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Abstract

Antimicrobial resistance remains one of the most urgent challenges in modern medicine, demanding
innovative research tools for understanding and combating bacterial adaptation. Microfluidic
technologies enable precise control over experimental conditions, single-cell resolution and high-
throughput analysis, offering unique advantages over traditional microbiological methods. This
review summarizes recent (2020-2025) developments in the application of microfluidics to antibiotic
resistance research, emphasizing approaches used in fundamental studies rather than diagnostic
implementations. The discussed technologies are grouped according to their primary research focus:
(i) microfluidic cultivation and screening of antibiotic-producing microorganisms; (ii) tools for
antibiotic screening and mechanistic studies and (iii) models for studying microbial stress responses
and resistance development. Collectively, these approaches provide unprecedented insight into
antibiotic action, resistance evolution and microbial physiology. Continued development and
integration of microfluidics with complementary analytical tools will further accelerate the discovery
of novel antimicrobials and the rational design of combination therapies, ultimately bridging the gap
between fundamental microbiology and translational applications in antimicrobial resistance
research.

Keywords: antibiotic resistance; microfluidics; drug screening; single-cell imaging

1. Introduction

Microfluidic technologies have an extremely wide range of applications and have revolutionized
many fields: organic [1,2] and nanoparticle [3,4] synthesis, drug discovery [5-7] and delivery [8,9],
production of RNA- and DNA-loaded lipid nanoparticles for gene delivery [10-13], reproductive
technologies [14,15], live-cell delivery [16], CAR-T cell immunotherapy [17], cell separation [18] and
other optical sorting [19], environmental analysis [20], aging and rejuvenation studies [21], biomarker
diagnostics [22], food quality analysis [23,24] and biosensing [25,26], organ-on-chip [27,28] and 3D
cell culture [29,30] models, single-cell analysis [31-33] and cell nanoencapsulation [34], protein
screening [35], protein interaction studies [36] and many others.

Antibiotic resistance is recognized as an increasing global threat for public health [37-41].
Naturally, this huge problem increasingly attracting power of various areas of microfluidic
technologies, especially a breakthrough droplet ones. The related areas of microfluidics have been
extensively reviewed previously. Specific review articles in past five years are devoted to droplet
microfluidics [31,32,42-48] and single-cell analysis [49-52], specific applications, including
antimicrobial susceptibility testing and resistance development studies [53,54], bacterial patterning
[55], synthetic microbial communities construction [56-60], biofilm investigation [61], environmental
studies [62—-64].

The objective of this review is to provide a concise yet comprehensive overview of recent (2020-
2025) applications of microfluidic technologies that contribute to addressing the pressing issue of
antimicrobial resistance. By summarizing key experimental designs across different application
areas, this work aims to serve as a valuable foundation for future research in the field. The review
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focuses primarily on microfluidic approaches used in fundamental studies of antibiotic resistance.
Newly developed technologies, as well as successful examples of the adaptation or refinement of
existing methods, are organized into three major sections according to their principal research focus.
The first section highlights studies on microbial strains that produce antimicrobial compounds,
emphasizing bioactive molecules and antibiotics themselves. The second section summarizes
microfluidic approaches for antibiotic screening and mechanistic investigations. Finally, as
overcoming resistance and identifying novel targets depends on a detailed understanding of
microbial physiology, the third section reviews methods for studying the emergence of resistance
and the stress responses of model microorganisms.

The widespread use of antibiotics in the food and agricultural industries significantly
contributes to the spread of antibiotic resistance, leading to the accumulation of antibiotics in the
environment and creating evolutionary pressure for the selection of resistant isolates. Microfluidic
technologies are used to detect antibiotics in food products and other complex matrices [65-67], but
this area is only indirectly related to antibiotic resistance and is therefore outside the scope of this
research.

Specific microfluidic models simulating infection conditions are also being developed to study
infectious agents in clinical practice. For example, Microfluidic Silicon Membrane Canalicular Arrays
(uSiIM-CA) [68] were developed to investigate the colonization of the osteocyte lacuno-canalicular
network of cortical bone by Staphylococcus aureus. Despite the importance of these approaches to
medicine, they are not directly related to the problem of antibiotic resistance and are therefore also
not discussed in this review.

2. Producing Strains: Discovery and Cultivation

Many ecological processes, including the production of secondary metabolites, arise from single-
cell behaviors and interaction-dependent regulation. At present, natural microbial consortia are
mainly explored through cultivation-based approaches, which limits the number of strains that can
be screened and often provides a biased view of microbial diversity [32]. Microfluidic technologies—
particularly droplet-based systems—have emerged as powerful tools for single-cell studies [32,42],
including the discovery and development of biocontrol agents and antibiotic-producing
microorganisms.

One of the most notable examples of a microfluidic platform for biodiversity screening involves
single-cell cultivation of microorganisms in double water-in-oil-in-water (W/O/W) emulsions,
followed by fluorescence-activated cell sorting (FACS), as described previously [69] (Figure 1A). This
approach was recently enhanced through the integration of live biosensors, allowing for precise
monitoring of antimicrobial activity [70]. This platform has been applied to the functional profiling
of diverse microbial communities, enabling the identification of amicoumacin-producing strains [71],
screening of wild-animal microbiota for potential biocontrol agents [72] and isolation of a novel
bacteriocin active against methicillin-resistant S. aureus (MRSA) [73]. A similar concept underlies the
GrowMIDE platform, developed for studying human gut microbiota, which demonstrated an ability
to recover of rare microbial species [74]. The key advantage of such double-emulsion systems lies in
their compatibility with conventional flow cytometry equipment, enabling effective enrichment of
bacterial populations containing bioactive isolates through fluorescence-gated sorting. Gel
microbeads share this advantage with W/O/W emulsions; a recent proof-of-concept study
demonstrated their application for high-throughput screening of antibiotic-producing strains using
FACS-based sorting [75].
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Figure 1. Schematic representation of recently applied microfluidic approaches to natural biodiversity profiling

for antibiotic producers.

Selective isolation of individual colonies of interest for further cultivation and analysis remains
particularly challenging in most microfluidic systems. A droplet-based microscale cultivation
platform was developed to enable high-throughput screening of antimicrobial activity prior to strain
isolation [76]. In this approach, the microbial community is encapsulated into water-in-oil (W/O)
droplets, which are incubated in bulk and subsequently injected into a 100 um capillary for
deposition onto an agar surface (Figure 1B). This results in spatially separated microcolonies derived
from individual droplets. Although the current method requires specialized equipment, related
techniques for automated microdroplet dispensing with single-colony resolution are under active
development [77].

