Showecasing research from Professor Bee Luan Khoo’s
Microsystems for Personalised Medicine (MPM) Lab,
Department of Biomedical Engineering, City University
of Hong Kong, this review focuses on microfluidics-based
rapid bacterial detection and disease.

Advancements in microfluidic technology for rapid bacterial
detection and inflammation-driven diseases

Microfluidic platforms have garnered significant attention
for their pivotal role in rapidly detecting bacterial infections
and studying inflammatory diseases. These innovative
systems facilitate the swift and precise identification of
bacterial pathogens by integrating immunological, optical,
and electrochemical techniques. Furthermore, microfluidic
devices are powerful tools for simulating inflammatory
responses, providing valuable insights into disease
mechanisms and potential therapeutic strategies.
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Bacterial detection is pivotal for the timely diagnosis and effective treatment of infectious diseases.
Microfluidic platforms offer advantages over traditional methods, including heightened sensitivity, rapid
analysis, and minimal sample volume requirements. Traditional clinical methods for bacterial identification
often involve extended processing times and necessitate high pathogen concentrations, resulting in
delayed diagnoses and missed treatment opportunities. Microfluidic technology overcomes these
limitations by facilitating rapid bacterial identification at lower biomass levels, thus ensuring prompt and
precise treatment interventions. Additionally, bacteria-driven infammation has been associated with the
development and progression of various diseases, including cancer. Elucidating the complex interplay
between bacteria, infllmmation, and disease is essential for devising effective disease models and
therapeutic strategies. Microfluidic platforms have been used to construct in vitro disease models that
accurately replicate the intricate microenvironment that bacteria-driven inflammation affects. These
models offer valuable insights into bacteria-driven infammation and its impact on disease progression,
such as cancer metastasis and therapeutic responses. This review examines recent advancements in
bacterial detection using microfluidics and assesses the potential of this technology as a robust tool for
exploring bacteria-driven inflammation in the context of cancer.

1. Introduction
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Bacterial infections can affect various parts of the human
body, causing multiple health issues, from common skin
infections and cellulitis to more severe and invasive diseases
such as tuberculosis (TB), sepsis, nephritis, and cystitis." The
timely and accurate detection of bacteria is crucial for
effectively treating and managing these conditions.” It allows
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healthcare professionals to initiate appropriate treatment
promptly, significantly improving patient outcomes. Any
delay in detection can lead to severe complications or even
life-threatening  situations.”  Consequently, ~ developing
sensitive and rapid detection methods is essential for
identifying bacterial presence and facilitating effective
intervention.

Bacteria-driven inflammation has been linked to the onset
and advancement of diverse diseases. Bacterial infections can
manifest as acute, life-threatening conditions or chronic,
recurrent issues.® Microfluidic platforms have been used to
construct in vitro disease models that accurately replicate the
intricate microenvironment that bacteria-driven inflammation
affects. Beyond infectious diseases, bacterial infections are also
implicated in the development and progression of specific
cancer types.” Inflammatory responses triggered by bacterial
infections can  contribute to a  tumor-promoting
microenvironment, influencing cancer initiation, progression,
and metastasis. Understanding the complex interactions
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between bacterial infection and inflammation is critical to
developing effective therapeutic strategies and disease models
that can accurately simulate the microenvironment affected by
bacteria-driven inflammation.

Microfluidic technology has emerged as a powerful tool in
detecting and studying bacterial infections, offering several
advantages over conventional methods.” These platforms enable
high-sensitivity detection with rapid analysis times and require
only small sample volumes, making them particularly useful in
clinical settings. Traditional bacterial identification techniques
often need extended processing times and high pathogen
concentrations, which can result in delayed diagnosis and
missed treatment opportunities.® In contrast, microfluidic
platforms have demonstrated the ability to rapidly identify
bacteria at lower biomass thresholds, ensuring prompt
detection and enabling timely treatment.

This review aims to discuss the recent advancements in
bacterial detection using microfluidics and explore the
potential of these platforms as a versatile tool for studying
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bacteria-driven inflammation as an underlying complication
for various physiological and pathological conditions, such
as cancer. By integrating knowledge from microbiology,
oncology, and engineering, this review will highlight how
microfluidics can contribute to the early diagnosis of
bacterial infections and the development of innovative cancer
models, ultimately leading to more personalized and effective
therapeutic approaches.

2. Challenges and innovations in
bacterial detection
2.1 Conventional techniques

The timely and accurate detection and identification of
bacterial strains have become critically important in various
fields, including clinical diagnostics, food safety, and
environmental monitoring.”'* In these domains, rapid and
precise bacterial detection is essential for preventing the
spread of infections, ensuring food quality, and assessing the
impact of environmental changes."' However, traditional
bacterial detection methods often cannot meet the demands
of rapid and efficient detection processes,’” with some
protocols taking up to 7 or 8 days to yield conclusive
results."”?

Conventional pathogen detection techniques typically
involve culture and colony counting, polymerase chain
reaction (PCR), and immunology-based assays. PCR is widely
used for DNA analysis, enabling the detection of specific
bacterial genes with high sensitivity."* Culture and colony-
counting methods allow for the enumeration of bacteria by
growing them on selective media, providing quantitative
insights into bacterial populations."”” Immunology-based
techniques, which rely on antigen-antibody interactions, are
employed to identify bacterial antigens, offering specificity in
pathogen detection.®

While these approaches are well-established and known for
their accuracy, they have limitations. The time required for
bacterial cultures to grow, the complexity of PCR protocols, and
the need for specialized equipment and reagents all contribute
to the prolonged analysis times."* Additionally, implementing
these methods often necessitates highly skilled personnel and
sophisticated laboratory infrastructure, further complicating
their widespread application in urgent or resource-limited
settings.

In light of these challenges, there is a growing demand for
more efficient bacterial detection methods to deliver rapid,
accurate, and accessible results across various applications.
This review will explore emerging technologies and
methodologies that address these limitations, highlighting
their potential to revolutionize bacterial detection and
identification practices in critical sectors.

Culture and plating methods have long been the gold
standard for bacterial detection. These techniques involve
growing bacteria on selective media, allowing for their
enumeration and identification. Despite their reliability and
widespread use, culture methods are often time-consuming,
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typically requiring several days to more than a week to
produce definitive results.” This delay can be a significant
drawback, especially in clinical settings where timely
diagnosis is critical for effective treatment.

Given the limitations of culture-based methods, there is a
pressing need to explore and implement alternative bacterial
detection techniques to provide quicker and more efficient
results.'® PCR has emerged as an alternative, offering the
potential for rapid and precise bacterial identification,
thereby addressing the urgency of timely diagnostics in
various applications. PCR is a widely adopted nucleic acid
amplification technology in bacterial detection. It allows for
the isolation, amplification, and quantification of specific
DNA sequences, including those unique to target bacterial
species. PCR offers significant advantages over traditional
methods, such as culture and plating, primarily due to its
ability to deliver results in a much shorter time frame."’

Immunoassays leverage the highly specific interaction
between antibodies and antigens, making them versatile tools
for detecting a broad range of targets. Several immunoassay
techniques, including enzyme-linked immunoassay (EIA),
enzyme-linked fluorescence assay (ELFA), enzyme-linked
immunosorbent assay (ELISA), and immunomagnetic beads
(IMB) have been employed for pathogen detection.”® Among
these, ELISA stands out as the most widely used and well-
established technique, serving as a foundational method that
has inspired numerous biosensor applications.

ELISA's success lies in combining the specificity of antibody-
antigen interactions with the sensitivity of enzymatic assays.
This is achieved by using antibodies or antigens conjugated to
enzymes that produce easily detectable signals, making ELISA a
cornerstone in immunoassay techniques.>"

2.2 Emerging microfluidic biosensor technologies for the
detection of pathogenic bacteria

Emerging microfluidic-based detection technologies present
compelling alternatives to traditional bacterial detection
methods. We summarized recent publications, particularly
those from this year, focusing on innovative bacterial
detection methods that address pressing challenges. The
study's selection criteria focused on approaches relevant to
rapid, on-site, real-time, and multiplex bacterial analysis
using microfluidic technologies. The scope of the review
primarily encompasses the detection of common disease-
causing bacteria. To ensure a comprehensive overview, we
included a diverse range of detection methods based on
various principles of microfluidic systems, as well as those
capable of detecting multiple bacterial species. Papers that
did not focus on microfluidic-based detection methods or
were not directly related to bacterial detection were excluded,
as they did not align with the scope of this review. We classify
the detection methods into four parts based on different
bacterial detection principles and introduce them in the
following parts, including detection of microfluidic systems
for specific identification of gene and protein biomarkers,

This journal is © The Royal Society of Chemistry 2025
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physical property detection and separation of microfluidic

systems, optical detection methods of microfluidic
biosensors, and microfluidic electrochemical sensing
technology.

