al, 2019; Bodor et al., 2020). On the other hand,
in vitro and ex vivo models are not able to fully recreate
the physiological environment, such as gastric acidity,
whose pH increases while digestion occurs (Vinderola
et al., 2017). Consequently, in vitro and in vivo results
do not always correlate. In addition, some phenotypes,
such as biofilm formation, are traditionally studied under
simplistic environments that do not mimic complex physi-
ological scenarios (Lebeaux et al., 2013). Nevertheless,
the recent advent of microfluidics can help to solve some
of these limitations, to not only advance fundamental
microbiological research but also help in the develop-
ment of therapeutic interventions.

Microfluidics is known as the technique that handles
microscale fluid flows (Sackmann et al., 2014), allowing
the integration, miniaturization and automation of several
processes (Halldorsson et al., 2015). Working with man-
ufactured microdevices involves the use of small vol-
umes (on the microliter scale), assuring better control of
environmental conditions and saving reagents, biological
material, residues and space (Shin et al., 2012). How-
ever, the main advantage of these microfluidic devices is
the possibility of recreating biological environments more
realistically than traditional macroscopic cultures in
flasks, well plates or dishes (Halldorsson et al., 2015).
This approximation can be implemented by three-dimen-
sional cultures of microorganisms embedded in hydro-
gels that simulate the extracellular matrix or by
introducing a flow to mimic interstitial fluid flow that
transports nutrients and other microorganisms (Huang
et al., 2010). In addition, the physical (rigidity, pressure

forces, fluid flows, etc.) and chemical (pH, attraction and
repulsion factors, etc.) conditions can be modified to
study adaptations to the changing environment (Velve-
Casquillas et al., 2010).

The materials used in the pioneering microfluidic
devices were silicon and glass. Nevertheless, the opacity
of silicon makes it incompatible with microscopy studies.
Moreover, both glass and silicon are characterized by
their fragility, difficult bonding protocols and high cost.
Altogether, their use has been limited, paving the way for
the use of new materials (Sackmann et al., 2014). Since
the 1990s, the most utilized material has been poly-
dimethylsiloxane (PDMS), a mineral-organic polymer from
the siloxane family (Friend and Yeo, 2010). PDMS pre-
sents numerous beneficial properties: optical trans-
parency, gas permeability, flexibility, chemical inertness,
biocompatibility, ease of bonding and unbonding to other
materials, the possibility of making its surface more hydro-
philic and low cost (Weibel et al., 2007). Thus, PDMS has
been considered a great candidate for microfluidics stud-
ies. Other materials used for this application are thermo-
plastics, paper and wax (Sackmann et al., 2014).

Microfluidic devices have great versatility in terms of
design depending on the field of study in which they are
applied. The diverse patterns found in the literature have
been divided into six groups throughout this review: (i)
devices with linear channels, subdividing for one, two
and three parallel channels; (i) devices with mixing
channels; (iii) devices with multiple floors; (iv) porous
devices; (v) topographic devices and (vi) droplet
microfluidics (Table 1).

Our main objective is to compile diverse studies on
bacterial behaviour (Table 1), including taxis processes,
which are defined as directed bacterial movement
towards or away from an external stimulus or gradient
(Krell et al., 2011). Depending on the external stimulus,
different taxis can be stimulated. If there is a chemical
compound, it is chemotaxis; an oxygen gradient, aero-
taxis; a flow current, rheotaxis; a light stimulus, photo-
taxis; a magnetic field, magnetotaxis; a temperature
stimulus, themotaxis and a pH stimulus, pH taxis. We
also included studies in relation with growth assays
under different environments, in the presence of diverse
compounds and on the formation of biofilms, known as
microbial communities established in the self-produced
extracellular substances (Mirzaei et al., 2020).

Microfluidic devices with linear channels

Devices with linear channels are the most basic design
and consist of straight channels with openings at each
end. Multiple channels can be added in parallel to create
more versatile devices. In this review, we focused on
devices with one, two and three channels.

© 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Single-channel devices

As the name suggests, these devices consist of a
unique central channel into which bacteria are intro-
duced. There are two main approximations with this
design. On the one hand, a tactic signal gradient can be
generated inside the channel. On the other hand,
researchers can use several devices so that each device
presents a different condition inside the channel. In the
first case, bacterial behaviour is analysed along the
channel, whereas in the second approximation, bacterial
behaviour is compared across different devices.

Chemotaxis was among the pioneering studies carried
out on microfluidic devices. Generation of a gradient
inside the channel by the addition of a signal molecule
on one end and bacteria on the other end allows for
observations of chemotactic movements along the chan-
nel. The chemotactic response of Escherichia coli to
aspartate and serine was discovered by the J. Adler lab-
oratory in the 1960s (Adler, 1966, 1973). This line of
investigation was continued by several researchers
(Segall et al., 1982; Liberman et al., 2004), resulting in a
deep characterization and description of the stages and
molecules involved in the process. Microfluidic assays
using gradients inside channels have been able to repro-
duce previously published results by traditional methods.
For example, Ahmed and Stocker introduced E. coli bac-
teria on one aperture, whereas at the opposite opening,
they introduced o-methylaspartate and L-serine as
chemoattractants (Fig. 1A). The E. coli responded to this
chemical gradient, increasing its speed by 35% (Ahmed
and Stocker, 2008).

Aerotactic assays were carried out by Stricker et al.,
who designed a microdevice in which an air bubble was
captured in one of the ends, whereas, the rest of the
channel was filled with a Shewanella oneidensis suspen-
sion (Fig. 1B), a facultative anaerobe. This design had
two configurations: both openings were closed, or only
the end with the bacteria was closed. The oxygen dif-
fused from the bubble to the medium, creating a gradi-
ent. Hence, depending on the configuration, the oxygen
supply was limited and variable over time or limitless
and constant respectively. S. oneidensis migrated
towards the bubble until it established itself at a point
where the oxygen conditions were optimal, maintaining
its motility. In the case of limited oxygen, as the bacteria
consumed the oxygen, they entered a non-motile vibra-
tion state. The authors concluded that the aerobic—
anaerobic transition determined the motile and non-
motile states of the bacteria (Stricker et al., 2019).

The integration of multiple units on a unique microflu-
idic platform allows for the study of multiple conditions at
the same time. For example, rheotactic and magtetotac-
tic effects on E. coli have been analysed using multiple

single channels through which a flow of bacteria passes.
Under resting conditions, E. coli migrated on circular tra-
jectories; with moderate laminar flow, they migrated in
the opposite direction of the flow, and under high flow
conditions, the bacteria were dragged in the same direc-
tion of flow (Kaya and Koser, 2012). It has also been
demonstrated that flow interferes with magnetic stimuli.
Miller et al. added a magnet on the centre in the middle
of the channel and bound E. coli to magnetic microbe-
ads (Fig. 1C). In this way, the authors could isolate bac-
teria by passing them through the channel. They
determined that switching the flow has the highest
recruitment ratio (Miller et al., 2019). Following a similar
strategy, Chen and De La Fuente mimicked the natural
environment of Xylella by applying a continuous flow in
two parallel channels. By increasing the calcium concen-
tration to 2 mM, they confirmed that the twitching speed
was significantly increased. In addition, RNA-seq deter-
mined that calcium regulated the transcription of genes
related to the type IV pili mechanism, pathogenicity and
host adaptation (Chen and De La Fuente, 2020).