An alternative on-chip cultivation approach, termed the digital plating (DP) platform, was
proposed to simplify single-cell isolation [78]. The DP workflow involves discretizing the sample into
a high-density picoliter microwell array (PicoArray device), followed by coverage with a thin agar
medium sheet for incubation and subsequent microscopic examination (Figure 1C). Although the
throughput of this method is relatively limited, it provides a straightforward route for isolating
individual microcolonies at the single-cell level.

A large fraction of natural microbial biodiversity —often referred to as “microbial dark matter” —
remains uncultivable under standard laboratory conditions but represents a vast, untapped reservoir
of novel secondary metabolites. Exploration of this “dark microbiome” through in situ cultivation
has proven to be an effective strategy for discovering unique metabolites, exemplified by the isolation
of teixobactin [79]. To increase the throughput of in situ approaches, a microfluidic adaptation known
as the microbe domestication pod (MD Pod) was recently introduced [80]. In this system, single cells
are encapsulated into agarose microbeads—generated using standard microfluidic protocols—and
subsequently incubated within a modified growth chamber (the MD Pod) in their natural
environment (Figure 1D). The device was later miniaturized (UMD Pod) to enable its use in small
habitats, such as marine invertebrates [81]. The in situ cultivation strategy shows great promise for
isolating rare antibiotic producers. A recent study on taxonomic profiling of soil microbiota cultivated
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in droplets containing soil suspensions enriched with key natural metabolites demonstrated the
preservation of low-abundance taxa and recovery of otherwise inaccessible microorganisms [82],
emphasizing the critical role of natural environmental factors in microbial cultivability.

A distinct and practically significant challenge in antimicrobial research is the development of
industrial microorganisms capable of high antibiotic production. Integrating of whole-cell
biosensors, W/O emulsion and fluorescence-activated droplet sorting (FADS) led to the establishment
of a co-cultivation-based microfluidic screening platform for actinomycetes, termed WELCOME
(Whole-cell biosensor and producer co-cultivation-based microfluidic platform for screening
actinomycetes) [83]. Subsequent variations of this platform introduced fine-tuning of regulatory
element expression through ribosome-binding site engineering of an MphR-based Escherichia coli
biosensor [84], as well as the development of dual-color biosensors that provide normalized
fluorescence outputs [85]. The WELCOME system was successfully applied to select Saccharopolyspora
erythraea strains hyperproducing erythromyecin.

Screening libraries of chemically induced mutant strains also represents a promising route for
diversifying natural metabolite profiles. The metabolic patterns of mutant strains selected using a
droplet-based microfluidic platform were shown to be comparable to those obtained via classical
screening procedures [86]. In this approach, chemically mutagenized libraries of actinomycetes and
bacteria were encapsulated into W/O droplets and processed using an integrated microfluidic device
featuring single-droplet trapping sites equipped with pneumatic microvalves. Fluorescence-based
detection enabled selective extraction of mutant strains for subsequent mass-spectrometry profiling
(Figure 2B).
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Figure 2. Schematic representation of mutant library screening strategies.

Functional screening of microbial consortia is challenging, because their study requires not only
detection and sorting of single cells, but also recovery of the selected strains for further cultivation.
Current microfluidic capabilities for functionality screens offer the flexibility needed for diverse assay
designs in microbial ecology and have so far been applied predominantly for enzyme evolution, with
only scarce reports suggesting that droplet isolation tends to improve recovery of natural biodiversity
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[32]. A lot of microfluidic cultivation approaches are being developed for specific tasks [32,42].
Therefore, the transfer of these technologies is an emerging field for microbiome screening.

3. Antibiotics: Screening and Mechanism Elucidation

For both mechanism of action studies and screening studies and alternative approaches to
determining inhibitory concentrations, a critical step is creating a gradient of one or more
components. Most of the existing solutions are based on either on-chip fluid manipulation (Figure
3A-D) or generation, merging and diluting droplets (Figure 3E-F) [87].
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Figure 3. Gradient generators for microfluidic applications. (A-D) On-chip gradient generators; (E-G)

concentration variation in droplets.

It is worth noting that microfluidic technologies are constantly evolving, including the
development of new approaches to creating gradients of chemical compounds. For example, to test
combinations of anticancer drugs on single cells, an alternative tree-shaped gradient generation
architecture was developed [88]. Another recently designed compound mixer is 3D microchannel
network design for multiple concentration gradient formations and mixed solution combinations
[89]. Development of novel systems for clinical AST includes introduction of novel on-chip (e.g.
MVM? platform [90]) and off-chip (e.g. microfluidic mixer [91]) gradient generators. In this rapidly
developing field transfer of technologies and approaches from related fields holds promise for
effective development of novel platforms, recently cross-disciplinary gradient devices were
comprehensively summarized [92].

3.1. Advances in Screening Approaches

Screening natural or synthetic compounds for potential drug candidates remains significantly
constrained by the low throughput and labor-intensive operations required for bioactivity testing.
Microfluidic technologies have emerged as powerful tools for analyzing microbial susceptibility to
diverse agents and their combinations. The most rapidly advancing area within this field is
antimicrobial susceptibility testing (AST), aimed at facilitating rapid therapeutic decision-making in
clinical settings. These methods are designed for the fast evaluation of clinical isolate resistance to
antibiotics, requiring minimal instrumentation and providing short turnaround times. While
numerous recent reviews summarize microfluidic AST approaches [93-106], the present section
focuses on methods developed for (or adaptable to) in vitro drug discovery and combinatorial drug
development.

3.1.1. Screening of Chemicals and Their Combinations
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Microfluidic approaches to drug screening are predominantly droplet-based. The first challenge
in this workflow is controlled generation of multicomponent droplets. Once droplets containing
bacteria and varying drug concentrations are generated, bacterial growth within individual droplets
must be analyzed in relation to the corresponding antibiotic dose. The first approach to control of
droplet interior is co-encapsulation with array of fluorescent dyes. Fluorescent droplet barcoding is
typically combined with off-chip bulk incubation followed by aliquot sampling and microscopy
imaging [107-109] (Figure 4).

Droplet-based microfluidic systems enable precise control of experimental parameters for
determining the minimum inhibitory concentration (MIC) and related metrics. For example, color-
coded control of cell density improved the accuracy of inoculum-effect evaluation [110]. In this study,
antibiotics were co-encapsulated with yellow fluorescent protein (YFP)-expressing E. coli; initial cell
counts were barcoded using two additional fluorescent dyes. Subsequent fluorescence-activated
droplet sorting (FADS) with three detection channels enabled quantification of the MIC (defined as
growth inhibition in 50% of droplets) and a more accurate parameter—the minimum inhibitory
amount (MIA), representing the antibiotic dose per bacterium, which remains constant regardless of
inoculum density (Figure 4A).
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Figure 4. Droplet-based screening approaches with imaging-based concentration control.