2.2.1 Microfluidic systems for rapid and sensitive bacterial
detection based on gene and protein biomarkers.
Microfluidics harnesses the precise interactions between surface
antigen biomarkers and biorecognition elements to facilitate
the effective capture and detection of pathogens. Various
biorecognition elements, including antibodies, antimicrobial
peptides, bacteriophages, lectins, and enzymes, have been
utilized for this purpose. These elements act as capture agents
on microfluidic devices, enhancing pathogens' enrichment or
concentration, thereby improving detection sensitivity and
accuracy. In a notable example, Liu et al developed a
microfluidic system for the detection of four bacterial species
commonly implicated in periprosthetic joint infections:
Staphylococcus  aureus, methicillin-resistant  Staphylococcus
aureus (MRSA), Escherichia coli, and Acinetobacter baumannii
(Fig. 1A). This system integrates several critical steps, including
sample processing, bacterial isolation, lysis, PCR amplification,
and optical detection.?” Remarkably, the workflow is completed
in under 90 minutes, achieving a detection limit of less than
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100 CFU mL™". The design also enables the identification of
antibiotic resistance genes through automated detection within
the microfluidic device. This innovation holds significant
potential for routine diagnostic use, particularly in clinical
settings where rapid identification of methicillin-resistant
strains is critical. The ability to swiftly diagnose infections and
identify antibiotic resistance profiles can greatly inform
appropriate antibiotic selection and optimize surgical treatment
strategies. Future work will require the design and integration
of specific primers to detect more clinical bacterial species, such
as Bacillus thuringiensis etc.

2.2.1.1 Antimicrobial peptides. Antimicrobial peptides
(AMPs), short peptide fragments found in a wide range of
organisms, play a critical role in the innate immune system,
providing essential protection against pathogens.>® These
peptides are easy to synthesize and cost-effective and exhibit
remarkable stability under extreme conditions, making them
versatile tools in pathogen detection. Moreover, AMPs are
derived from diverse sources, further enhancing their utility.
In a pioneering study, Kim et al. introduced the first portable
dual antibiotic-conjugated graphene micropatterned field-
effect transistor (ABX-GMFET) integrated with a microfluidic
chip. This innovative system facilitates on-site detection of
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Fig. 1 A) A schematic diagram of the diagnostic process for detecting and identifying periprosthetic joint infection-associated bacteria performed
on an integrated microfluidic system. The image is reproduced from a ref. 22 licensed by CC BY 3.0. B) A rapid on-site method for detecting viable
E. coli O157:H7, using immunomagnetic separation combined with propidium monoazide and loop-mediated isothermal amplification and nucleic
acid lateral flow strip. The image is reproduced from ref. 23 with permission from Elsevier, copyright 2022. C) Valveless microfluidic device for E.
coli detection. The image is reproduced from a ref. 24 licensed by CC BY 3.0. D) Representation of the experimental procedure for droplet
production and magnetoresistive measurement employed in this work. The image is reproduced from ref. 25 with permission from Elsevier,

copyright 2024.
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Gram-positive and Gram-negative bacteria in various sample
types, with a 10 CFU mL™" detection limit. The system
exploits charge and chemical interactions between the
antibiotic probes (vancomycin and magainin I) and the target
bacteria.”” A significant challenge in combating antibiotic
resistance is the need for timely, on-site clinical data
regarding bacterial identification, particularly for Gram-
positive and Gram-negative strains. The ABX-GMFET
platform addresses this challenge by providing a rapid
diagnostic tool to mitigate the risks associated with antibiotic
misuse, often leading to untreatable infections. The platform
integrates a recognition probe with a transistor within a
microfluidic device, minimizing human intervention and
enabling streamlined automation, thereby offering a practical
solution for improving clinical decision-making in real-time.

2.2.1.2 Antibodies. Antibodies play a vital role in
identifying and eradicating pathogens with ease of use and
high affinity for target antigens. Antibodies are integrated
with microfluidic biosensors to facilitate bacterial detection.
Wang et al. developed an integrated microfluidic system for
the automatic detection of live Mycobacterium tuberculosis
(MTB) and differentiation from dead bacteria. The slow
growth rate of MTB sets it apart from other infectious
bacteria, requiring at least 6-8 weeks for detection and
complicating early diagnosis. This system captures bacteria
within 10 minutes using a heparin-conjugated hemagglutinin
antibody. To distinguish dead bacteria, a light-reactive dye,
propidium monoazide, binds selectively to the double-
stranded DNA of deceased bacteria within 20 minutes,
preventing gene amplification during subsequent PCR steps.
This study represents the first automated bacterial detection
process for viable MTB on a single chip, providing results
within 90 minutes and achieving a detection limit as low as
100 CFU.*® This advancement holds significant promise for
on-site diagnosis and improving the efficiency of TB
detection. The chip demonstrates the capability to deliver
rapid and precise TB diagnoses, enabling potential
adjustments in antibiotic dosages. While this innovative
system demonstrates adaptability to various sample
conditions and enhances diagnostic specificity, additional
research and validation are necessary before clinical
translation can be successfully achieved. Additionally, Wen
et al. employed immunomagnetic separation technology to
enhance the concentration of E. coli O157:H7 through
magnetic enrichment (Fig. 1B). This was followed by a
modified propidium monoazide method in conjunction with
loop-mediated isothermal amplification to amplify the target
gene. The presence of viable E. coli O157:H7 was then
detected using the nucleic acid lateral flow test strip
method.*® This method eliminates pre-culturing and delivers
results within a mere 2 hour. Operating without specialized
equipment, it relies solely on a standard water bath to
maintain consistent temperature. This simplicity renders it
highly convenient, particularly in resource-constrained
settings. While this method effectively eliminates false
positives resulting from dead bacteria, it is important to note
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that the detection sensitivity is lower than the standard
culture method.

2.2.1.3 Phages. Phages can remain active under various
extreme conditions (such as high temperatures and organic
solvents), and phages can be easily and cheaply mass-produced.
Usually, a large number of progeny phages can be obtained by
simply infecting a bacterial solution.> Alonzo et al. developed a
microfluidic device and portable instrument prototype to enable
rapid and highly sensitive phage-based assays for detecting E. coli
cells (Fig. 1C). This advanced microfluidic system integrates
membrane filtration and selective enrichment using T7-NanoLuc-
CBM, a genetically engineered phage. It successfully detects as
few as 4.1 CFU of E. coli in a 100 pL sample within just 5.5
hours.”* This innovation represents a significant step toward
creating a faster, portable, semi-automated phage-based
microfluidic platform for bacterial detection. In numerous
remote low- and middle-income regions, the surveillance of fecal
contamination in drinking water is constrained by inadequate
facilities, financial constraints, and staff shortages. Introducing
on-site, cost-effective, straightforward, precise, and swift assays
for detecting E. coli contamination could empower community-
driven monitoring efforts, promote behavioral change, and
enhance emergency readiness measures. Future optimization
endeavors will enhance test throughput and instrument
automation, enabling prompt monitoring and user-friendly
operation. Bloodstream infections are instigated by pathogens
infiltrating the bloodstream, culminating in conditions such as
sepsis and septic shock. Costa et al. developed an innovative
microfluidic assay that combines a bead-based chip with a phage
receptor-binding protein to serve as a highly specific and sensitive
recognition molecule. This integrated device enables direct
detection of bacteria from whole blood samples. The assay
facilitates bacterial enrichment and allows simultaneous
multiplex detection of Pseudomonas aeruginosa and E. coli.*° The
detection concept and device architecture can be extended to
encompass other bacterial species or sample matrices for various
biomedical applications and food safety purposes. However, due
to the spatial limitations of the microcolumns in the chip and
the potential for spectral crosstalk when wusing multiple
fluorescent proteins, whether this method can achieve high-
throughput screening needs further experimental confirmation.
In another advancement, Nogueira et al introduced a novel
microfluidic system for diagnosing urinary tract infections caused
by Kiebsiella pneumoniae. Klebsiella pneumoniae has emerged as a
prevalent pathogen in catheter-associated urinary tract infections
and a form of nosocomial urinary tract infections. Alarmingly,
over 50% of Klebsiella pneumoniae strains exhibit resistance to
multiple antibiotics, posing a significant challenge in treatment.
This system combines magnetoresistive sensors with droplet
microfluidics, offering a unique diagnostic approach.>® The
system encapsulates Klebsiella pneumoniae suspensions in
droplets containing magnetic nanoparticles (MNPs) modified
with Klebsiella pnewmoniae-specific phage receptor-binding
proteins. Magnetically labeled cells within the droplets are
detected using an MR readout system (Fig. 1D). MNPs have the
advantages of large specific surface area, small detection steric

This journal is © The Royal Society of Chemistry 2025
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hindrance, and uniform distribution.®® This method allows
precise control over the number of MNPs and bacteria in each
droplet, facilitating clear differentiation between Klebsiella
pneumoniae and non-target E. coli samples. The system
demonstrates a dynamic detection range for K. pneumoniae from
10* to 10®° CFU mL™.* Leveraging droplet microfluidics
effectively tackles the issues linked to MNP aggregation
encountered during batch sample processing. By ensuring the
uniform distribution of MNPs and bacteria in each droplet, a
direct and highly reproducible correlation between the target
species’ concentration and the magnetic peak count was
established.