These devices have also been used to test drug resis-
tance. Pseudomonas aeruginosa was cultured inside
four independent channels, each containing different
dilutions of an antimicrobial compound. The results cor-
related with standard antimicrobial susceptibility tests
and produced results within 3 h. Additionally, by using
microfluidics, the authors detected alternative pheno-
types linked to the use of some drugs, such as bacterial
elongation in the presence of ciprofloxacin or piperacillin
or spheroplast and bulge formation in the presence of
meropenem (Matsumoto et al., 2016).

Microfluidics offers high flexibility in terms of design,
making it suitable for numerous research approaches.
Developing smaller channels and adjusting them to the
measurements of the studied bacteria (Fig. 1D) allows
the capture of bacteria according to their size and shape
for identification by electron microscopy and testing of
their resistance to antibiotics (Balaban et al., 2004; Li
et al., 2019). Moreover, a single bacterium could be
trapped to examine its generational growth. Working with
E. coli under a continuous flow of nutrients that simu-
lates the exponential phase of in vitro growth, it was dis-
covered that the division rate of the initial cell remained
constant over time, contradicting previous results that
indicated the rate decreases (Wang et al., 2010).

Another approach to trap bacteria is by designing small
side chambers perpendicular to the central channel where
the bacteria are analysed. Multiple E. coli were introduced
into these lateral chambers to study their adaptative mem-
ory mechanisms when carbon nutrients were removed
from the central channel. The authors found that E. coli
presented phenotypic memory by which the bacteria
maintained the production of lactose utilization enzymes

© 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 1. Microfluidic device designs of individual and linear channels. A. The bacterial flow travelled from reservoir A to B, whereas, chemoattrac-
tants were added to reservoir C. A fraction of the bacterial population swam into the capillary where chemotaxis was studied. Adapted from
(Ahmed and Stocker, 2008). B. An oxygen gradient was generated by capturing an air bubble on one of the ends of the channel. The opposite
end was filled with a bacterial solution. Adapted from (Stricker et al., 2019). C. A magnet was incorporated in the middle of the microfluidic
device to attract magnetotactic bacteria that flowed through the channel. Adapted from (Miller et al., 2019). D. A microfluidic device with different
regions where pressure could be applied. Depending on the pressure exerted, the channels contracted to different sizes and were able to trap
bacteria as a function of their size and shape. Three different bacteria (yellow, red and green) were trapped in regions 1, 2 or 3 (with increasing
pressure from 1 to 3). Then, antibiotics were added to examine drug resistance and determine if they were resistant or sensitive. Adapted from
(Li et al., 2019). E. A microfluidic device with a side chamber of the same size as the E. coli body trapped single bacteria while their flagellum
remained freely mobile in the central channel. Hydrodynamic forces were applied to non-growing and growing bacteria (green) to determine
their bending force and filament deformation at different times (mm, ss: 00,00-15,00). Adapted from (Caspi, 2014). All figure panels were repro-
duced/adapted with permission from the corresponding publisher and/or journal. Credits for these figures are provided in the References section

of the manuscript.

for ten generations, reducing lag phases in response to
switching fluctuations in glucose- or lactose-rich environ-
ments. E. coli also showed response memory, by which
gene expression was maintained after the removal of
inducers, promoting bacterial adaptation to short-term
changes in the surroundings (Lambert and Kussel, 2014).
Single bacteria can also be caught in these side cham-
bers. For instance, Aldridge et al. trapped a single
Mycobacterium smegmatis in each chamber and discov-
ered that these bacteria did not show symmetrical divi-
sion, instead preferentially elongating their ‘old pole’. This
results in populations with different sizes and elongation
rates, which are affected differently by antibiotics (Aldridge
et al., 2012). On the other hand, Caspi drew a chamber
size similar to E. coli body size, managing to catch bacte-
ria oriented in such a way that their flagellum remained in
the central channel (Fig. 1E). By applying hydrodynamic
forces through the central channel, bending forces and fil-
ament deformation were calculated. At low flow rates
(200 pl h™"), twice as much force was needed to deform
non-growing bacteria to the same extent as growing bac-
teria. He deduced that this result is due to the difference

between the elastic response of non-growing cells, which
could recover their initial conformation when the flow was
stopped, in comparison to the plastic-elastic of the grow-
ing cells, which were irreversibly deformed (Caspi, 2014).

The interaction of bacteria with bacteriophages was
recently studied by Simmons et al. in 2020 using linear
devices due to the highly controlled conditions offered by
microfluidic techniques. E. coli was seeded on the
microfluidic channel for 48 h with a constant flow to allow
biofilm formation. Then, T7 bacteriophages were intro-
duced to infect the bacteria, and biofilm development was
analysed for 48 h. Combining their results with computa-
tional tools, the authors were able to develop a simulation
of the population dynamics of phages that took into
account environmental factors such as the ratio of bacte-
rial growth and phage replication, nutrient diffusion or
phage susceptibility (Simmons et al., 2020).

Two-channel devices

This kind of chip presents a configuration that is based on
two different channels that may or may not be connected.

© 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 2. (A) A Y-shaped microfluidic device with biofilm growth into the upper part of the common channel visualized by bright-field transmission
microscopy (A) and radiometric pH imaging (B). Adapted from (Parvinzadeh Gashti et al.,2016). (C) A microfluidic device with two linear chan-
nels, in which one contained a ferrofluid (grey channel) and the other channel contained bacteria (white channel). An external magnetic field (H)
magnetized the ferrofluid (M), creating a gradient field. Magnetotactic bacteria (red) sensed the magnetic field and suffered an attractive force
(Fm), Whereas, the nonmagnetic bacteria (blue) were not affected. Longitudinal view (C) and transversal view (D). Adapted from (Myklatun

et al.,2017). All figure panels were reproduced/adapted with permission from the corresponding publisher and/or journal. Credits for these fig-

ures are provided in the References section of the manuscript.

In the case of being connected, two inputs converge into
only one outlet. Lanning and colleagues (2008) used a
channel-connected device to introduce bacteria and bac-
teria with chemoattractants into each inlet to study the
response of E. coli to a-methylaspartate and aspartate,
obtaining results similar to those obtained by traditional
methods. Following a similar approach, Gashti et al.
entered Streptococcus salivarius through a single inlet,
managing to develop a biofilm only at the upper part of the
central channel. This central channel contained fluores-
cein, a pH indicator that showed a decrease in environ-
mental pH in the biofilim area (Fig. 2A and B). Then, they
removed glucose from the medium and observed that the
pH returned to physiological conditions in approximately
30 min. However, when glucose was introduced again,
the medium acidified within a few minutes to a pH close to
5 (Parvinzadeh Gashti et al., 2016).