Polydisperse droplets imaging

Efficient high-throughput droplet screening also requires gradient generation, implying precise
droplet manipulation steps. Several recent studies have explored improved or alternative droplet
control strategies for screening assays. The simplest method involves generating separate droplet
populations containing different antibiotic concentrations [111], though its throughput is limited. To
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advance the droplet-merging technique (Figure 3), an integrated chip, allowing re-flow of generated
droplets and synchronized reagent addition via droplet cleaving, was introduced (Figure 4B) [107].
Another approach achieves droplet multiplexing and tracking through combinatorial sample
preparation [108]: the droplet generator receives automatically dosed and merged sample plugs, each
coded by fluorescent dyes, with merging achieved via oscillatory flow (Figure 4C). An interesting
alternative approach for droplet generation is based on sequential spraying of fluorophore-encoded
components (Figure 4D). Although this equipment-free method yields polydisperse droplets,
fluorescence staining enables quantitative determination of compound concentrations via imaging
[109].

It is worth noting, that droplet-based assays can suffer from chemical escape from droplets.
Limited cross-talk may be advantageous in microbiome cultivation studies, allowing inter-droplet
chemical signaling within isolated microenvironments. In susceptibility assays, by contrast,
maintaining consistent antibiotic and dye concentrations across droplets is critical. This limitation
should be taken into account in the design of droplet experiments, for example, by means of
prediction of antibiotic retention in emulsion [112]. A recent alternative approach addresses
permeation control by using double-emulsion-templated giant unilamellar vesicles (GUVs) as
microincubators for bacterial cultivation [113]. In this system, permeability of the
polydimethylsiloxane (PDMS)-based block copolymer membrane is controlled by introducing
biopores formed by the amphiphilic peptide melittin (Figure 4E).

A fundamental challenge of fluorescent barcoding lies in the differing physicochemical
properties of dyes and tested compounds, which can cause variable leakage and inconsistencies in
measured results [112]. Microvalve-based droplet generation supports alternative detection method
— spatially encoded reagent gradients.

Microvalve-based droplet systems remain limited by the complexity of microdevice design and
fabrication. However, related techniques continue to evolve toward greater precision and simplicity.
The recently developed Tubing Eliminated Sample Loading Interface (TESLI) utilizes vacuum-based
actuation to streamline sample handling [114]. A recent innovation - Artificial intelligence-accelerated
high-throughput combinatorial drug evaluation system (AI-HTCDES) - achieves effective
combinatorial dosing on the basis of readily available commercial multiway valves and
programmable syringe pumps (Figure 5A) [115], addressing some of these limitations.
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Figure 5. Microfluidic screening approaches with spatially controlled droplets.

Typically, automated droplet production is followed by ordered transfer into tubing (Figure 5B)
or S-shaped collection chip (Figure 5A) for incubation and subsequent ordered ejection through a
detection channel for sequential detection. This method was successfully used for combinatorial
antibiotic screening [115,116]. Imaging of spatially-ordered droplets generates large datasets that
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demand automated analysis. To address this challenge, deep learning—based image processing was
incorporated into the AI-HTCDES platform [115]. In this assay, sequential bright-field imaging of
over 7,000 droplets was efficiently analyzed using machine learning algorithms to identify bacterial
growth automatically.

Sequential detection constrains throughput and scalability, so the detection approach was
upgraded in the Robotic-Printed Combinatorial Droplet (RoboDrop) [117] system by the addition of
a robotic arm after tubing, which automatically prints the ejected droplets into an array, enabling
simultaneous imaging of thousands droplets using a standard camera (Figure 5C).

Straightforward observation of growth inhibition in conventional microfluidic channels has
proven unsuitable for detecting antimicrobial compounds within complex natural product matrices
[118]. SlipChip devices present an attractive alternative to standard microfluidic protocols, offering
comparable precision in fluid manipulation without the need for external instrumentation. A detailed
review of SlipChip design principles and their applications in digital bioassays was recently
published [119].

In a SlipChip droplets are generated through the relative movement of two closely aligned
microstructured glass plates, each patterned with microwells and microducts on their contacting
surfaces. This configuration was adapted for screening natural products with antimicrobial activity
in the nanoliter matrix SlipChip (nm-SlipChip) [120]. In this assay ten antimicrobial candidates (either
pure compounds or extract fractions) are simultaneously tested against ten bacterial cultures within
microwell-generated droplets (Figure 6). The compounds or fractions (and potentially different drug
concentrations) are loaded into the X-axis channels of the chip, while bacterial suspensions are
introduced into the Y-axis channels. A controlled sliding motion merges the two arrays, initiating on-
chip incubation. Following incubation, droplet growth inhibition is assessed microscopically.
Compared with classical bioactivity testing methods, this approach not only minimizes sample
consumption but also reduces analysis time to approximately three hours. Aside for fabrication of
two glass plates, comprising the nm-SlipChip, by etching method, this approach does not require any
specific equipment. Importantly, it integrates droplet generation and spatial control of droplet
contents within a single device, and it is compatible with the recovery of droplets of interest for
downstream analysis or alternative detection methods.
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Figure 6. Schematic representation of nm-SlipChip.

3.1.2. Screening of DNA-Encoded Antimicrobials

Specific microfluidic screening strategies can be applied to evaluate libraries of DNA-encoded
antimicrobial peptides (AMPs). The genetically encoded sequences of AMPs enable the generation of
libraries containing unnatural modifications through directed evolution techniques [121]. AMP
libraries can be produced either by chemical synthesis, heterologous recombinant expression
systems, or cell-free translation platforms. In all cases, high-throughput screening of target biological
activities is essential for hit identification, making microfluidic methods particularly suitable for this
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area of research. For example, droplet based screening in double W/O/W emulsion was applied for
evaluation of protegrin-1 production in Pichia pastoris yeast, establishing a platform for screening of
recombinant AMP activity against gram negative bacteria [122] (Figure 7A).
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Figure 7. Approaches to peptide libraries screening.