2.2.2 Microfluidic systems for enhanced bacterial
detection and isolation based on physical properties.
Microfluidic systems allow for the precise manipulation of small
volumes of fluid within microscale channels, thereby enabling
the effective separation and identification of bacteria based
on their distinct physical properties. This technological
advancement significantly enhances diagnostic capabilities
across diverse healthcare and environmental monitoring
sectors. Shrestha et al. introduce an innovative microfluidic
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channel design with a zigzag configuration to enhance the
isolation and detection of bacteria from human clinical nasal
swabs (Fig. 2A). Detecting bacteria in raw samples becomes
challenging when host DNA contaminates bacterial DNA. The
chip effectively addresses this issue. Enabling the isolation of
bacteria from raw clinical samples enhances the extraction of
purified bacterial DNA, thereby boosting bacterial detection and
sequencing accuracy. This design effectively utilizes a zigzag
pattern to separate bacteria from epithelial cells and debris
based on size differences, resulting in a purified bacterial
fraction free from large contaminants. DNA sequencing of the
isolated bacteria was performed to assess their diversity and
species composition.*® This approach offers a straightforward,
reliable, rapid, and cost-effective method for bacterial isolation,
demonstrating the potential for rapid bacterial identification in
clinical samples. This microfluidic advancement represents a
promising development in bacterial analysis with broad
applications in clinical diagnostics and research.

In a recent study, Chang et al. presented a centrifugal
microfluidic device integrated with a nylon membrane to
efficiently detect viable bacteria in water (Fig. 2B). Utilizing a
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permission from the Royal Society of Chemistry B) detection of live bacteria using nylon filter membrane-integrated centrifugal microfluidics. The
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handheld fan as the rotor and a rechargeable hand warmer
as the heat source, this system achieves over 500-fold
concentration of bacteria in water. Following incubation with
water-soluble tetrazolium-8, color changes on the nylon
membrane can be visually assessed or captured with a
smartphone camera. The process is completed within 3
hours, with a detection limit of 10> CFU mL™ and a range
extending from 10> to 10° CFU mL ">’ The platform boasts
cost-effectiveness, user-friendliness, high sensitivity, and data
reliability. However, the device currently takes 3 hours to
complete the test, and future improvements to the culture
medium are expected to speed up bacterial growth and
reduce the detection time. This platform offers a convenient
and sensitive approach for swift water quality monitoring,
proving especially invaluable for nations with limited
resources.

Liu et al. developed a portable centrifugal microfluidic
system that uses motors to rotate magnetic beads for
bacterial cell lysis, incorporating loop-mediated isothermal
amplification on the same chip. This system allows for the
rapid detection of five pathogenic bacteria in water within 70
minutes, achieving a detection limit of approximately 10*-10°
CFU mL'.*° The chip is a compact, all-in-one, fully
automatic portable analyzer with integrated injection and
output functionalities. Michael et al. designed a fingertip
spinner with centrifugal microfluidic technology to
concentrate and filter urine samples on a nitrocellulose
membrane. The sample is then reacted with WST-8 reagent,
resulting in color development within 45 minutes. The
detection limit for this system is approximately 10° CFU
mL %" The issue of slow and inconsistent rotation speeds is
mitigated through fluid-assisted separation technology,
effectively minimizing overall hydrodynamic drag. The device
is designed to be cost-effective, sensitive, specific, rapid,
durable, equipment-free, and easily deliverable to those
requiring it. Nonetheless, the current proof-of-concept study
solely focused on Escherichia coli in urinary tract infections,
warranting future testing on additional bacterial species like
Klebsiella pneumoniae or Proteus mirabilis for comprehensive
validation.

Phagocytes are crucial in identifying and engulfing invading
microorganisms to eliminate them. Nevertheless, bacterial
pathogens can evade detection by remaining at low levels or
replicating inside cells post-engulfment by immune cells,
thereby escaping conventional detection methods. Liao et al
demonstrated that phagocytic blood cells undergo physical
properties changes when containing intracellular bacteria.
Specifically, human monocytes infected with various bacterial
species exhibited increased stiffness and size compared to
uninfected monocytes. Utilizing these mechanical differences,
they developed a microfluidic biosensor based on inertial
focusing (Fig. 2C). This biosensor allows for rapid and
differential detection of infected monocytes from a large
population of uninfected cells.** The device can deliver a
reading within 1.5 hours, requiring only a small blood sample
of approximately 1 ml.
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Furthermore, Liao et al have pioneered a microfluidics-
based label-free multivariate analysis platform comprising a
biofilm enrichment device and a severity detection device.
This innovative system enables simultaneous real-time
biofilm enrichment and viscosity-based detection of biofilm-
associated infection severity.*® Biofilm-associated infections
are chronic and challenging to diagnose, often resistant to
traditional antibiotic treatments. The biosensor's outcomes
remain consistent for biofilms formed by Gram-negative and
Gram-positive bacteria, including biofilm-promoting strains,
across diverse mucus viscosities. Nam et al. introduced a
microfluidic chip that integrates bacterial separation, mixing,
and concentration through fluid dynamics alone (Fig. 2D).
The chip achieves size-based bacterial separation by
leveraging spiral fluidic channels using Dean flow and
inertial focusing. Incorporating polydimethylsiloxane (PDMS)
membrane filters within the chip enhances bacterial
concentration, making the process highly efficient. Bacterial
detection was assessed utilizing synthetic inorganic and
commercially accessible fluorescent antibodies.”® This
microfluidic chip demonstrates rapid and highly sensitive
bacteria detection in food, human blood, and urine, offering
significant value for effective prevention and treatment
strategies. This unified chip architecture integrates multiple
functionalities, offering a comprehensive solution for
bacterial analysis. The high-throughput characteristics of this
method have not been extensively discussed, suggesting that
further enhancements may be necessary to optimize its
performance in high-throughput screening applications.

2.2.3 Optical detection methods for microfluidic
biosensors. Current optical detection methods employed in
microfluidic ~ biosensors  primarily include fluorescence,
chemiluminescence, Raman spectroscopy, and colorimetric
techniques, with the most commonly utilised fluorescence and
colourimetric methods. A notable example is the
chemiluminescent biosensor developed by Shang et al., which
uses a fabric-based platform for detecting Listeria monocytogenes.
This biosensor amplifies the signal from the luminol/H,0,
chemiluminescence system using heme/G-quadruplex DNAzyme,
thereby enhancing signal detection.*® The biosensor exhibits
excellent analytical performance and has promising application
prospects in food safety and environmental monitoring.
Unfortunately, this sensor is not suitable for PCR-free T-DNA
sequence detection. In a recent advancement, Wu et al
introduced a novel approach for rapidly detecting single bacteria
using a chemiluminescent digital microwell array chip (Fig. 3A).
This chip functions through the hydrolysis of 6-chloro-4-
methylumbelliferyl-3-p-glucuronide by f-p-glucuronidase present
in Escherichia coli. The design features picoliter-sized microwells
that digitally encapsulate individual bacteria, enabling precise
quantification of E. coli by counting the number of positive
microwells.*’ This system offers significant advantages, including
shortening the detection time to 2-4 hours and resisting sample
turbidity and temperature variations.