If the channels are independent, a different fluid
passes through each channel, but each channel has
some effect on the other. For instance, if a magnetotactic
bacterium, such as Magnetospirillum gryphiswaldense,
was exposed to an orthogonal magnetic field created by
a ferrofluid, the bacteria would be attracted to the chan-
nel in which the ferrofluid circulated (Fig. 2C and D; Myk-
latun et al., 2017).

Three-channel devices

The inclusion of a third channel provides more possibilities
because it allows the generation of a gradient in the central
channel by adding a signal molecule to a lateral channel,

whereas, the opposite lateral channel maintains the culture
conditions and acts as a control. In this way, bacteria are
seeded in the central channel, and subsequently, the bac-
terial movement in response to the gradient can be anal-
ysed. E. coli, as a model bacterium, has been used in
multiple examples to create different gradients and study a
wide range of bacterial phenotypes. Chemotactic
responses were determined by adding a-methylaspartate,
L-serine and aspartate to one channel, generating a chemi-
cal gradient (Fig. 3A). It was demonstrated that the stron-
gest migratory response occurred in the presence of L-
serine, and the concentrations of a-methylaspartate and
aspartate had to be increased to observe significant migra-
tion (Cheng et al., 2007; Roggo et al., 2018). The relation-
ship between nutrients and thermotaxis was studied by the
incorporation of water channels with different temperatures,
creating a profile gradient between 32 and 37°C. E. coli are
attracted to higher temperatures, so they migrated in that
direction. In the first stage, nutrient consumption was
higher under those conditions due to an increase in its
metabolic activity. Thus, in the second stage, a nutrient
gradient was generated, with a higher concentration in cold
zones. In this latter stage, the bacteria migrated towards
low-temperature areas (Murugesan et al., 2017; Paulick
etal, 2017).

In addition to E. coli, other bacteria have been studied within
these devices. Developing a temperature gradient, Jeong
et al. established three biofilm formation patterns for Antarctic
marine bacteria (Fig. 3B). Pseudoalteromonas arctica aggre-
gated at high temperatures, approximately 37—41°C, Pseu-
doalteromonas sp. associated at cold temperatures, 0—18°C,

© 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial

Biotechnology, 15, 395-414



Attractant Bacterial
gradient accumulation
©)

Microfluidics to study bacterial phenotypes 401

(B)
S
Hot fluid Cold fluid
Glass
Detection channel
Biofilm
(D)
Gradient 1
Gel Outle: PDMS
pH11,5 ==
Acrylic Glass

1
I’

Side channel ==

-

Side channe|==

Fig. 3. Microfluidics devices with three channels can generate gradients by adding different conditions to each lateral channel.

A. The upper channel was filled with a chemical attractant, and the bottom channel was filled with buffer, generating a chemical gradient in the
central channel that was filled with a bacterial solution. Bacterial accumulation was studied in the central channel to determine chemotaxis.
Adapted from (Roggo et al., 2018). B. Lateral channels were filled with hot (red) and cold (blue) fluids to generate a thermal gradient in the cen-
tral channel. Bacteria were seeded on the central channel, and biofilms were closely formed at higher temperatures. Adapted from (Jeong

et al., 2014). C. A linear oxygen concentration flowed from the source (green) to the sink (red), creating a gradient in the test channel where
the bacterial aerotactic response was analysed. Adapted from (Menolascina et al., 2017). D. Side channels were filled with solutions with differ-
ent constant pH values, 11.5 (blue) and 2.5 (yellow), which diffused through the PDMS walls, generating a pH gradient in the sample channel.
Adapted from (Zhuang et al., 2015). All figure panels were reproduced/adapted with permission from the corresponding publisher and/or journal.
Credits for these figures are provided in the References section of the manuscript.

and biofilm formation of Shewanella frigidimarina was not
affected by temperature (Jeong et al, 2014). By applying
reduced-oxygen media though one lateral channel, the aero-
tactic responses of Bacillus subtilis, E. coliand S. oneidensis,
all of which are facultative anaerobes, were determined
(Fig. 3C). While Bacillus and Escherichia migrated towards
the presence of oxygen, S. oneidensis migrated to low-oxygen
areas (Kim et al,, 2016; Menolascina et al., 2017). pH and
antibiotic gradients have also been developed within these
devices. Serratia marcescens was exposed to a pH gradient
to establish its optimal pH at 7-7.3 (Fig. 3D; Zhuang et al,
2015), and P. aeruginosa was grown in the presence of differ-
ent drug gradients to quantify its minimum inhibitory concen-
tration (Kim et al., 2019).

Furthermore, microfluidics enables the integration of sev-
eral stimuli in a single device, allowing the study of different

stimuli competing in one single chip. Rismanu Yazdi et al.
revealed that the capacity of Magnetospirillum magneticum
to overcome a current depends on the flow, magnetic field
and relative orientation. The bacterium could overcome a
flow 2—-3 times higher when swimming perpendicular to it.
However, if a magnetic field was applied, its magnetotactic
response allowed it to overcome the counter direction flow
(Rismani Yazdi et al., 2018b).

Microfluidic devices with mixing channels

Microfluidic devices with mixing channels are more com-
plex than those explained above since they require a
network of channels, which is challenging in terms of
both device design and fabrication. They consist of a
series of interconnected microchannels that allow
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diffusive mixing. This channel network is used to gener-
ate a linear concentration gradient (Fig. 4A) or specific
microenvironments whose conditions require precise
control (Fig. 4B).

The E. coli response to chemical gradients of L-aspar-
tate and nickel(ll) ions (Ni + 2) was tested. Bacteria were
attracted to low concentrations of L-aspartate and deterred
from high concentrations of L-aspartate and Ni + 2. By
genetic manipulation, researchers obtained bacteria with
knockouts of membrane receptors and flagella proteins,
corroborating Adler’s discovery (Adler, 1966) that the Tar
receptor sensed L-aspartate and Ni + 2 (Mao et al., 2003;
Englert et al., 2009). On the other hand, with an oxygen
mixture, researchers created different highly controlled
aerobic and anaerobic environments to grow several bac-
teria, such as E. coli (facultative anaerobe), Actinomyces
viscosus (aerobe), Streptococcus mutans (anaerobe) and
Fusobacterium nucleatum (anaerobe). They achieved
optimal growth conditions for each bacteria using a differ-
ential oxygenator, providing high concentrations of oxygen
for aerobic bacteria, low concentrations for facultative
anaerobic bacteria and a nitrogen (No) flow for obligate
anaerobes (Lam et al., 2009; Golchin et al., 2012).