Since most AMPs act through membrane permeabilization and frequently lack selectivity, often
displaying high hemolytic activity, strategies that assess their membrane specificity are critical.
microfluidic system enabling simultaneous cell-free production and screening of AMP membrane
specificity was developed to address this need [123]. In this approach, AMPs are produced within
W/O/W double emulsion droplets, co-encapsulated with sensor large unilamellar vesicles are
generated that generate a membrane-specific fluorescence signal. Two distinct populations of sensor
liposomes—with bacterial-like or mammalian-like lipid compositions—are preloaded with self-
quenched fluorescent dyes. Dye leakage in droplets can be observed by droplet trapping of FACS
and is proportional to the preference of the AMP for the specific membrane composition. (Figure 7B).
Sensor liposomes-based approach was further shown to be applicable to detect and evaluate
membrane-active antimicrobial peptides in non-ribosomal peptide synthase mutant libraries,
exemplified by gramicidin S heterologous production in E. coli [124].

An interesting alternative approach allowed to assess AMP selectivity on whole cells on the basis
of microfluidic impedance cytometry [125]. In this approach, bacterial cells and human red blood
cells are treated with AMP off-chip, and the resulting individual or mixed samples are analyzed using
an impedance cytometer. The system records electrical signatures of single cells, reflecting AMP-
induced changes in membrane integrity. The key advantage of this approach lies in its rapid, label-
free, and co-culture-compatible evaluation of AMP selectivity, providing physiologically relevant
insights into peptide activity.

3.1.3. Bacteriophage Evaluation and Development

Bacteriophages are increasingly recognized as a promising alternative strategy for combating
antibiotic-resistant bacteria. However, conventional phage isolation methods remain labor-intensive
and may introduce significant bias [126]. Microfluidic technologies offer new opportunities for phage
research by providing precise control over environmental parameters and enabling high-throughput
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experimentation. Despite this potential, reported applications of microfluidics in phage biology are
still relatively limited.

The first demonstration of a droplet-based approach for isolating infectious phages involved the
co-encapsulation of phages and E. coli host cells in W/O droplets [127]. he fluorescent nucleic acid
dye YOYO-1 was used to label phage DNA; due to its cell-impermeant nature, it selectively stained
viral particles without affecting host cells. Droplets were analyzed and sorted using an On-chip
Droplet Selector, allowing the isolation of target droplets into individual wells of a 96-well plate
(Figure 8A). This proof-of-concept study established the feasibility of droplet microfluidics for phage
discovery and has since inspired further developments, as exemplified by two recent preprints
expanding this approach [128,129].

Aforementioned technology for on-chip droplet generation was also adapted for phage
quantification in digital phage SlipChip (dp-SlipChip), relying on bright-field microscopy for host
bacterial cells growth detection [130] (Figure 8B). An alternative on-chip cultivation strategy utilized
a commercially available microfluidic platform (Mimetas Organoplates), originally developed for
eukaryotic cell culture, and repurposed it for phage isolation and quantification [131]. Each chip
consists of two parallel microchannels converging into a shared interaction chamber separated by a
narrow phaseguide. In this setup, one channel is filled with bacteria immobilized in agarose gel, while
the adjacent channel contains phage suspensions in liquid medium (Figure 8C).

A
el 5

Host bacteria \éy J

Scale-up cultivation
YOYO-1 dye Single emulsion x &D > fi: ',l i .,/

Intercalation Phage isolation
B

; T
Host bacteria

Microscrtuctured
glass plates

C/§s§9 o |

Host bacteria

3h _ Bright-field imaging
Digital analysis

Phage

Enriched phage

] Phaseguide

JSis 2 A
o 3
[

Phage ;@4";@&’ A

Figure 8. Microfluidic-based phage discovery pipelines.

3.1.4. Antibiofilm Activity Testing
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The development of biofilms plays a pivotal role in microbial resistance to treatment in clinic.
Consequently, compounds that can either prevent biofilm formation or disrupt mature biofilms are
of significant therapeutic interest. Microfluidic platforms have proven particularly valuable in biofilm
research, as they provide precisely controlled, dynamic environments that closely mimic natural
growth conditions

Well-established open biofilm models, available commercially, e.g. BioFlux [132] and similar
microfluidic chambers remain widely used for biofilm studies and screening applications. In these
devices, biofilms are formed within a microchannel attached to a glass slide under continuous flow
conditions (Figure 9A). Even this relatively simple experimental configuration yields substantially
more physiologically relevant data compared with traditional static models. For instance, the BioFlux
system enabled the identification of the antibiofilm activity of the peptide Temporin L against P.
fluorescens, demonstrating effects beyond its known antimicrobial properties [133]. A similar setup
was employed to reveal the antibiofilm efficacy of murepavadin against P. aeruginosa [134] and to
study modulation of intestinal bacterial adhesion by naringenin derivatives [135].
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Figure 9. Examples of microfluidic biofilm models for activity screening.

Further applications of BioFlux-based models include investigations of ultrashort antifungal
lipopeptides against Candida biofilms [136] marine invertebrate-derived AMPs active against
opportunistic pathogens Aurelia aurita and Mnemiopsis leidyi [137]. These studies demonstrated that
microfluidic biofilm systems can generate reproducible and biologically meaningful results relevant
to complex natural and clinical environments

A three-port modification of the BioFlux design was later introduced, allowing the application
of spatially separated flows of distinct media within a single device. This configuration was validated
for antibiofilm screening [138] (Figure 9B). To further improve screening capacity, a high-throughput
microfluidic perfusion biofilm reactor (HT-uPBR) was recently developed specifically for antibiofilm
testing [139] (Figure 9C). Compared with the standard BioFlux system, the HT-uPBR offers enhanced
shear control and full compatibility with standard microtiter plates and incubator setups.
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Research on the formation and eradication of mixed-species biofilms is critically important, as
many infections in the human host are caused by polymicrobial biofilms. Inoculation of BioFlux
device with mixed S. aureus and Pseudomonas aeruginosa culture was applied to achieve diabetic foot
environment model for antibiotic screening [140]. A more advanced platform incorporating a
herringbone micromixer for combining separate microbial flows, coupled with optofluidic imaging
for real-time monitoring, was applied to study S.aureus + C. albicans mixed biofilms [141] (Figure 9D).
Recently, an even more sophisticated system for modeling biofilms—including polymicrobial and
clinically derived communities—was introduced [142]. The BiofilmChip design (Figure 9E) features
a prechamber and three growth chambers with optimized geometry, supporting both confocal
microscopy and impedance measurements. Validation using clinical samples demonstrated that
BiofilmChip effectively supports the growth and characterization of polymicrobial biofilms.