Additionally, it enables the differentiation between live and
dead bacteria by monitoring bacterial proliferation and enzyme

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 A) Single Escherichia coli bacteria detection using a chemiluminescence digital microwell array chip. The image is reproduced from ref. 40
with permission from Elsevier, copyright 2022. B) Schematic illustration of the multifunctional PEC biosensor based on PDA/MnO2/SA31/GCE for
detection and inactivation of bacteria. The image is reproduced from ref. 41 with permission from Elsevier, copyright 2024. C) Raman
spectrometer-read CRISPR/Cas biosensor for nucleic acids detection of pathogenic bacteria. The image is reproduced from ref. 42 with permission

from Elsevier, copyright 2022.

expression. This innovative technology promises rapid and
reliable detection of E. coli, with potential applications spanning
microbiology, environmental monitoring, and clinical
diagnostics. The occurrence of hospital-acquired infections

This journal is © The Royal Society of Chemistry 2025

involving antibiotic-resistant bacteria has seen a significant
surge. These infections lead to prolonged hospital stays and
heightened costs and contribute to increased medical
complexity. Wang et al. developed a microfluidic sensor capable
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of detecting three common bacterial species: Acinetobacter
baumannii, Escherichia coli, and multidrug-resistant S. aureus.
This sensor utilizes a biotin-labeled aptamer immobilized on a
nitrocellulose membrane within the chip. Following the binding
of the aptamer to the bacteria, a color reaction is induced using
tetramethylbenzidine and streptavidin, which produces a blue
colour upon binding secondary aptamers to the primary ones.
This colorimetric change facilitates the detection of the target
bacteria.”® The chip employs highly specific aptamers to detect
target bacterial species simultaneously within a mere 35 minute
timeframe. Operating without an external power source, it offers
the benefits of quicker detection times and multiplexing
capabilities compared to antibody-based assays. While this
microfluidic system holds promise as a powerful tool for
diagnosing various nosocomial bacterial strains in high-risk
environments like intensive care units, additional -clinical
sample testing is necessary to ascertain its suitability for clinical
applications. Baltekin et al investigated the feasibility of
developing a rapid susceptibility test for urinary tract infections.
Using a specially designed microfluidic chip, this approach
directly captures bacteria from samples with low bacterial
counts. The growth rates of individual bacterial cells are
monitored through microscopy to evaluate their response to
antibiotic treatment within a short time frame.** This method
enables the determination of antibiotic susceptibility in less
than 30 minutes. The system's rapid turnaround and high
sensitivity and specificity make it a crucial tool in combating
antimicrobial resistance by facilitating the appropriate use of
antimicrobials in primary care settings, where patients typically
seek initial treatment.

Developed and commercialized by Sysmex Astrego, the
system is user-friendly. Healthcare professionals can place
the sample onto the cartridge and insert it into the analyzer
to initiate automated measurements, eliminating the need
for specialized laboratory expertise. In another study, Cui
et al. introduced a multifunctional photoelectrochemical
biosensor powered by near-infrared light to detect and
inactivate S. aureus (Fig. 3B). A carboxyl-functionalized SA31
aptamer is covalently bonded to a PDA/MnO photoelectrode
through an amine-carboxyl linkage. The SA31 aptamer
selectively captures S. aureus, which induces steric hindrance
and produces a diminished photocurrent signal. This change
in photocurrent is linearly related to the logarithm of the
bacterial concentration, with a wide detection range from 10
to 10’ CFU mL™ and a low detection limit of 2.0 CFU mL™".
Furthermore, the photocurrent signal is restored upon the
desorption of inactivated S. aureus from the photoelectrode.”
The biosensor exhibited high sensitivity and demonstrated
excellent antibacterial activity.

Surface-enhanced Raman spectroscopy (SERS) represents a
potent analytical technique that relies on the intensified
Raman scattering of molecules adsorbed on or near SERS-
active surfaces, such as noble metal nanostructures. This
method has found extensive application in the sensitive and
selective detection of chemical and biological molecules.
Zhuang et al. developed a microfluidic paper-based analysis
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device (uPAD) that combines recombinase polymerase
amplification with SERS to achieve highly sensitive bacterial
detection (Fig. 3C). In this system, the aggregation level of
SERS nanoprobes correlates with the concentration of
Salmonella typhimurium (S. typhi). The pPAD captures and
quantifies S. ¢yphi, with the results analyzed using a Raman
spectrometer. The device demonstrates a detection limit of
approximately 3-4 CFU mL™ and covers a dynamic range
from 1 to 10®° CFU mL™. It provides accurate sample testing
within 45 minutes.** This uPAD-based system offers a rapid
and highly sensitive method for detecting S. &yphi, with
significant potential for applications in microbiology and
diagnostic fields. Nonetheless, the system faces limitations
due to the distinct steps involved in its operation. Future
endeavors could explore integrating DNA extraction,
amplification, and Cas12a trans-cleavage into a unified, one-
step process, or enhancing automation to streamline
operations and enable easier deployment in field settings.
Artificial intelligence has reportedly been used to develop a
machine-learning model that can identify bacteria based on
recorded SERS spectra.*’

Integrating  microfluidic ~ systems with fluorescence
technology has markedly enhanced the sensitivity and
efficiency of bacterial detection. Xing et al. developed a one-
step, no-clean microfluidic biosensor platform that interfaces
with smartphones, enabling the simultaneous detection of
multiple foodborne bacterial targets through the detection of
single-stranded DNA. This technology relies on fluorescence
resonance energy transfer between graphene oxide, coated on
the microfluidic chip, and fluorescent molecule-modified
bacterial DNA. A smartphone-based fluorescence detector
captures the fluorescence recovery process, facilitating real-
time  detection. = Demonstrating  optimal  analytical
performance, the platform can detect four bacterial species—
Staphylococcus aureus, Listeria monocytogenes, Escherichia coli,
and Salmonella enteritidis—within 5 minutes, with detection
limits of 0.17, 0.18, 0.27, and 0.17 nM, respectively.46 The chip
is portable and easy to store, though image analysis requires a
computer. Future developments will optimise applications
based on the established algorithm, likely enhancing its utility
in various practical settings. In a separate study, Wan et al.
explored the use of semiconducting polymers in photodynamic
therapy, a process in which compounds produce reactive
oxygen species when exposed to light in the presence of
oxygen, effectively eliminating microorganisms. Their research
focused on semiconducting polymers incorporating antibiotic
units, which label specific bacteria via fluorescence imaging
and eradicate them through photokilling®” selectively. This
study presented a straightforward approach to creating
bioconjugated probes for bacterial identification while
establishing a robust platform for pathogen photokilling. The
findings hold significant promise for various applications,
including antibacterial treatments, bacterial diagnostics, and
real-time image interpretation, thereby expanding the
potential uses of semiconducting polymers in both clinical
and research settings.

This journal is © The Royal Society of Chemistry 2025
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2.2.4  Microfluidic-based  electrochemical  sensing
techniques. Recent studies have advanced the field of
electrochemical sensing through innovative approaches. In
electrochemical devices, the sensing systems (electrodes) can
easily accomplish miniaturisation without compromising their
sensitivity. Moreover, they can be constructed on slim
microfluidic platforms, potentially enhancing sensitivity by
incorporating additional electrodes on these platforms. One
study explored electrochemical cloth-based DNA sensors,
leveraging carbon ink and solid wax-based screen printing
techniques to create cost-effective sensing devices. Researchers
further enhanced the sensing interface with CdTe QDs/
MWCNTs nanocomposites, achieving robust electrochemical
signals. This development enabled the detection of genomic
DNA from Listeria monocytogenes with an impressive detection
limit of 0.039 ng uL™.*® The sensor does not require expensive,
complex equipment manufacturing or bulky peripherals. It can
be operated cost-effectively to provide rapid, highly sensitive,
and quantitative DNA detection capabilities. In another study, a
threaded microfluidic electrochemical aptamer sensor was
introduced for the rapid and highly sensitive detection of Vibrio
parahaemolyticus. This bacterium is commonly found in seafood
and is a primary cause of seafood-related bacterial
gastroenteritis.

The aptamer sensor incorporates microfluidic channels
and electrodes directly fabricated on cotton threads,
enhanced with molybdenum disulfide nanosheets to boost
sensitivity. With a detection limit of up to 5.74 CFU mL™",*
the sensor offers advantages such as cost-effectiveness,
heightened sensitivity, specificity, and accuracy, all while
overcoming the constraints of many traditional microfluidic
devices reliant on external pumps. Future advancements may
concentrate on optimizing the pairing of bioreceptors with
viable nanomaterials to enhance sensitivity, enable multiplex
detection, and explore other enhancements. Hou et al
developed a method for the continuous flow isolation of
Salmonella from large-volume samples using self-assembled
magnetic nanoparticle chains for efficient bacterial capture
within 1 hour. The detection is performed within a
microfluidic chip with a thin-film Ag/AgCl reference electrode
array. The quantity of target bacteria can be determined by
measuring the resistance of the catalyst. The method
achieves a detection limit of 10 CFU mL™".>* Modifying the
antibodies can broaden the capability to detect additional
foodborne pathogens, consequently enhancing food safety
measures.

Additionally, a recent study introduced a microfluidic-
based electrochemical device for the rapid and sensitive
detection of E. coli. This device facilitates bacterial growth
under ambient atmospheric conditions without an incubator,
allowing for simultaneous electrochemical monitoring. It
features three embedded electrodes created using screen-
printed carbon paste, with the working electrode reinforced
by graphitized mesoporous carbon. Cyclic voltammetry
responses were used to assess E. coli concentration and
growth within the device. The system can specifically detect
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bacterial infections with a detection limit of 0.35 CFU
mL™°" The developed sensing platform exhibits high
sensitivity towards E. coli and reliability in assessing the
resistance profiles and efficacy of various antibiotics.