Devices with multiple floors

Different layers of PDMS, with the same or distinct
designs, can be successively bonded to create a microflu-
idic device with more than one floor. This allows the study

il
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of the relationship between two conditions at the same
time or to recreate 3D conditions between different tissues.
For instance, the development of a circuit of water currents
with a temperature gradient located over a layer of PDMS
that confined a bacterial suspension allowed the study of
the influence of temperature and nutrients on the migration
of E. coli (Fig. 5A). E. coli moved towards hot tempera-
tures until it consumed the nutrients in that area; subse-
quently, E. coli travelled to cold areas where there were
still nutrients. Moreover, at high temperatures, the intracel-
lular pH decreased, leading to a drop in their migratory
speed (Salman et al., 2006; Demir and Salman, 2012).
Instead of a water circuit, a channel network to gener-
ate an oxygen gradient can be bonded to a layer for
bacterial culture (Fig. 5B). Adler and colleagues (2012)
used this approximation to examine E. coli under differ-
ent aerobic and microaerobic environments, although
they discovered no response from the bacterium.
Furthermore, this configuration allows the study of
intercellular communication. Jung Kim et al. designed a
device in which the upper floor consisted of three inde-
pendent chambers and the bottom floor consisted of a
large camera confined by PDMS walls. A permeable
membrane that permitted the chemical diffusion of mole-
cules separated the two layers (Fig. 5C). Different bacte-
ria were seeded on the three chambers of the upper
floor, and because of the permeable membrane, chemi-
cal communication existed between them. Significant dif-
ferences were observable when bacterial colonies were
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Fig. 4. (A) A microfluidic device with a network of interconnected channels to mix different inlets and generate a highly controlled conditions as
an output in the chemotaxis chamber. Live (black ovals) and dead (white ovals) bacteria were introduced in the chemotaxis channel to track
migration in response to a signal gradient (grey). (A’) Representation of the gradient formation using blue and yellow food dyes, transforming
into a range of greens. Adapted from (Englert et al.,2009). (B) A microfluidic device with two layers of PDMS (medium and gas). The medium
layer contained a series of channels with a culture region and a density optical sensor (DO sensor). The gas layer consisted of an inlet for each
oxygen (O,) and nitrogen (Ny) and a multiplexor that created an oxygen gradient to grow aerobic and anaerobic bacteria. Adapted from (Lam
et al.,2009). All figure panels were reproduced/adapted with permission from the corresponding publisher and/or journal. Credits for these fig-

ures are provided in the References section of the manuscript.
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two fiberglass covers, whereas, the upper floor was a water circuit with two blocks, a cooling and a heating block (grey), to create a tempera-
ture gradient. Adapted from (Salman et al., 2006). B. Microfluidic device with four floors to control bacterial culture and the oxygen environment:
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gases A and B (green) and a 340 um deep layer was a circuit for gas C (blue). Adapted from (Adler et al., 2012). C. Side and top view of a
microfluidic device with two layers, one for bacterial culture and the other to allow chemical communication, separated by a polycarbonate per-
meable membrane. The upper floor consisted of three chambers with three independent bacterial cultures, Av (Azotobacter vinelandii in blue),
Bl (Bacillus licheniformis in red) and Pc (Paenibacillus curdlanolyticus in green), whose chemicals diffused to the main chamber of the bottom
floor. Adapted from (Hyun et al., 2008), copyright (2008) National Academy of Sciences, U. S. A. All figure panels were reproduced/adapted
with permission from the corresponding publisher and/or journal. Credits for these figures are provided in the References section of the manu-

script.

interrelated or isolated. For example, Azotobacter vine-
landii, Bacillus licheniformis and Paenibacillus curd-
lanolyticus colonies were unstable, and their population
size decreased or was maintained at the initial levels
over time when grown individually, but when they were
connected, these colonies were stable with increasing
population sizes. This fact suggested the existence of
syntrophic interactions between these bacterial commu-
nities (Hyun et al., 2008).

Porous microfluidic devices

The versatility of microfluidics designs permits the use of
non-flat surfaces, increasing the scope of studies and
allowing the possibility to recreate more realistic environ-
ments. For example, porous devices are characterized
by a surface full of tiny holes on which bacteria adapt to

grow or migrate. These designs are typically utilized to
evaluate chemo- and rheotaxis.

Regarding chemotactic responses, E. coli was cultured
with an o-methylaspartate gradient, showing higher
attraction in porous devices than in plain surfaces. This
fact suggested that the flow in porous media increased
transverse migration for chemotactic bacteria (Long and
Ford, 2009). Listeria monocytogenes was also observed
in porous devices under acetate gradients (Fig. 6A). Lis-
teria’s flagella showed changes at acetate concentra-
tions of 10-100 mM, modifying their motility and causing
the bacterium to spin (Wright et al., 2014).

If the hole distribution is homogenous (same diameter
and same separation distance), the microfluidic device sim-
ulates ideal flows in porous surfaces (Fig. 6B). Dehkhar-
ghani and colleagues (2019) investigated the dispersion
dynamics of B. subtilis, noting that hydrodynamic gradients
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Fig. 6. Microfluidic devices with porous surfaces. A. A porous chemotaxis channel printed 800 nm in diameter and connected with two feeder
channels by a nanostructured membrane. To demonstrate that a chemical gradient could be generated within the chemotaxis channel, the fluo-
rescent dyes fluorescein (green) and Texas Red (red) were used to create a colour gradient in the device. Adapted from (Wright et al., 2014).
B. A microfluidic device that consisted of a square camera with circular pillars 65 pm in diameter. Blue arrows indicate the direction of bacterial
fluid flow, and coloured lines indicate the trajectories of the swimming bacteria. Adapted from (Dehkharghani et al., 2019). C. A microfluidic
device with multiple channels that ended on a central camera with a heterogeneous distribution of pores to mimic realistic surroundings, such
as soil. Taken from (Aufrecht et al., 2019). All figure panels were reproduced/adapted with permission from the corresponding publisher and/or
journal. Credits for these figures are provided in the References section of the manuscript.

hindered transverse bacterial dispersion, promoting disper-
sion in the same plane and direction as the current.
However, realistic environments are not homogenous,
and pore sizes and distances vary. A heterogeneous
design recreated soil surroundings, in which the trend of
E. coli growing faster when close to channels with higher
flow was observed (Durham et al., 2012). This approach
could also imitate the infiltration of rainwater into soil
(Fig. 6C). Aufrecht et al. worked with a wild-type Pan-
toea sp. isolated from the rhizosphere and its extracellu-
lar polymeric substance (EPS) knockout mutant. No
differences were observable between the two strains
regarding the growth area. Both tended to choose a pref-
erential route until the accumulated bacteria blocked this
route, so the fluid flow redirected to other routes, supply-
ing nutrients to slow-growing bacteria. The only differ-
ence noticed between the wild-type and EPS mutant
was that the mutant bacteria associated in long chains in
the presence of a flow stimulus, whereas, they remained
independent in static zones (Aufrecht et al., 2019).