Bacterial colonization on solid surfaces and subsequent biofilm formation pose particular
challenges in the context of implanted devices application. The development of antimicrobial
coatings and materials is therefore an active research area, though their reliable screening and
evaluation remain difficult. Microfluidic technologies have provided efficient solutions to this
problem. For instance, a custom microfluidic device was used to investigate the attachment behavior
of P. aeruginosa and S. aureus species on nanostructured surface under fluid wall shear stress [143].
Fluorescent staining and microscopic visualization enabled detailed quantification of bacterial
adhesion (Figure 9F). Another study employed a standard biofilm model to assess the antimicrobial
performance of AMP-functionalized surfaces [144]. In this work, continuous monitoring of E. coli
growth revealed crucial factors to aid AMP-grafted coatings design.

3.2. Studies on Antibiotics Mode of Action

Identification of a hit compound or effective drug combination represents only the first stage in
antimicrobial drug development. The next critical step is elucidating the molecular mode of action
(MoA) underlying the observed biological effects. In contrast to screening-oriented platforms,
microfluidic systems designed for mechanistic studies typically shift from endpoint growth detection
toward time-resolved single-cell imaging, requiring modified experimental setups and device
architectures.

One of the most established microfluidic designs for single-cell is a configuration nicknamed the
“mother machine” (MM, [145]). The MM consists of a large central flow channel intersected by
numerous perpendicular, single-cell-wide dead-end side trenches. During inoculation, individual
bacterial cells become trapped in these narrow side channels, while their progeny are continuously
flushed away by a constant flow of fresh medium in the main channel (Figure 10A). Time-lapse
microscopy in this configuration enables the observation of single-cell lineages over hundreds of
generations [146]. The MM remains widely applied in recent antibiotic MoA studies (Table 1).

Building upon this principle, a modified design termed the isolated mother machine (iMM) was
developed for the capture of extracellular vesicles [147]. In this system, individual cells are retained
in narrow side channels similar to the MM, but all daughter cells are immediately removed by
continuous flow. The winding microchannels are selectively coated with poly-L-lysine, forming a
positively charged surface that enables electrostatic trapping of negatively charged extracellular
vesicles (Figure 10B).
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Figure 10. Schematic representation of (A) mother machine (MM) and (B) similar design (iMM).

Another widely adopted strategy for single-cell imaging involves trapping bacteria in
monolayers to track microcolony dynamics. Various devices, including commercially available (e.g.
CellASIC® ONIX B04A-03 bacteral plates), have been employed for detailed investigation of
bacteria—drug interactions (Table 1). Working principle includes loading and trapping of single cells
in one-cell high monolayer with subsequent time-resolved imaging of microcolonies development
(Figure 11A). Device with variable chamber height have been applied to selectively trap normal
bacterial cells or cell-wall-deficient L-forms (Figure 11B) [148]. An alternative design employs
hydropneumatic chambers to form bacterial monolayers (Figure 11C). Such systems have been
utilized in studies of Mycobacterium smegmatis studies, including the uDeSCRiPTor platform — a
microfluidic dynamic single-cell screening for pheno-tuning compounds, used for mechanism-
informed development of anti-tubercular adjuvant therapies [149].
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Figure 11. Microfluidic experimental setups for on-chip cell imaging.
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A different mechanistic approach involves on-chip generation of immobilized droplets, enabling
real-time observation of bacterial growth and lysis dynamics (Figure 11D). This setup has been
applied to study E. coli challenged with phages [150] and antibiotics [151]. Immobilized droplet arrays
provide stable and isolated microenvironments for time-resolved imaging of individual bacterial
responses.

Table 1. Summary of single-cell imaging-based studies of modes of antimicrobial action.

Detection

Compound Label Device Test strain Observed effect Ref
method
Ultrashort Live/Dead Fig.10  Fluorescent . Variable single cell
. . . . E. Coli - L [152]
peptides stain MM imaging killing kinetics
. . E.coli, expressing
Rox1t}.1romy Lal‘)e'lle(‘i Fig. 10 Fl.uoreécent phage secretin Drug uptake [153]
cin antibiotic =~ MM imaging
f1pIV
Antibiotic
Ofloxacin natural — Fig. 10 Epl.ﬂuor.escent E. Coli Drug uptake [154]
fluorescen MM imaging
ce
FP
. GEF, Fig.10B  Fluorescent ) Extracellular
Polymyxin membrane = | . . E. Coli . . [147]
. iMM imaging vesicles secretion
stain
protei'n i Fig. 10A Br'ight-field E Coli Var.ia‘.ble si.ngle.z cell [155]
capsids MM microscopy killing kinetics
Pr.oof—of Labelled. Fig. 10A  Fluorescent . Outer membrane
principle vancomyci _ _ E. Coli damage by probe [156]
MM imaging
study n uptake
. . L-forms
Polymixin -  Fig 10 onentfield E. Coli morphology and [148]
microscopy . .
proliferation
Aminoglyco - . .
sides and GFP, . Fluorescent E. Coli with genetic Hyperosmotic .
. Fig. 11A . . compartment  shock, cytoplasmic [157]
fluoruquinol mCherry imaging .
markers condesation
ones
. Bright-field and Smg.le—c.ell growth
Meropenem, Live/Dead _, .. kinetic under
) ] Fig. 11A  fluorescent A. baumannii .. [158]
berberine stain . combination
microscopy
therapy
Listeriolysin GFP, Sytox Fig. 11A Fl.uoreécent Listeria Contact—'kllhng jby [159]
S blue imaging monocytogenes  producing strain
if] i Bright-fiel ingle-cell
Moxifloxacl - opp py g g1 Brightfield oy pomaris  Singlecell dose [160]
microscopy response
MO06 pheno- .
h Fl le-cell
tuning  TCNTYr pig qqc FIUOTESCONt e omatis Single-ce [149]
GFP imaging phenotypes
compound
Phages ~ GFP  Fig 11D | luorescent E. Coli Growth and lysis [150]
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To emulate drug bioavailability in intracellular infections, a specialized model based on droplet
interface bilayers (DIBs) was developed [161]. In such infections, the host-cell membrane forms a
barrier between the pathogen and antimicrobial agents. The DIB model reconstitutes this condition
by forming lipid bilayers at the interfaces of lipid-coated water-in-oil (W/O) droplets. Arrays of
droplets are generated on a chip equipped with a movable chamber, following previously established
methods [162]. Controlled contact between antibiotic-containing droplets and bacteria-loaded
droplets allows monitoring of drug diffusion across the DIB, mimicking intracellular drug exposure
(Figure 12A).
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Figure 12. Specific designs of mechanistic studies.

Another approach to study drug-membrane interactions utilizes freestanding planar lipid
bilayers, though their formation and buffer exchange have traditionally been difficult to control. A
recently introduced on-chip platform allows arrayed planar bilayer formation and was successfully
applied to study the effects of azithromycin on the mechanical properties of POPC lipid bilayers
(Figure 12B) [163].