By integrating various bacterial detection methods,
researchers can leverage the complementary advantages of each
technique. This approach addresses the limitations inherent in
relying on a single detection method, thereby enhancing overall
sensitivity and effectiveness. Combining different techniques
mitigates individual methods' shortcomings and significantly
improves the detection process.

2.3 Point-of-care testing for pathogen detection

Recent advancements in point-of-care testing (POCT) have
significantly enhanced the speed and convenience of
pathogen detection directly at the care site (Table 1). We have
selected common epidemic pathogens as the focus of POCT
research, which will help us to respond immediately and
reduce the medical burden. Some of them are important
pathogens of gastrointestinal tract infections or urinary tract
infections, and respiratory tract infections, including some
drug-resistant pathogens.

Rapidly screening foodborne pathogens is a critical
challenge in preventing and managing gastrointestinal tract
infections. Significant advancements have been made in
developing simplified, rapid, and highly sensitive detection
methods in recent years. One notable innovation is a
microfluidic  biosensor that gold nanoparticle
aggregation and smartphone imaging to detect Escherichia coli
0157:H7 (E. coli O157:H7) (Fig. 4A). This system exploits the
unique optical properties of gold nanoparticles (AuNPs) to
detect varying concentrations of the bacteria, with color changes
monitored through a smartphone application.”* The biosensor
demonstrates exceptional specificity and sensitivity, making it a
promising tool for accurate pathogen detection. While the
biosensor offers advantages such as simplicity, high integration,
and cost-effectiveness, there is room for improvement in the
response efficacy. One potential enhancement is using a smaller
mixer to improve the efficiency and reduce the detection time.
In a separate advancement, Guo et al. developed a portable
biosensor that integrates magnetic nanoparticle-based immune
separation, nanocluster signal amplification, and smartphone
image analysis for the rapid and sensitive detection of
Salmonella Typhi (S. typhi).>® This system leverages magnetic

utilizes

nanoparticles ~ with  smartphone-based image analysis
techniques, significantly enhancing detection capabilities. The
biosensor offers a good linear detection range and

demonstrates considerable potential for further development,
highlighting its promise as a portable, efficient, and highly
sensitive diagnostic tool.

Kim et al introduced a paper-based microfluidic chip
utilizing protamine as a biological receptor for bacteria.
Fluorescent particles conjugated with protamine are
sequentially loaded into the chip and interact with bacterial
membranes, leading to particle aggregation.”® Low-cost
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Table 1 The results of pathogen bacteria detection using POCT in a microfluidic biosensor
Portable
Pathogen bacteria Method Limit of detection Time device Ref.
E. coli 0157:H7 Color-photo 50 CFU mL™" 20 min Smartphone 52
S. typhimurium Color-photo 16 CFU mL™" 30 min Smartphone 53
E. coli K12, S. typhimurium, Fluorescence photo 10 CFU mL™" for E. coli and <10 min Smartphone 54
and S. aureus S. typhimurium and 100 CFU mL™"
for S. aureus
E. coli O157:H7 Digital result 62000 CFU mL™" 15 min Personal glucose meters 55
Salmonella Color intensity 63 CFU mL™" 30 min Smartphone 56
E. coli Fluorescence photo 240 CFU mL™" <25 min Smartphone 57
P. aeruginosa, S. typhimurium, Fluorescence signals 200 cells per pL — Centrifugal microfludics 58
V. parahaemolyticus, V. vulnificus,
S. iniae and V. alginolyticus
MTB DNA Temperature 39 nmol L™ (or 0.58 ug mL™") Within 2 h  Thermometer 59
Streptococcus pneumoniae Loop-mediated isothermal 20 fg pL ™" — Smartphone 60
amplification

smartphone fluorescence microscopy is employed to image and
quantify the bacterial presence. It is worth mentioning that the
biosensor demonstrated excellent specificity even in the
presence of environmental pollutants. A recent study introduced
a portable quantitative immunochromatographic assay for
detecting E. coli O157:H7 using a personal blood glucose meter
as a readout (Fig. 4B)—carboxyl-coated Fe;O, nanoparticles,
conjugated with invertase and anti-E. coli antibodies produce
glucose through sucrose hydrolysis by enzyme invertase, which
is then detected by the glucose meter.”> This method offers a
qualitative and quantitative diagnostic tool with practical
clinical applications. The biosensor has the advantages of
portability, low cost, and wide availability; however, further
improvements in detection limits and data stability may be
needed. Lastly, Wang et al. explored a novel application of
bifunctional manganese dioxide nanoclusters in a power-free
biosensor for Salmonella POCT (Fig. 4C). This biosensor,
analyzed using a specialized smartphone application,
quantitatively detects Salmonella at 63 CFU mL™ within 30
minutes, all on a single microfluidic chip without additional
equipment.®® This advancement represents a significant step in
point-of-care testing for bacterial pathogens, providing a simple
and efficient solution. The biosensor utilizes manganese
dioxide nanoclusters to significantly improve the sensitivity of
the sensor and greatly reduce the complexity of the operation.
Urinary tract infections are among the most common
bacterial infections and pose a significant healthcare burden.
The development and utilization of POCT enable swift
diagnostics, potentially curbing antibiotic over-prescription
and the rise of drug-resistant strains. A smartphone-based
optical microfluidic fluorescent sandwich immunoassay is
reported capable of quantifying E. coli in buffer and synthetic
urine within 25 minutes (Fig. 4D). This system features a 10-
well microfluidic strip with an open fluid design, allowing
significant sample volumes to pass through antibody-coated
microcapillaries. The device achieves a detection limit of 240
CFU mL™ and holds the potential for rapid diagnosis of E.
coli infections in urinary tract infections.”” This study
leverages a microfluidic device coupled with a smartphone
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camera, offering simplicity, stability, and reproducibility.
Future endeavors will involve validating with clinical samples
and progressing towards power-free reagent loading. Zhang
et al. presented a manual centrifugal microfluidic platform
integrating nucleic acid purification, loop-mediated
isothermal amplification, and fluorescent signal detection
into a single disk.”® This platform enables the simultaneous
detection of six pathogenic bacteria with high-speed rotation,
making it suitable for nucleic acid detection in remote
settings without electricity. It was verified to have good
sensitivity and specificity for pathogens in artificial urine.

Tuberculosis is a potentially serious infectious disease
that primarily affects the lungs. Zhou et al. developed an
affordable photothermal biosensing method for quantifying
MTB DNA using a thermometer integrated into a paper
mixing device (Fig. 4E). DNA capture probes are immobilized
on paper and DNA hybridization. The subsequent gold
nanoparticles catalyze an oxidation reaction of 3,3',5,5'-
tetramethylbenzidine (TMB), serving as a photothermal agent
under 808 nm laser irradiation for photothermal
biosensing.’® This novel method offers a cost-effective and
miniaturized solution for nucleic acid quantification, which
is ideal for point-of-care settings. This photothermal
biosensing platform has broad potential for application.
Streptococcus pneumoniae is the most common pathogen
associated with community-acquired pneumonia requiring
hospitalization. Wang et al introduced a multifunctional
microfluidic chip platform with integrated loop-mediated
isothermal amplification for rapid detection of Streptococcus
pneumoniae.®® The portable device features a built-in heating
module, a Bluetooth Wi-Fi camera module, and a dedicated
smartphone application interface to communicate.

In the preceding section, we focused on exploring the
potential of microfluidic chips for bacterial detection,
highlighting their promising development prospects. The
following section focuses on microfluidic models of bacteria-
driven inflammatory infections. By identifying the pathogens
responsible for these infections, we examine the complex
inflammatory responses they trigger and the subsequent

This journal is © The Royal Society of Chemistry 2025
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therapeutic approaches critical for addressing bacterial
infections This comprehensive
approach not only enhances readers' understanding of the
diverse applications of microfluidic chips but also
underscores the potential of microfluidics to advance our
knowledge of inflammation and drive the development of
innovative strategies for bacterial detection and treatment.

across various diseases.

3. Microfluidic-based organ-on-a-
chip models

Microorganisms trigger infections, while inflammation is a
biological response of the organism to the presence of these
pathogens.®® Pathogenic bacteria invade human tissues,
causing infections. This infection, in turn, induces
inflammation as the host's immune system reacts to the
bacteria and their toxins to combat the infection. It is
important to highlight that bacterial infections are not only a
direct cause of illness but also a key driver of inflammation.®
Therefore, modeling inflammation in the context of bacterial
infection is essential for understanding the full scope of the
immune response and disease progression. Microfluidic-
based organ-on-a-chip (OOC) models represent a significant
advancement in disease modeling, offering a miniaturized,
precise platform to replicate human tissue environments and
study pathogen-host interactions. These models enable
detailed analysis of cellular responses and infection
mechanisms, providing more accurate and controlled
systems for research and therapeutic development.