Topographic microfluidic devices

Again applying the design flexibility offered by microflu-
idics, topographic devices are characterized as showing
an irregular design. This could be due to the non-linear

configuration of their channels or the printing of a great
variety of patterns on their surfaces. For the first case, we
found two different studies in which a single-channel
device was developed with streamer shapes (Fig. 7A).
Marcos et al. used this design to examine rheotaxis on
Leptospira biflexa, a bacterium from the order Spirochae-
tales characterized by a spiral shape similar to a helix.
Parabolic flow on the non-motile bacterium made it drift
perpendicularly to the transverse plane, lining up the
helices with the current lines. The alignment direction
depended on the chirality of the helices and the velocity of
the flow (Marcos et al., 2009). Rusconi et al. also worked
with this configuration but evaluated P. aeruginosa biofilm
formation. Bacterial aggregation tended to be the more lin-
ear possibility, occupying the centre of the channels and
touching only the inner corners, without distinguishing
between round or sharp corners (Rusconi et al., 2010).
However, Ishikawa et al. designed a streamer-shaped
device with different heights. From a linear three-channel
device, they modified the height of the central channel,
switching two different channels successively. This led to
a change in the speed of the flow, affecting the drift
movement of E. coli from one lateral channel to the other
(Ishikawa et al., 2014). Another way that was found to
vary the conditions of fluid flow was to print a horseshoe
shape in the centre of the channel and trap an air bubble
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Fig. 7. Topographic microfluidic devices with irregular shapes. A. A single-channel microfluidic device with a streamer shape to examine the
formation of biofilms in contact with sharp and rounded corners. Images were taken in the middle horizontal plane after 12 h of a constant flow
of 0.75 pm/min (from left to right). Scale bars correspond to 100 um. Taken from Rusconi et al. (2010). B. A horseshoe shape was printed on
the middle of the channel to create a vertical flow in which bacteria were trapped, developing biofilms. The trapped bubble oscillated with an
amplitude of Ry, and a diameter of 2R,,. The vortices were generated by the application of a 1.9 um radio frequency (RF) signal. Green
microbeads were used to track trajectories when the transducer was off and of (RF Off/RF On). Adapted from (Yazdi and Ardekani, 2012). C. A
linear device with a filtration zone in the centre of the channel with different geometries and distributions of rectangular and square posts. Bacte-
ria were forced to pass through the filtration zone in the direction of the yellow arrow as a recreation of filtration processes. Adapted from (Marty
et al., 2014). D. A microfluidic device with geometrical chambers that may include central posts was designed to determine bacterial organiza-
tion depending on chamber shape. The flow ran through the flowthrough channels in the direction of the white arrows. Bacteria were oriented
90° regions |, II, IV and V and 45° in region Il with respect to the x-axis. Scale bars correspond to 50 um. Adapted from (Cho et al., 2007). All
figure panels were reproduced/adapted with permission from the corresponding publisher and/or journal. Credits for these figures are provided
in the References section of the manuscript.

within it (Fig. 7B). By means of acoustic flow of the bub-
ble, a vortical flow was generated, capturing bacteria that
formed biofilms after a few minutes (Yazdi and Ardekani,
2012). Zhang et al. also caught bacteria to examine
E. coli biofilm formation. In this case, they added small
holes where the bacteria attached and formed biofilms
depending on the shear stress applied. Under static con-
ditions or low flow, E. coli grew in a planktonic way,
whereas under high flow, they grew in communities,
forming biofilms (Zhang et al., 2019).

These devices have also been used to observe how
bacteria avoid obstacles to move forward. Yazi et al.

printed different flat and curved patterns on the surface
of a device. They observed that against curved obsta-
cles, Magnetospirillum magneticum maintained its axial
direction, whereas when it faced flat obstacles, it
switched its direction to backwards until it overcame the
obstacle. As M. magneticum is a magnetotactic bac-
terium, researchers evaluated the effects of magnetic
fields on the redirection of its migration. Using a
microdevice with hexagonal posts, M. magneticum
showed random migration under resting conditions, but
when a magnetic field was applied, the bacteria rea-
ligned parallel to the field after interacting with the posts
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(Rismani Yazdi et al., 2018a). Following this approach,
Marty et al. incorporated rectangular and square posts
with different distributions to simulate infiltration pro-
cesses (Fig. 7C). Dead bacteria or inert particles tended
to be stuck in the bottleneck area at the top of the posts
without going through them. In comparison with the rect-
angular straight channel distribution, the square con-
nected design presented dead zones with a low flow
rate, enhancing the accumulation of bacteria. In addition,
the nonaligned square configuration showed tortuous
flow areas, in which the flow direction changed, stimulat-
ing the formation of colonies (Marty et al., 2014).

The development of non-linear-shaped microfluidic
devices could be used to control bacterial shape.
Regarding single-cell studies, Takeuchi and colleagues
(2005) demonstrated that E. coli can grow after adapting
itself to the channel shape, such as circle, sinusoidal or
zig-zag, and maintain its shape after being released from
the channel. Focusing on colonies, Cho et al. observed
that under high densities, E. coli colonies reorganized to
propel nutrient transport, enhancing the growth popula-
tion. Their devices consisted of geometrical chambers
that may incorporate a central post (Fig. 7D). The E. coli
distribution was dependent on the chamber shape (Cho
et al., 2007). Hansen et al. designed rounded chambers
with different diameters, and discovered that P. aerugi-
nosa showed better growth in small wells (5-20 um
diameter) than in larger wells (100 um diameter and
beyond). In contrast, E. coli formed colonies in wells with
a diameter greater than 80 pum. In addition, intercommu-
nity relations were studied with E. coli and showed com-
petitive interactions in 40 um diameter wells but not in
smaller pores (Hansen et al., 2016).

Finally, an irregular surface can be an additional mate-
rial incorporated into the chamber of a microfluidic
device, such as a titanium disk, previously treated with
an abrasive diamond to generate a uniform pattern
where bacteria could attach. Titanium was selected due
to its use in medical oral implants. Streptococcus gor-
donii, Streptococcus oralis, Streptococcus salivarius,
Porphyromonas gingivalis and Aggregatibacter actino-
mycetemcomitans were grown on titanium disks until the
formed biofilms, and their morphology were analysed. S.
gordonii and S salivarius grew in homogeneous patterns,
S. oralis demonstrated tower-like structures, P. gingivalis
formed macrocolonies, and A. actinomycetemcomitans
showed an open and loose structure (Rath et al., 2017).

Droplet microfluidic devices

Droplet-based microfluidics are characterized for their
isolation and confinement of a single bacteria or small
populations into individual droplets. These devices
include an immiscible two-phase system: an organic

liquid, usually oil, that fills the channel and an aqueous
liquid that breaks intro droplets when it is introduced into
the system (Kaminski et al., 2016). Droplets can be gen-
erated by different mechanisms, such as T-junctions,
which consist of two inlets that mix the organic and
aqueous liquids on the joint (Bai et al., 2016), or flow-fo-
cusing geometries that lie in adjustable geometric pat-
terns that allow controlled flow conditions (Lashkaripour
et al., 2019). Poisson statistics govern the ratio of organ-
ism encapsulation, determining the probability of isolat-
ing one or more cells per drop as a function of the
starting concentration and occupied fraction of the dro-
plets (Collins et al., 2015).