Model membranes permeabilization under antibiotic treatment can be also examined using
GUVs. A label-free, impedance-based on-chip GUV detection system integrating microelectrodes
within the microfluidic channel was developed and validated using norfloxacin as a model
compound [164] (Figure 12C). Notably, this system could distinguish between antibiotic permeation
through the lipid bilayer and transport mediated by inserted porin channels, offering detailed
mechanistic insights into drug-membrane interactions.

4. Pathogens: Stress Responses and Resistance Development

Systematic studies of how bacterial populations respond to antibiotic stress and how resistant
subpopulations emerge provide the mechanistic and quantitative foundation for rational
antimicrobial therapy. Microfluidic technologies have become indispensable in this context, offering
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precise environmental control, high temporal resolution, and single-cell-level insight into the
complex dynamics of resistance acquisition.

4.1. Genetic Resistance

Adaptive laboratory evolution (ALE) is a key method for investigating the emergence of
antibiotic resistance and elucidating its underlying mechanisms. Microfluidic systems have
transformed ALE workflows by accelerating mutant generation, improving environmental control,
and enabling high-throughput selection of desired traits [54]. Beyond mechanistic insights, these
approaches facilitate detailed preclinical resistance prediction, potentially extending the clinical
lifespan of new antimicrobial agents [53]. Recent review summarizes current approaches to the
assessment of resistance development, focusing on technologies of laboratory evolution on resistance
mutants on hit-to-lead stage of drug development [53].

Several microfluidic systems have been developed recently to enhance ALE efficiency (Figure
13). Standard ALE protocols are time-consuming, but a centrifugal microfluidic system was designed
to accelerate resistance evolution [165]. In this device, a PDMS chip pre-loaded with antibiotic and
bonded to glass is filled with bacterial suspension. On-chip centrifugation generates a condensed
bacterial matrix, allowing survival under antibiotic concentrations several times higher than the MIC
and promoting rapid resistance development (Figure 13A).

Conventional batch ALE methods are also limited by competitive exclusion, where slow-
growing but strongly resistant variants are outcompeted, leading to loss of diversity. Emulsion-based
cultivation provides spatial isolation and fine control over environmental conditions, enabling the
detection of distinct evolutionary trajectories—as shown for P. aeruginosa evolving resistance to
colistin [166] and E. coli adaptation to doxycycline [167] (Figure 13B).

A related approach employs spatially organized stress gradients to promote adaptation toward
complex phenotypes (Figure 13C). This method enabled the identification of previously
unrecognized mutations in E. coli conferring resistance to nalidixic acid [168]. Further studies on E.
coli mutants, resistant to ciprofloxacin, generated in on-chip spatial gradient, revealed that
microfluidic environment itself can induce mutations beneficial for the subsequent evolution of
highly resistant mutants [169].
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Figure 13. Experimental workflows to perform microfluidic-driven ALE.

In addition to identification of genetic determinants of resistance, microfluidic protocols can be
applied to phenotyping of mutant strains and detalization of resistance genes dissemination
processes by single cell imaging (Table 2). For example, single-cell imaging of growth rate was
applied to show fitness cost of gene amplification-mediated resistance, demonstrating rapid loss of
amplification in the absence of selection for clinical isolates of E. coli and Salmonella enterica [170].
Moreover, observaton of single colonies in monolayer can be utilized for detection of individual
events of horizontal and vertical gene transfer [171,172]. Physiological role of known resistance-
associated mutation can be elucidated on the basis of single-cell phenotyping. For instance,
previously described monolayer trap (Figure 11C) for M. smegmatis was utilized to compare
persistent phenotypes in wild type cells and the the msm2570::Tn transposon mutant that has an
insertion in themsm2570 gene encoding a putative xanthine/uracil permease.

Table 2. Recent single cell studies on genetic bacterial resistance.

Detection

Antibiotic = Device Studied strains  Observed effect Ref
method
. Fig. 10A . E. Coli Single cell growth
MDR strains MM Microscopy Salmonella enterica rate [170]
Visualization of
. . ) conjugational and
-1 Fig. 10A E. 171
B-lactams ig. 10 Microscopy coli vertical transfer [171]
events
M. smegmatis Individual cells
Isoniazid  Fig. 11C  Microscopy msm2570::Tn growth and lysis [173]
mutant kinetics

4.2. Phenotypic Resistance and Bacterial Stress Responses

Antibiotic therapy is never applied to a homogeneous, static target. Even within a single clonal
culture, bacterial populations are dynamic, spatially structured, and phenotypically diverse. Studies
that track how bacterial cultures respond to antibiotic exposure and how resistant subpopulations
arise are therefore essential to understanding treatment success and failure. Single-cell resolution is
extremely informative in a realm of non-heritable, phenotypic resistance studies, recently applied
experimental settings are summarized in Table 3.

Classical colony-forming unit (CFU)-based killing assays can misrepresent persister dynamics
due to post-exposure killing, as demonstrated for Salmonella [174]. Tracking of pre- and post-exposure
history of persisters formation was also successfully achieved for E. coli using membrane-covered
microchamber array (MCMA) [175].

Many recent studies aimed to characterize subpopulations of bacteria, surviving drug exposure,
and elucidate key features, underlying resistant phenotype. Phenotypic resistance is typically
associated with growth-arrested persisters. Indeed, several studies revealed persister
subpopulations, exhibiting dormant state of reduced growth rates. For example, viable but non-
cultural state was induced in B. subtilis prior to antibiotic exposure by osmotic stress, leading to
antibiotic tolerance [176]. Fluorescent reporter for in vivo ATP measurments revealed that a
subpopulations of E. coli with a low level of ATP survive ampicillin exposure, suggesting a “low-
energy” mechanism of persistence [177].

Suprisingly, subpopulation of cells, surviving the antibiotic exposure, were found to exhibit
diverse growth rates. Under ampicillin treatment, E. coli cells with ~50% reduced growth rate
demonstrated lower antibiotic susceptibility, compared with both normal and growth-arrested cells
[178]. Moreover, fast growing resistant to macrolides subpopulation with high expression of
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ribosomal promoters was detected under investigation of cell-to-cell differences of drugs uptake.
Presumably drug-free ribosomes facilitated essential cellular processes including efflux of
macrolides, leading to fast-growing resistant phenotype [179]. Comparative studies across antibiotics
revealed distinct stress-response mechanisms. Among nine tested antibiotics, treatment with
rifamycin and nitrofurantoin, differing in both structure and mode of action, led to surviving sub-
populations [180]. Phenotypically resistant strains, particularly those with high growth rate, are
significantly increasing risk of genetically fixed resistance development.