3.1 Conventional methods for studying infectious diseases

Conventional methods for studying infectious diseases have
long relied on in vitro cell cultures, animal models, and clinical
observations to understand pathogen behavior and host
responses.®® In vitro cell cultures offer a controlled environment
to investigate cellular interactions with pathogens, assess
cytotoxicity, and evaluate potential therapeutic agents.”* These
systems, however, often need to catch up in replicating the
complex physiological conditions of human tissues and may
need to capture the multifaceted nature of infection processes
fully. Animal models have been instrumental in bridging this
gap by providing a more holistic view of disease progression
and immune responses.®>*® They allow for studying infection
dynamics in a whole-organism context, offering insights into
systemic effects and long-term outcomes. However, animal
models have ethical considerations, variability, and limitations
in translating findings directly to human health.®”
Simultaneously, the U.S. Food and Drug Administration
acknowledged the constraints of animal research by enacting
the Modernization Act 2.0. This act abolished the mandate
stipulating that all drugs must undergo testing in animal
models.®®

Clinical observations and trials provide essential data on
disease prevalence, progression, and treatment efficacy in
human populations.®®”° Despite their invaluable contribution,
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these studies are often limited by variability in patient
responses and the complexity of real-world conditions. These
conventional methods have advanced our understanding of
infectious diseases and sophisticated, controlled, human-
relevant models. Recent innovations in microfluidics and OOC
technologies are emerging as powerful tools to address these
limitations, offering more precise and reproducible systems to
study pathogen-host interactions and develop targeted
interventions.”"

3.2 Advances in microfluidics technology in bacteria
infection disease model

Advances in microfluidics technology have significantly
transformed the landscape of disease modeling.”” Developing
sophisticated OOC systems has enabled researchers to
recreate and investigate complex biological environments
with unprecedented precision. These microfluidic devices
integrate various cell types and extracellular matrices,
offering detailed insights into bacterial interactions at critical
sites. These innovations in microfluidics technology offer
more accurate and physiologically relevant models for
bacterial infection studies and pave the way for new
therapeutic strategies to address complex diseases, ultimately
advancing health and improving patient outcomes.”

3.2.1 Microbial interaction models in maternal-fetal
health. Maternal infection, particularly ascending infection,
and the subsequent host inflammatory response are well-
established risk factors for spontaneous preterm birth, a serious
pregnancy complication.”* However, elucidating the pathways
of infection and transmission from mother to fetus has proven
challenging due to the limitations of current animal models. A
recent study introduces the design, fabrication, and validation
of the first multi-organ, fetal membrane and placenta feto-
maternal interface organ-on-chip (FMi-PLA-OOC) platform,
simulating cellular interactions in the uterine environment.””
This platform, comprising seven interconnected cell types,
evaluates the efficacy of engineered interleukin-10 (IL-10)
extracellular vesicles in mitigating inflammation associated with
preterm birth, including lipopolysaccharide (LPS)-induced
inflammation (Fig. 5A). Results show successful IL-10 transfer
across barriers, activating anti-inflammatory pathways and
reducing inflammation without cytotoxic effects. While
acknowledging certain limitations, such as the absence of
specific cell types and immune cells, future advancements could
further enhance the utility of this technology. The model
presents a promising alternative to animal models, particularly
in the study and treatment of pregnancy complications like
preterm  birth, by effectively replicating feto-maternal
interactions. = The  FMi-PLA-OOC  specifically  targets
inflammation associated with preterm birth, while the FMi-
OO0C is designed to simulate ascending infections. These
models offer valuable insights into the pathological
mechanisms underlying adverse pregnancy outcomes, thus
contributing to the advancement of obstetric research. The FMi-
OOC model utilizes primary cells from the fetal-maternal
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Fig. 5 A) Fetal membrane (FMi) and placenta (PLA) feto-maternal interface OOC design. The image is reproduced from a ref. 72 licensed by CC BY
4.0. B) The FMi-OOC device with the integrated media reservoir. The image is reproduced from ref. 75 with permission from the Royal Society of
Chemistry. C) Schematic image of the VCD-OOC with different cell culture chambers represented by different colors and connected by an array
of microchannels. The image is reproduced from ref. 76 with permission from John Wiley and Sons, copyright 2022. D) Schematic top (left) and
cross-sectional views (right) of the dual channel microfluidic organ chip lined by human cervical epithelium interfaced across an ECM-coated
porous membrane with human cervical fibroblasts. The image is reproduced from ref. 77, licensed by CC BY 4.0.

interface (FMi), including cells from the decidua, chorion, and
amnion (both mesenchyme and epithelium), along with a
collagen matrix to replicate the key characteristics of the FMi.”
The device is structured with four concentric compartments of
cells and collagen, mimicking the thickness and cell density of
the in vivo FMi. To model ascending infections, the decidua side
of the system was exposed to lipopolysaccharide (LPS), which
propagated through the chorion and amnion mesenchyme,
ultimately reaching the fetal amnion within 72 hours. This
model demonstrated a time-dependent production of pro-
inflammatory cytokines, shedding light on the mechanisms that
drive preterm birth (Fig. 5B). Although this model has proven
effective, there is a need for further enhancements, particularly
to incorporate immune cells and biomechanical stressors.
These improvements could expand the model's capacity to
study infections and complications, such as preterm birth, with
greater accuracy and relevance to clinical scenarios.
Microfluidic OOC models provide critical insights into
reproductive  infections and inflammatory responses,
advancing maternal-fetal health research. A study introduced
a six-chamber vaginal-cervical-decidua (VCD)-OOC model to
mimic the female reproductive tract during pregnancy. This
model features compartments with vaginal epithelial cells,
cervical epithelial and stromal cells, and decidua cells,
replicating the reproductive environment’® (Fig. 5C). The
cervix is the gateway to the fetal-maternal interface,
represented by the decidua in the FMi-OOC. An ascending
infection with Ureaplasma parvum (U. parvum) was induced in
the VCD-OOC, leading to minimal inflammation. However, a
combined infection with U. parvum and LPS resulted in
significant inflammation in the VCD-OOC and FMi-OOC

This journal is © The Royal Society of Chemistry 2025

cells. The study highlighted the protective role of the cervical
epithelial layer against ascending infections and emphasized
the need to include immune cells and endocrine factors for a
comprehensive understanding. These findings shed light on
U. parvum's limited immunogenicity and its implications for
preterm birth, underscoring the importance of studying
pathogen interactions in ascending infections for
reproductive research and drug testing in pregnancy-related
infections. Advanced OOC models enhance understanding
reproductive infections and inflammation, especially
concerning preterm birth. A human cervix mucosa OOC
model was designed to study cervical physiology and
potential treatments for women's health. This model
replicates the human cervix epithelium-stromal interface
using a commercially available microfluidic chip featuring
two microchannels with a porous membrane.”” Human
primary cervical epithelial cells and stromal fibroblasts were
cultured on opposite sides (Fig. 5D). The model was infected
with healthy or dysbiotic microbial communities, showing
differences in immune responses and barrier function. The
study highlighted how Lactobacillus crispatus benefits cervical
health compared to Gardnerella vaginalis. This model offers a
relevant system for studying cervical physiology and host-
microbiome interactions, aiding in developing therapeutic
interventions and advancing women's health research.

The human placenta is essential in reproductive
processes, acting as the primary interface for maternal-fetal
nutrient exchange.”® However, studying human placental
pathology is fraught with challenges due to the difficulties in
accessing and analyzing placental tissues, which poses
significant experimental limitations.”® "
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A study developed a microengineering model of the human
placental barrier on a chip to study inflammation responses to
bacterial infection (E. coli).** The device mimics the placental
interface, housing co-cultures of trophoblast and endothelial
cells (Fig. 6A). Through perfusion, it replicates circulatory flows
for targeted inflammatory studies. Complex interactions include
increased cytokine secretion post-infection by trophoblasts and
maternal macrophage adhesion, revealing insights into fetal
inflammatory response syndrome. This model mirrors clinical
scenarios, offering an understanding of placental dysfunctions
and preterm birth. Enhancements using pluripotent stem cell-
derived placental cells could deepen insights into reproductive
health. Microengineering models on chips study inflammatory
responses in pregnancy components, advancing reproductive
health understanding. A study created a model of the human
amniotic membrane with human induced pluripotent stem
cells (hiPSCs) on a chip to examine amniotic tissue's
inflammatory response to bacteria.®® The device creates a
conducive microenvironment for amniotic differentiation,
showing functional impairment after E. coli exposure and
mimicking clinical infection symptoms (Fig. 6B). This chip
model provides insights into early pregnancy inflammation,
offering potential in embryology and reproductive medicine. It
effectively mirrors inflammatory responses to bacterial
infections, uncovering issues like cell apoptosis and junction
disruptions, aiding the study of pregnancy complications and
drug responses. Microengineering models in reproductive
medicine enable deep investigations into physiological
interactions. A study focused on a placenta-on-a-chip model to
examine the impact of Placental Malaria (PM) on fetal-maternal

Outlet
(BeWo)

Outlet
(HUVEC)

Chip design

View Article Online

Lab on a Chip

nutrient exchange.®® In the model, trophoblast and endothelial
cells are co-cultured on opposite sides of an extracellular matrix
gel in a microfluidic system, creating a barrier that mimics the
maternal-fetal interface in placental villi (Fig. 6C). By simulating
infected erythrocytes adhering to trophoblast cells via
chondroitin sulfate A (CSA), characteristic of placental malaria,
the model revealed how these cells impede glucose transport
across the placental barrier. This insight enhances
understanding of PM pathogenesis and supports the
development of potential therapies. The study highlights the
importance of fluid mechanics in maintaining vascular cell
characteristics and facilitating nutrient exchange at the
maternal-fetal interface.