Droplet-based microfluidics is the most recent and
innovative approach among microfluidic devices and
shows significant differences in comparison with the pre-
viously described designs. On the one hand, droplet-
based methodology is still in an optimization phase, with
several studies determining the optimal parameters for
growing bacteria. On the other hand, although the possi-
bility of generating gradients inside the drop has been
demonstrated (Chong ef al, 2016), no studies have
focused on tactic behaviours. Instead, the predominant
assays are oriented to grow tests and biofilm formation.
Finally, droplet-based devices introduce the opportunity
for the application of some biomolecular techniques.

Regarding optimization studies, static and dynamic
cultures have been tested by circulating a constant flow
of perfluorinated oil through the main chamber. Oxygen
transference was determined by oxygen-sensitive near-
infrared luminescence (NIR) measurements, showing a
greater rate in dynamic cultures. In addition, the biomass
of four bacteria was monitored in both cultures. B. sub-
tilis and Pseudomonas fluorescens, both obligate aer-
obes, only grew on dynamic cultures, whereas E. coli, a
facultative anaerobe, and Streptomyces aureofaciens, an
aerobe, also grew more in dynamic cultures (Mahler
et al., 2015). Continuing the optimization process, Pratt
et al. examined the stability and size of drops over time
by designing a microarray full of parallel channels with
connected wells where droplets are stored and then
soaking the devices in water-saturated oil. This created
conditions in which P. aeruginosa could grow for 21.5 h
within the drop (Pratt et al., 2019). The E. coli standard
growth curve in the flask was reproduced using droplet-
based microfluidics by trapping drops in a serpentine
channel previously sorted by drop size. On both sides of
the channel, an electrode was located that simulated an
oscillatory effect, supplying a dynamic environment (Ho
et al., 2020). Isolation of individual organisms in drops
allows the promotion of slow-growing bacteria. By sepa-
rating these bacteria from fast-growing bacteria that
deplete resources, they are prevented from being dis-
placed. Watterson et al. isolated bacteria from faecal
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tate passed through a channel to part Il (pink), where droplets were generated by mixing the fluorinated oil FC-40 with medium and bacteria.
The droplets were imaged, analysed and cultured. Adapted from (Dong et al., 2016). B. Single bacteria were encapsulated in droplets contain-
ing antibiotics and a fluorescent viability indicator. Subsequently, there was an in-line incubation that permitted bacterial replication, followed by
fluorescence detection in which droplets were either empty (blue circles) or included bacteria (pink circles). Adapted from (Kaushik et al., 2017).
C. A design starting with a droplet generation system by a T-junction followed by a serpentine with hydrophilic patterns of different sizes where
bacteria attached. Biofilm formation was based on two phases. First, there was a seeding process in which P. aeruginosa PAO1 was encapsu-
lated and sessile droplets adhered to hydrophilic patterns. The second phase consisted of generating droplets of media to allow bacterial growth
until biofilms developed. Adapted from (Jin et al., 2018). All figure panels were reproduced/adapted with permission from the corresponding pub-
lisher and/or journal. Credits for these figures are provided in the References section of the manuscript.

microbiota transplants, and by optical density, they
selected those that showed slower growth. Genome
identification showed the presence of bacteria previously
uncultured by traditional methods (Watterson et al.,
2020).

As previously mentioned, droplet-based microfluidics
studies have not focused on the tactic responses of bacte-
ria. However, Dong et al. designed a combined device that
consisted of two parts. The first part was similar to a three-
channel device where an aspartate chemical gradient was
generated to attract and sort fluorescent E. coli. Second, a
droplet generator encapsulating E. coli by the T-junction
technique and droplets were analysed as a function of the
presence or absence of fluorescence (Fig. 8A). They
determined that the cheZ gene is essential for the chemo-
tactic ability of E. coli (Dong et al., 2016).

Toxicology and antibiotic resistance have been tested
in these devices, analysing the growth rates inside
drops. Streptomyces acidiscabies and Psychrobacillus
psychrodurans, bacteria that are resistant to heavy metal
ions, were exposed to Cu®*, and their dissolved oxygen
consumption and cellular density were monitored.
Although oxygen consumption decreased in the pres-
ence of 0.5 mM Cu?', it was not completely inhibited,

confirming that these bacteria were resistant to metallic
ions (Cao et al., 2015). Kaushik et al. designed a device
to determine antibiotic effects on bacteria. It consisted of
two inlets to generate drops with a single bacterium, fol-
lowed by a serpentine where bacteria reproduced a cou-
ple of times and a camera for fluorescence detection at
the end (Fig. 8B). Resazurin was used as a growth
reporter because it is reduced by the intracellular elec-
tron receptors NADH and FADH and converted into fluo-
rescent resorufin. Through fluorescence analysis, the
droplets were characterized as positive or negative
depending on the presence or absence of bacteria
respectively. E. coli was tested with 4 ng mi~" gen-
tamycin, and the positive droplet ratio significantly
decreased (Kaushik et al., 2017). Bacteria can also be
used as reporters to detect antimicrobial compounds
secreted by other organisms. Environmental microbes
were isolated, and fluorescent E. coli and B. subtilis,
gram-positive and gram-negative bacteria, respectively,
were introduced into the droplets. As a function of fluo-
rescence intensity, it was possible to determine the pres-
ence of antimicrobial molecules. Afterwards, the
organisms are sequenced and identified (Mahler et al.,
2019). Unlike traditional methods that require several
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experimental steps, these platforms integrate droplet for-
mation, bacterial incubation and growth detection in an
uninterrupted system.

Biofilm formation has been studied inside droplets
using B. subtilis as a model bacterium. It was described
that these bacteria first swam individually, started to
aggregate in 12 h around the drop edges, and finally
sporulated in 48 or 72 h (Chang et al., 2015). Bacteria
can also be attached to hydrophilic patterns to grow bio-
films adherent to surfaces. P. aeruginosa droplets were
generated and passed through a channel where they
became affixed to circle patterns. Subsequently, a media
flow was introduced to allow bacterial growth until the
biofilms developed (Fig. 8C). In comparison with the
microfluidic devices previously described, this approach
eliminated corner effects and avoided channel plugs (Jin
et al., 2018). Biofiims have also been formed around oil
droplets to study the interactions between bacteria and
oil molecules that usually appear in flow environments.
Alcanivorax aggregated in a wrinkly formation surround-
ing the drop, Marinobacter biofilms were oriented +45°
from the leading stagnation point with 50 um thickness,
and Pseudomonas formed a tail that dispersed in 14 h
(White et al., 2019).