Phenotypic resistance has diverse and elusive mechanisms, depending on vast variety of factors.
For example, studies of E. coli phenotypic resistance showed that multicopy plasmids can serve as
drivers of bacterial adaptation, enabling rapid modulation of gene copy numbers [181]. Moreover, E.
coli demonstrated physiological adaptation to antibiotic treatment after deletion of resistance genes
[182]. Phenotypic resistance to AMP can be mediated by efflux activity and was shown to be reverted
by efflux pump inhibitor [183]. Similar results were obtained for S. aureus, escaping {-lactam
treatment by AbcA transporter overexpression [184]. Visualization of plasmid-encoded fluorescent
pH reporter showed that E. coli persisters, resistant to ampicillin, have lower intracellular pH than
viable but non-culturable and susceptible cells [185], highlighting the manipulation of the
intracellular pH can be a strategy for targeting persisters.

All the aforementioned studies applied fluorescent or optical imaging to monitor stressed
populations. As a non-destructive and label-free alternative to imaging, Raman spectroscopy
combined with acoustic trapping enabled monitoring of M. smegmatis response to antibiotic treatment
[186]. Despite challenges in interpretation, Raman fingerprints monitoring is promising approach to
access metabolic changes in live cells. The most informative approach to assess stress-induced
metabolomics changes is mass-spectrometry. On-chip lysis of antibiotic-treated bacteria with
subsequent ESI-MS monitoring revealed up-regulation of cyclic dinucleotide, c-di-GMP, in ESBL-
producing E. coli. Treatment with chemical inhibitor of c-di-GMP biosynthesis indeed reverted
resistance to beta-lactams, verifying the identified self-saving response as target for adjuvant
development [187]. Despite obvious advantages, coupling of microfluidic approaches with MS-
detection is very challenging.

Table 3. Summary of experimental approaches to study heteroresistance.

Detection

Antibiotic = Device Studied strains  Observed effect Ref
method
Ampicillin Pre- and post-
AP . MCMA  Microscopy E. coli exposure imaging [175]
Ciprofloxacin .
of individual cells
- Fig. 10A . E.coli, expressing Intracellular pH in
Ampicillin MM Microscopy pHluorin individual cells [185]
L Fig. 10A . E. Coli, expressing ~ ATP levels in
Ampicillin MM Microscopy iATPSnFr'o individual cells 1771
Trimetoprim
Linezolid .
. . E. coli .
Ciprofloxacin P. aeruginosa Accumulation of
Roxithromycin Fig. 10A . ' . fluorescent
Vancomycin MM Microscopy Burkholder‘za antibiotic [179]
. cenocepacia .
Polymyxin derivative
. S. aureus
Octapeptin
Tachyplesin
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Chloramphenic Fig. 10A . . Growth 1'<1netlcs
Microscopy E.coli after resistance [182]
ol MM )
gene deletion
Chloroampheni
col
Gentamycin
Spectinomycin
Tetracyclin  Fig. 104 Microsco E.coli G?(;Z;ha;iisllji(c))rtlisce [180]
Rifampicin MM Py ’ v
. . treatment
Ciprofloxacin
Nirtofurantoin
Carbenicillin
Ceftriaxone
Nafcillin ~ Fig. 10A Microsco E'Cff;xltgrfeECA Individual cells (184]
Oxacillin MM Py poTte growth rate
overexpression
Tachyplesi
a((: Aﬁlf)sm Fig. 10A Microsco E.coli Fluorescent [183]
MM Py P. aeruginosa antibiotic uptake
o Fig. 10A . . Growth k.m'etl'c
Ampicillin MM Microscopy E.coli under antibiotic [178]
treatment
Single-cell growth
Flucloxacillin Fig. 11A  Microscopy Salmonella and regrowth [174]
S. aureus L
kinetic
Single-cell growth
Kanamycin Fig. 11A  Microscopy B. subtilis kinetic, fluorescent [176]
antibiotic uptake
. Droplet . E.coli, expressing  Susceptibility
Cefotaxime (W/O) Microscopy [-lactamases distribution [188]
Single-cell
A i R li
Isoniazid coustic aman M. smegmatis metabolic response [186]
trap spectroscopy by Raman
fingerprint
Indirect
g . . . monitoring of
Ampicillin ~ Fig. 11A  Microscopy E. coli plasmid copy [181]
number
HV- Mass- Metabolic response
Ceftriaxone coupled E. coli to antibiotic [187]
spectrometry
channel treatment

Emerging research highlights the role of biomolecular condensates in bacterial stress responses.

Increasing evidence indicates that key cell cycle proteins form phase-separated condensates under

stress, serving as adaptive organizational hubs and potential drug targets [189]. Droplet microfluidics

has been used to model such condensates, providing mechanistic insight into E. coli division

machinery [190].

Recovery of specific phenotypes in microfluidic assays often requires active sorting (e.g., FACS

or FADS). Recently, passive sorting techniques have gained attention as scalable, low-cost
alternatives [18]. One of the approaches to passive sorting is vascoelasting microfluidics, it was
recently successfully adapted for shape-based separation of B-lactam-treated E. coli cells [191] The
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device (Figure 14) integrates two inlets for viscoelastic and Newtonian fluids and seven outlets;
spherical bacteria migrate toward the channel center, while elongated cells are directed to the sides,
enabling label-free morphological separation.

Viscoelastic fluid
(shear) \AR
E—
Antibiotic-treated Co-flow in straight ~ Aspect ration (AR) - based
E. coli cells channel separation

Figure 14. Viscoelastic shape-based separation of E.coli subpopulations.

4.3. Chemotaxis and Bacterial Motility

Microfluidic models can reproduce spatial gradients of antibiotics and nutrients, reflecting
environmental and host conditions (Figure 15). For example, studies of P. aeruginosa in long gradient
channels revealed that flow-shaped gradients significantly alter antibiotic susceptibility [192]. Several
approaches to study bacterial chemotaxis were applied recently, including imaging of E. coli
migration in single bacterial layer [193] (Figure 15A), Shewanella oneidensis chemotaxis in microfluidic
gradient chamber [194] and E. coli growth in spatially controlled population under tetracycline
treatment (Figure 15B), suicidal chemotaxis of P. aeruginosa towards high antibiotic concentration
[195,196]. The latter effect was studied in detail using reconfigurable microfluidic device, allowing to
isolate subpopulations after time-lapse imaging by building fluid walls around migrating cells

(Figure 15C).
. Outlet
A Imaging B
Spatially
organized
Inlet 7. Bacteria on-chip Video monitoring
migration cultivation flagellar motility
Antibiotic-rich Medium flow
medium flow
C
D ‘ i /
| . / [
'| " 1' ‘ f
1 |
Inoculation Flow start Dead cells flush Migration Separation

Figure 15. Microfluidic models to study spatial gradients and bacterial motility.