3.2.2 Microfluidic systems for studying gastrointestinal
microbiota and inflammation. Alterations in the human
gastrointestinal microbiota have been linked to various
diseases.®® To establish causal relationships, experiments
using representative models are crucial; however, conventional
animal models often present significant limitations. A recent
study introduced the human-microbial crosstalk (HuMiX)
model, a microfluidic system for co-culturing human and
microbial cells to mimic the human-gut interface.*® The HuMiX
device features three microchannels: one for medium perfusion,
human epithelial cells, and microbial culture (Fig. 7A). It creates
a realistic epithelial barrier by positioning human and microbial
cells in close proximity on a nanoporous membrane with real-
time oxygen monitoring. HuMiX incorporates specialized
electrodes for measuring trans-epithelial electrical resistance
(TEER) and cell growth. It replicated in vivo transcriptional,
metabolic, and immune responses when co-culturing human
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Fig. 6 A) Design and assembly of the multilayered chip mimicking the human placental barrier in vitro. The image is reproduced from ref. 82 with
permission from the American Chemical Society, copyright 2018. B) Schematic depiction of the amnion-on-a-chip device for investigating
amniotic inflammatory responses under bacterial exposure. The image is reproduced from ref. 83 with permission from the American Chemical
Society, copyright 2020. C) Overview of the method for modeling placenta malaria in the 3-lane OrganoPlate platform. The image is reproduced

from a ref. 84 licensed by CC BY 4.0.
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intestinal cells with bacteria like Lactobacillus rhamnosus GG
(LGG). Co-cultures with Bacteroides caccae and LGG showed
distinct responses. HuMiX is a valuable tool for studying host-
microbial interactions, shedding light on gut microbiota's role
in health and disease. The model is versatile, extending to drug
screening and nutrition studies, offering a controlled
environment to explore human-microbiome dynamics for future
research. The gut microbiota is crucial for intestinal health, and
its balance and inflammation disruptions can compromise the
intestinal barrier. Microfluidic OOC platforms provide a rapid
and efficient alternative to conventional models, overcoming
the limitations of animal models and single-cell cultures. This
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study presents an in vitro gut-on-a-chip model with two
microcultivation chambers, a porous membrane, and
microchannels.** Human umbilical vein endothelial cells and
Caco-2 cells are cultured in different compartments, while
peripheral blood mononuclear cells stimulate the immune
system (Fig. 7B). The model replicates intestinal morphology
and function in 5 days, showing antibiotic-resistant bacteria-
driven inflammation and enteritis. Probiotics LGG offers partial
relief, with amikacin effectively treating enteritis. The study
highlights the model's potential for studying gut ecology, host-
microbiota interactions, and drug efficacy, promising
personalized medicine and therapeutic development.

Inlet Microchannels | 1
Electrical %
resistance

measurement annel

Sealing Channel

one

Nanoporous membrane Porous PC Membrar|
Epithelial cell microchamber
Collagen
Microporous membrane
Perfusion microchamber

P
Oxygen and Lombination
biomolecule

gradients Sealing Channel

Cc Outlet Microchannel
Top view =]
PDMS
]
02 Sensor
]
Porous
Membi
i Shear stress
Glass Coverslip
Fabrication I::’::;l:’m
1-chamber device
Top view
™
PDMS top cover O, sensor
—‘= Top chamber
. Glass-siide e eSotom
Fabrication Side view
2-chamber device .
B F  Gut-on-a-chip
Cell Vacuum
channel chamber
]
4
00
G Anaerobic bacterial culture medium
Gut microbiota
- A Caco-2 cells
LS : e
G DES e ECM matrix

- g porous membrane
7

lower \__ Oxygen containing cell culture medium -

Fig. 7 A) Conceptual diagram of the HuMiX model for the representative co-culture of human epithelial cells with gastrointestinal microbiota. The
image is reproduced from a ref. 88 licensed by CC BY 4.0. B) Microsystem for gut-on-a-chip. Three-dimensional schematics of the device show
the structure of individual components and the sealing method. The image is reproduced from a ref. 89 licensed by CC BY 4.0. C) Schematic of
the fabrication process for 1-chamber and 2-chamber devices. The image is reproduced from ref. 90 with permission from John Wiley and Sons,
copyright 2021. D) A gut-on-a-chip microfluidic device to mimic the human intestinal microenvironment undergoing injury and inflammation and
to study interactions between cultured microbiome and human intestinal epithelial cells in an organ-like context.’ E) 3D structure diagram of the
gut chip microdevice with relevant oxygen gradients. The zoomed-in area is a brightfield image of the cross-section of the chip. The image is
reproduced from ref. 92 with permission from the Royal Society of Chemistry. F) Microfabrication of the EMI axis's human gut-on-a-chip and
microfluidic cultures. The image is reproduced from ref. 93, licensed by CC BY 4.0. G) Analysis of co-cultivation of Caco-2 cells on a chip with
specific anaerobic bacteria F. prausnitzii. The image is reproduced from ref. 94 with permission from the Royal Society of Chemistry.
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The intestinal environment supports epithelial cells
aerobically and microbiota anaerobically. Existing experimental
models struggle to recreate this dual oxygen environment
without external anaerobic chambers. A novel microfluidic
device was developed to co-culture intestinal epithelial and
bacterial cells (Bifidobacterium adolescentis) in controlled,
partitioned oxygen conditions.”” The device comprises two
chambers separated by a porous membrane: an upper chamber
and a lower chamber (Fig. 7C). Oxygen levels were validated
using microsensors, Caco-2 cell immunostaining, and
genetically encoded bacteria growth monitoring. This model
offers precise oxygen control for cells/bacteria and a
mathematical model for oxygen consumption rates. It simplifies
studying oxygen dynamics in the gut and cell-bacteria
interactions. Advanced microfluidic models have transformed
biological research, particularly in studying complex
physiological interactions. A human gut-on-a-chip microdevice
investigated gut microbiota interactions, emphasizing gut
health, inflammation, and cell-bacteria dynamics. The study
employed this device to co-culture multiple symbiotic
microorganisms with live human intestinal epithelial cells,
assessing the impact of gut microbiota, inflammatory cells, and
mechanical deformations on intestinal bacterial overgrowth
and inflammation.”’ The microfluidic device featured three
parallel hollow microchannels, enabling the formation of villi-
like structures that mimic in vivo intestinal morphology
(Fig. 7D). Integrating various cell types and mechanical
deformations revealed novel insights into gut inflammation,
bacterial overgrowth, and barrier function. The findings
underscore the potential of microfluidic gut-on-a-chip devices to
model human gut diseases and enhance understanding of
intestinal pathophysiology. Probiotics show promise in treating
intestinal inflammation like inflammatory bowel disease (IBD).

Bifidobacterium bifidum (B. bifidum) supplementation
demonstrates potential in managing and treating IBD, with a
focus on understanding its mechanisms. The study proposes
a cost-effective method using numerical simulations to
design a dual-channel gut-on-a-chip model with controlled
oxygen gradients.”” The microfluidic gut chip device features
two parallel microchannels separated by a flexible porous
membrane. The upper channel is supplied with a hypoxic
culture medium, while the lower channel receives an aerobic
medium, establishing relevant oxygen gradients within the
device (Fig. 7E). In the study, IBD symptoms were induced in
the chip to assess the effects of B. bifidum on the intestinal
epithelial barrier. Results suggest that B. bifidum can enhance
barrier stability, offering the potential to treat intestinal
inflammation. This research showcases the potential of
organ-on-a-chip models for understanding and treating
conditions like IBD.

Advanced microphysiological models are crucial for studying
human immune responses to gastrointestinal inflammation.
Like the gut-on-a-chip device, these models mimic the complex
interactions within the epithelial-microbiome-immune (EMI)
axis under healthy and inflammatory conditions.”® The gut-on-
a-chip microfluidic devices, fabricated using soft lithography,
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feature a central cell culture chamber with upper and lower
microchannels and bilateral vacuum chambers assembled
stepwise (Fig. 7F). These models offer insights into
inflammatory factors' roles in immune activation and barrier
dysfunction by integrating flow, mechanical stretching, and a
physiological environment with gut microbiota and immune
cells. Such microengineering immune models can potentially
advance precision medicine through customizable, patient-
specific chips.