Biomolecular techniques have been applied within this
system, mainly in order to detect the presence of bacte-
ria in samples. For example, using fluorescent antibodies
against Salmonella enterica serovar typhimurium in
freshcut produce water allowed the detection of contami-
nation and avoided foodborne contamination (Harmon
et al., 2020). Fluorescence resonance energy transfer
(FRET) based on RNA has also been used to analyse
samples. When a droplet contained bacteria-secreted
RNases, they cleaved RNA and generated fluorescence
(Ota et al., 2019). These devices also allowed sequenc-
ing of the complete genome of isolated bacteria and
were able to identify soil bacteria uncultured by tradi-
tional methods (Hosokawa et al., 2017).

Advantages and disadvantages of microfluidics
compared to traditional methods

Microfluidics is a versatile technique that is gaining
momentum in the field of microbiological research. The
reproducibility of results previously obtained by tradi-
tional methods provides confidence and robustness to
this tool. A clear example of this fact is the migration
assays in which the chemotactic response of E. coli to
different compounds is studied. Traditional methods are
based on inoculating bacteria onto agar plates to anal-
yse the kinetics of colony formation over time. The
chemoattractant may be contained in the agar plate itself
or may have been used to pre-treat the bacterial sample
following the method proposed by Adler (1973). This

method consists of introducing a capillary with chemoat-
tractant into a bacterial solution that is subsequently
deposited on an agar plate, and after its incubation, the
number of colonies is quantified. By means of this
methodology, Mesibov and Adler (1972) demonstrated
that E. coli was attracted to several amino acids, includ-
ing L-aspartate, showing a peak at a concentration of
10 mM. Wolfe and Berg used the strategy of incorporat-
ing L-aspartate into agar plates and determined that
E. coli shows maximum attraction at 10 uM (Wolfe and
Berg, 1989). On the other hand, through the individual
monitoring of bacteria grown in microcapillaries, both
Roggo’s and Cheng’s teams corroborated the attraction
of E. coli to L-aspartate at such concentrations, also
highlighting migratory responses at intermediate concen-
trations such as 0.1 and 1 mM (Cheng et al, 2007;
Roggo et al., 2018). Thus, the similarity and reproducibil-
ity of the results obtained by both methods make
microfluidics a reliable tool.

However, although both methods are capable of deter-
mining optimal concentrations of chemoattractant, agar
methods have limitations, such as the impossibility of
calculating migration rates. This calculation is unfeasible
since individual cells cannot be followed; instead, colony
growth is evaluated. Partridge et al. decided to transfer
colonies on agar plates to liquid cultures. They inocu-
lated part of the cultures in small crystal chambers in
order to monitor the bacteria individually, determining a
migration speed of approximately 20-25 um s~' (Par-
tridge et al, 2019). Nevertheless, this approach is
incompatible with the generation of chemical gradients.
Therefore, it was necessary to rely on microfluidic tech-
niques, such as a single-channel device designed by
Ahmed and Stocker, with which they created gradients
of a-methylaspartate in a range of concentrations
between 0.1 and 1 mM and obtained migration speeds
between 0.6 and 13.8 um s ! (Ahmed and Stocker,
2008).

While traditional methods are limited to working on flat
2D surfaces, such as culture flasks, Petri dishes or well
plates, microfluidics offers a new variety of materials with
promising properties, among which PDMS stands out.
Due to its biocompatibility and gas permeability, it is
ideal for cellular and microbiological cultures, but in addi-
tion, its optical transparency allows visualization and
analysis by microscopy. However, its major advantage is
the possibility of combining it with other materials, result-
ing in great versatility in device design. Thus, microflu-
idics offers the option of working in heterogeneous or
even three-dimensional conditions, on which different
stimuli, such as fluid flow or tactic gradients, can be
applied. This advantage in culture conditions has been
exposed by comparing two strategies to grow bacteria.
On the one hand, following a traditional method, Bible
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and colleagues (2016) isolated Pantoea sp. from the rhi-
zosphere of Populus deltoides and grew it on an agar
plate. On the other hand, Aufrecht et al., after isolating
Pantoea sp., cultured it on a surface with heterogeneous
pores that simulate a more realistic soil distribution
(Aufrecht et al., 2019). In addition, Aufretch applied a
flow stream over the system to recreate rainwater filtra-
tion. While Pantoea sp. grew homogeneously on the
agar plate and formed colonies (Bible et al., 2016), in
the microfluidic device, it tended to grow by selecting
preferential routes depending on the availability of nutri-
ents provided by the stream flows (Aufrecht et al., 2019).
Altogether, it is tempting to conclude that microfluidics
offers the possibility of replicating more realistic environ-
ments than those offered by traditional methods.

The difference in volume and bacterial numbers used in
microfluidics as opposed to conventional methods is also
an aspect to consider. Microfluidics uses volumes in the
microliter range, while traditional methods usually use vol-
umes in the millilitre range. This small size turns microflu-
idic devices into portable tools and offers a number of
advantages, such as economic savings in reagents,
materials and space or a more accurate control of the bio-
logical and physical conditions of the study. From a bio-
logical perspective, macroscopic cultures contain a high
number of bacteria, in the thousands or millions, giving
rise to inevitable heterogeneity in the study population. In
microfluidic assays, the number of bacteria is reduced to
hundreds or even individual bacteria, achieving results
that are more precise on the single-cell scale. In the phys-
ical environment, specific conditions can be achieved,
making the growth of several bacteria possible, including
oligotrophic bacteria, which are still a challenge for tradi-
tional two-dimensional cultures (Overmann et al., 2017).
In addition, microfluidics allows almost instantaneous
changes in environmental conditions within the device,
allowing the study of bacterial adaptation. Lambert and
Kussel designed a microfluidic device composed of a cen-
tral channel and lateral culture chambers of 25 um®. By
adding a flow current through the main channel, they were
able to generate transitions in the media conditions in less
than 250 milliseconds. As a result, they studied the adap-
tive response of E. coli to fluctuating changes in glucose-
or lactose-enriched broth media on a time scale of 1 to 10
generations (Lambert and Kussel, 2014). On the other
hand, Phillips et al. studied the same adaptive response
in 1 ml of E. coli cultures, making daily inoculations to per-
form the media changes. They conducted these experi-
ments over approximately 3000 generations (Phillips
et al., 2016). In this way, the greater control over the stud-
ied condition results is reflected in the reduced duration of
the experiments.