A complementary “static” strategy uses hydrodynamic trapping of individual bacteria followed
by high-speed video microscopy (Figure 15D). As demonstrated on E. coli MG1655 and Salmonella
typhimurium, reduced single-cell motility under kanamycin exposure correlates with growth
inhibition and can serve as a proxy for heteroresistance [197].

4.4. Biofilms Antibiotic Susceptibility

As discussed in Section 3, biofilms represent highly organized microbial communities that are
inherently more resistant to antibiotics than planktonic cells. Moreover, they act as hotspots for
horizontal gene transfer and resistance dissemination. Microfluidic platforms, including flow
chambers and the BioFlux system (Figure 9A) are widely used to study biofilm-associated resistance.
For instance, flow-chamber models were employed to identify P. aeruginosa biofilm resistance genes
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[198] and to investigate the role of the flagellar hook in biofilm structure [199]. The BioFlux platform,
combined with fluorescence microscopy, revealed a strong correlation between biofilm formation
and clarithromyecin resistance in Helicobacter pylori clinical isolates [200].

Fluid shear stress is another key factor influencing biofilm morphology and antibiotic
susceptibility. For example, Klebsiella pneumoniae clinical isolates exposed to shear stress in
microfluidic channels showed increased viability under antibiotic treatment and enhanced
proliferation within macrophages [201]. To simultaneously evaluate shear stress and antibiotic
exposure, a double-layer microfluidic biofilm chip (2PAB) was developed, featuring a concentration
gradient generator (tree-shaped, Figure 3A) and expanding flow chambers (Figure 16A) [202]. Studies
using this system demonstrated species-specific differences in E. coli and P. aeruginosa biofilm
eradication, emphasizing the need for controlled hydrodynamic environments.

Geometric design can strongly modulate biofilm behavior. The wavy channel geometry can
create heterogeneous flow conditions, promoting localized regions of low shear stress [203] (Figure
16E). Introduction of an isolated pillar in a straight channel, located at its half-width, induced
reproducible formation of biofilm streamers — filaments, suspended in flow [204] (Figure 16B). Using
this platform, antibiotic-induced genotoxic stress and SOS-response was shown to cause explosive
cell lysis and stimulate streamer formation in the opportunistic pathogen Burkholderia cenocepacia

[205].
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Figure 16. Microfluidic biofilm models for precise monitoring of stress responses.

To overcome limitations of standard flow-chamber models—such as random adhesion,
clogging, or limited harvesting—new systems have been developed (Table 4). A spatially controlled
seeding chip with a pressure-based seeding gap (Figure 16C) allows reproducible biofilm formation
[206]. A microfluidic chip called Brimor was developed to sudy the dynamics of enrichment of
antibiotic-resistant bacteria in biofilms using confocal microscopy [207]. Brimor chip is manufactured
with 3D-printed mold and includes two channels for simultaneous observation of experimental and
control biofilms (Figure 16D). Modular chips integrating electrodes have been introduced for
monitoring biofilm migration and regrowth dynamics (Figure 16E) [203]. Finally, a dual-chamber
microfluidic device was designed to model P. aeruginosa biofilm formation at the air-liquid interface,
with electrochemical detection of pyocyanin serving as a proxy for viable cell density [208] (Figure
16F).

Table 4. Summary of recently introduced biofilm eradication microfluidic models.
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5. Conclusions and Future Directions

Microfluidic technologies have reshaped the landscape of antibiotic resistance research by
enabling precise, high-resolution observation of microbial dynamics under controlled conditions. The
versatility of these systems allows them to bridge the gap between molecular-scale mechanisms and
population-level phenomena, providing insights that are often inaccessible through traditional
methods.

Recent advances demonstrate that microfluidics can be applied across the full spectrum of
antimicrobial studies—from the discovery of new antibiotic producers and the screening of natural
or synthetic compounds to mechanistic dissection of drug action and quantitative analysis of stress
responses and resistance evolution. Integrated approaches combining microfluidic assays with
imaging, spectroscopy and mass spectrometry are rapidly expanding the analytical capabilities of
these platforms. Moreover, the rise of Al-driven data processing, automated droplet manipulation
and organism-specific model systems is accelerating the throughput and enhancing reproducibility.

Despite these achievements, several challenges remain. Limited standardization of device
designs and protocols continues to hinder data comparability and large-scale implementation. Many
promising systems remain at the proof-of-concept stage, with limited transition to industrial or
clinical workflows. Future progress will depend on the development of modular, user-friendly and
scalable microfluidics platforms compatible with existing laboratory infrastructure and high-content
data analysis pipelines.

Microfluidic technologies have found applications in a wide variety of research areas and
continue to evolve rapidly. Each study addressing a specific scientific problem often introduces
technical innovations with potential utility in other, even distant, disciplines. Furthermore, many
works focus on improving encapsulation and imaging methods without direct application to
particular biological problems. For instance, recent studies have proposed enhanced image analysis
algorithms for MM experiments [209]. Although such developments hold great promise, identifying
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their relevance to specialized research domains can be challenging, emphasizing the importance of
comprehensive literature analyses and reviews summarizing emerging applications of microfluidic
technologies

The most rapidly advancing fields of microfluidic research aimed at combating antibiotic
resistance remain pathogen detection, antimicrobial susceptibility testing, and rapid drug selection
in clinical settings. Studies in this area focus on simplifying device architecture, reducing analysis
time and enabling measurements at low bacterial concentrations within complex biological matrices.
Nevertheless, many of these developments also hold significant potential for fundamental
microbiological research. For example, the application of SlipChip technology for antimicrobial
susceptibility testing (AST) [210-212] has evolved into dedicated platforms for novel antibiotic [120]
and phage discovery [130]. Also, alternative methods for bacterial growth detection are continuously
emerging and being refined, including those based on optofluidics [213,214], light scattering [215],
Raman spectroscopy [216,217], impedance sensing [218], THz detection [219] and fluorescence
measurments [220].

As microfluidics technologies continue to mature, they tend to become indispensable tools in
antimicrobial research—supporting natural compound discovery, rational drug design, phenotypic
screening and real-time resistance monitoring. Ultimately, the convergence of microfluidics with
systems biology, synthetic biology and computational modeling holds the potential to redefine our
understanding of microbial adaptation and guide the next generation of strategies to overcome
antibiotic resistance.
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