Experimental times can also be shortened by integrat-
ing several experimental processes into a single
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platform, thus also reducing the number of manipulations
by researchers and therefore the risk of contamination
and technical variability (Halldorsson et al, 2015). A
clear example of the power of integration from microflu-
idics is droplet-based devices. This can be demonstrated
by comparing the approach of these devices to tradi-
tional methods in the study of antimicrobial susceptibility.
In 1966, the antibiotic susceptibility test was established
by means of the standardized disk diffusion method
(Bauer et al., 1966), colloquially named the antibiogram,
which is still used today (Kibret and Abera, 2011). This
method consists of inoculating a bacterial culture onto
an agar plate and placing it on a paper disk containing
antibiotics that radially diffuse in the agar. After an incu-
bation period, in the case where the bacteria are sus-
ceptible to the antibiotic, a growth inhibition zone
appears whose diameter correlates with the antimicrobial
power of the antibiotic tested. Kaushik et al. proposed a
droplet-based microfluidic device in which they inte-
grated the incubation of the bacteria in contact with the
antibiotic in microdrops with the detection and analysis
of its susceptibility (Fig. 8B) through the fluorescence
produced by resazurin when reduced by the bacterial
metabolic activity (Kaushik et al., 2017). While the stan-
dardized method requires several manipulations, includ-
ing inoculation, deposition of the antibiotic disk or
measurement of the diameter of the inhibition zone, the
microfluidic device integrates all steps in a continuous
flow system where the only manipulation is the initial
load of the components to be studied. In addition, the
antibiogram requires at least 24 h of incubation, while
microfluidic devices allow testing of antimicrobial suscep-
tibility after 1 h. Undoubtedly, this time-saving and mini-
mal technical manipulation are valuable considerations
for the use of microfluidic devices in a clinical context,
where proper treatment of infected patients requires reli-
able and instant results.

Nevertheless, microfluidics still has a long way to go to
overcome several of the challenges it presents. For exam-
ple, despite the numerous advantages described above
for PDMS, we also have also found some drawbacks. Its
major limitation in the cellular field is its capacity to absorb
small hydrophobic molecules or biomolecules, such as
proteins, interfering with the results of the assays. This
demonstration was performed by van Meer et al., compar-
ing the absorption of four cardiac drugs when incubated in
standard tissue culture grade polystyrene (TCPS) 96-well
and PDMS wells. While the adsorption in the TCPS wells
was negligible, PDMS adsorbed between 20% and 80%
of the compounds within 3 h (van Meer et al., 2017).
PDMS is a porous material that not only absorbs mole-
cules but also allows the passage of organic solvents that
can modify the dimensions of the channels. Dangla and
colleagues (2010) observed that when filling 50 pm-high
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channels with the solvent hexadecane, the channels were
deformed by sinking the ceiling parabolically by approxi-
mately 7 um. As a result, protocols are being developed
that modify the surface of PDMS to avoid these phenom-
ena (Shin et al., 2018; Gokaltun et al., 2019; You et al.,
2020).

Due to its recent appearance, the absence of stan-
dardized protocols in microfluidics-based research is evi-
dent. Bacteria are mainly visualized using microscopy
techniques, which require reporter-labelled bacteria and/
or specialized microscopy facilities (Subramanian et al.,
2020). This restricts microfluidics assays to visual analy-
sis and model microorganisms, which frequently do not
reflect the virulent traits of pathogenic species. The
assays carried out are mostly focused on the study of
migration trajectories and growth rates, and it is clear
that there is a lack of molecular characterization. The
development of devices based on droplets has led to a
great advance in this field, giving the possibility of study-
ing bacteria at a single-cell level. In addition, some pro-
tocols for the extraction of nucleic acids and proteins
from samples confined within microfluidic devices have
been published (Schiling et al, 2002; Oblath et al.,
2013; Julich et al., 2016; Hosokawa et al., 2017). Never-
theless, microfluidics is far from assessing molecular
changes at the intracellular level, and new techniques
have to be improved to allow genomic, transcriptomic,
proteomic and metabolomic research at the same level
as established methods. Once these limitations are over-
come, microfluidics might become an indispensable
technique for research and commercial applications.

Future directions

Most microfluidic studies involving bacteria have been
performed using environmental or non-pathogenic spe-
cies. This fact shows a knowledge gap in the biomedical
field regarding the interaction between host cells and
bacteria, both symbiotic and pathogenic. A key limitation
to study pathogenic species by microfluidic devices is
the requirement for specialized time-lapse microscopy
facilities within biosafety laboratories. Although this limi-
tation could be partially overcome by using non-patho-
genic but phylogenetically related microorganisms, the
application of microfluidics for antimicrobial testing or
immunological research still requires the presence of
pathogenic counterparts.

Some researchers have developed more complex
microfluidic devices, integrating several tissues to mimic
organs, which is known as organ-on-a-chip. Some of
the organs that have been simulated thanks to microflu-
idics are the gut (Kim and Ingber, 2013), lung (Huh,
2015), liver (Ho et al., 2006), endothelial vessels (Pola-
check et al., 2019) and brain (Bang et al, 2019). The

application of bacteria in these systems would not only
result in a more complete and realistic approach to
recreate complex bacterial interactions with some
human organs, such as the intestinal microbiota, but
would also allow for a more detailed study of the host-
bacterial interplay in vitro. A recent example of the
potential of this combination is the work of Thacker
et al., which includes Mycobacterium tuberculosis within
a lung-on-a-chip. This device consisted of two monolay-
ers of endothelial and epithelial cells adhered to a por-
ous membrane, recreating the alveolar surface, with a
flow of macrophages and M. tuberculosis to simulate
part of the immune system. They discovered the impor-
tance of the surfactant on M. tuberculosis infections,
since its deficiency led to uncontrolled bacterial growth
and its presence is involved in attenuating bacterial vir-
ulence (Thacker et al., 2020). This later work involving
a deadly pathogen and a lung-on-a-chip device opens
attractive perspectives for microfluidics in biomedical
applications.

Finally, some molecular biology applications can be
adapted to a microfluidic platform allowing high-through-
put studies. Specifically, a microfluidic device designed
by Mathai et al. allows performing multiple quantitative
PCR in a single run. This system was successfully
applied to decipher the microbial content in complex
samples, and constitutes an interesting adaptation of
laboratory-level techniques to a microfluidic scale
(Mathai et al., 2019).

Conclusions

Throughout this review, we have analysed the potential
of microfluidics in the microbiological field. lts great ver-
satility in terms of design allows the recreation of 3D
microenvironments, which otherwise allows a more real-
istic study of certain bacterial phenotypes than traditional
methods. As a result, microfluidic devices can reproduce
different scenarios, including physical, chemical or bio-
logical variations that exist in natural environments. For
example, the simplest devices consisting of linear chan-
nels have been used to track bacterial migration in
response to tactic stimuli, analyse bacterial sensitivity to
drugs or study biofilm formation. More complex chips
include mixing channels or those with more than one
floor that allow greater control of conditions within the
channels and/or the co-culture of various species of bac-
teria. In addition, the surfaces of these devices can be
modified to fabricate non-flat channels, resulting in por-
ous devices or topographic devices that recreate natural
environments, such as soil, or obstacles with specific
shapes. Finally, droplet-based microfluidic devices iso-
late bacteria on microdroplets, allowing single-cell stud-
ies mainly focused on testing drug resistance and biofilm
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formation. Together, microfluidics offers versatile
approaches to study multiple microbiological scenarios.
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