Researchers have developed a microfluidic-based gut-on-a-
chip model, the depression-on-gut-chip (DoGC), to explore
depression and gut microbiota interactions in a controlled
environment. This model integrates gut microbiota from
individuals with depression, enabling the study of long-term
interactions between human intestinal cells and gut
bacteria.”® Initially, the model incorporated the anaerobic
bacterium Faecalibacterium prausnitzii and established a
preliminary co-culture with oxygen-consuming Caco-2 cells
(Fig. 7G). By introducing representative gut microbiota linked
to depression, the model mimics depression-related
physiological characteristics like impaired intestinal barriers,
chronic inflammation, and altered neurotransmitter levels.
Metabolomic analysis showed changes indicative of
depression. The DoGC is a robust tool for investigating the
role of gut microbiota in depression, providing insights into
its pathophysiology and supporting personalized medicine.

3.2.3 Microfluidic platforms to evaluate bacterial
interactions in cancer progression. Cancer development and
metastasis concerning bacterial interactions represent both
complex and critical research areas.’® Bacteria can engage
with cancer cells through various mechanisms, and recent
studies have highlighted the intricate relationship between
bacterial infections and cancer.’® This evolving field
underscores the multifaceted nature of these interactions,
revealing how bacterial presence and activity can influence
cancer progression and metastasis.””*®

The technology of microfluidic platforms could present the
multicellular three-dimensional (3D) cultures by the co-
cultivation of different cell types and microorganisms in specific
spatial distributions and proportions, resulting in organ models
exhibiting structural and functional characteristics.”””® Deng
et al. designed a 3D cancer biofilm microfluidic device, known
as the in vitro platform, to analyze the effects of intratumoral
and extratumoral bacteria to investigate tumor progression
influenced by bacterial interactions using uropathogenic
Escherichia coli and bladder cancer cell clusters.”” This device
explores the impact of intratumoral bacteria (IB) and
extratumoral bacteria (EB) on cancer progression, focusing on
the human bladder carcinoma cell line UMUC-3. Unlike
conventional bacterial models such as flow chamber biofilm
assays, this microfluidic design aims to replicate biofilms’
in vivo 3D structure through a microwell array. The device has
three layers, featuring four inlets for bacterial and cell culture in
the top layer. This platform facilitates comparative analysis of
bacterial patterns on cancer cell behaviour, revealing that IB
and EB promote closer cell-cell contacts within tumour clusters,
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though only IB reduced cancer cell viability. The presence of EB
was associated with the formation of extracellular DNA-based
biofilms and a significant increase in cancer stem cell counts,
which are linked to metastasis and poor patient outcomes. The
findings underscore the potential of this 3D microfluidic device
to advance our understanding of bacterial influences on tumor
promotion and suggest avenues for future research into the
efficacy of antibacterial agents in cancer treatment. (Fig. 8A)
The typical microfluidic chips provide the potential insight for
studying the pathogenesis of cancer with bacterial infection and
for drug screening,'® which could be obvious and quick to
understand the relationship between bacteria and cells. Various
biological components could be involved in studying different
interactions and reflecting the effectiveness of clinical and new
potential ~drugs.'*>'°®> Observing long-term growth and
quantifying the penetration of multiple cancer therapies are
conducted to evaluate the drug efficacy and mimic the cell
responses under drug application in the microenvironment.'®®
Developing various microfluidic platforms could help build up
another convenient pathway to discover and study cancer
therapies in the future.'**

On the other hand, the -carcinogenic mechanisms of
gastrointestinal (GI) tract microbiota in colorectal cancer (CRC)
have been extensively studied;'”” however, there is a notable
scarcity of platforms that effectively mimic the human
colorectal microenvironment for in-depth investigations of
pathogenic bacteria and colorectal microbiota interactions.
Traditional in vitro co-culture assays often need to restore the
complexity of bacteria-colonocyte interactions seen in vivo
accurately.'®® This leads to an underestimation of the role of
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pathogens and microbial interactions in colorectal
carcinogenesis.'”’

A newly designed co-culture microfluidic device featuring
colonocyte spheroids and colorectal microbiota has been
developed to address existing gaps in the colorectal cancer
(CRC)'? study. This advanced microfluidic model consists of four
stacked layers, each serving a distinct function in the co-culture
process. By more accurately replicating the in vivo tumor
microenvironment, the device enables the compartmentalization
of various cellular and microbial components, facilitating the
study of complex interactions between colonocytes and
microbiota in the context of CRC. The model effectively supports
CRC tumor formation and associated alterations, as evidenced by
the expression of cancerrelated colonocyte genes, analyzed
within a three-dimensional matrigel scaffold. Proof-of-concept
experiments demonstrate the model's utility in studying CRC,
with assessments of cell proliferation and epithelial-to-
mesenchymal transition (EMT) conducted through viability tests
and quantitative PCR. Further investigations incorporating
pathogenic bacteria, such as Fusobacterium nucleatum (Fn), under
various culturing conditions, including aerobic and anaerobic
environments, reveal that these bacteria can activate
inflammatory and mitogenic transcriptional programs in
colonocytes. This model offers significant potential for advancing
our understanding of CRC pathogenesis and the role of
microbiota in tumour development.

This co-culture microfluidic model presents a promising
platform for exploring novel microbial interactions within the
colorectal cancer (CRC) microenvironment and elucidating the
complex relationships between colonocytes and microbiota
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Fig. 8 A) A schematic diagram of the microfluidic device consisted of three layers, with four inlets for bacteria culturing within the top layer. This
image is reproduced from ref. 99 with permission from Elsevier, copyright 2021. B) Conceptual diagram of the microfluidic device to study the
interaction between bacteria and colonocytes in the colorectal cancer microenvironment. This image is reproduced from a ref. 105 licensed by CC
BY 3.0. C) Schematic diagram of the microfluidic platform for investigating bacterial chemotaxis mechanism. This image is reproduced from a ref.

106 licensed by CC BY 4.0.
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(Fig. 8B). The CRC co-culturing microfluidic chip shares several
design features with the model developed by Deng et al., such
as 3D multilayer structures and the simulation of interactions
between cancer cells and bacteria within the tumor
microenvironment.”® However, the CRC model described here
specifically focuses on investigating the infectious interactions
between CRC cells and pathogenic bacteria. In contrast, the
model designed by Deng et al. not only studies the biological
aspects of the tumor microenvironment but also incorporates
multi-drug screening, providing insights into the effectiveness
of clinical drug therapies.

In addition to replicating the  bacterial-tumor
microenvironment in a three-dimensional context for deeper
investigation, microfluidic devices offer valuable insights into
existing therapeutic shortcomings and facilitate the
development of novel cancer treatments.'*° Bacterial-mediated
cancer therapy, a newly emerging technique, leverages bacterial
strains’ unique properties and mechanisms to target tumors
specifically. Researchers have designed and fabricated a
microfluidic platform to illustrate the chemotaxis mechanism
underlying bacterial targeting of cancer cells."®® This device is
constructed to enable the simultaneous three-dimensional co-
culture of various cell lines within separate chambers, allowing
the study of interactions between different cell types in a
controlled environment. By simulating chemotactic gradients
between cancer cells and bacteria, the platform establishes
consistent concentration gradients of biochemical compounds
in a central channel through diffusion via microchannels.

Additionally, fluorescence intensity from green fluorescent
protein-encoding bacteria allows for real-time tracking of
bacterial movements and behaviors in response to these
chemotactic gradients. This approach is powerful for
discovering lung cancer diagnostic markers and identifying
specific biochemical molecules' roles in preferential bacterial
chemotaxis. The multi-chambered microfluidic device provides
critical insights into bacteria—cell interactions and potential
therapeutic strategies, offering a reproducible and controlled
platform for advancing cancer treatment research (Fig. 8C). This
platform mimics directions differently than the other two
microfluidic chips mentioned before. It mainly describes the
precise control over various parameters that affect the changing
of the human microenvironment, which closely resembles
in vivo conditions for the human body. The design of this model
is to observe and analyse the relationships between cells and
bacteria in cancer progressions through biological and chemical
aspects. Accurately modelling organ physiological functions and
behaviours provides another direction for future in vitro
research in cancer progression studies. The microfluidic
platforms could also involve multiple cell types co-culturing
with bacterial infection under a stable chemical gradient, ie.,
chemotactic preferential migration of bacteria on different cell
types."'""> The bacterial effect of targeting and changing
tumour phenotypes is studied for clinical therapy's actual
mechanism. The controlled ideal environment created by the
microfluidic chip could ideally investigate the chemotactic
behaviour of bacteria and cancer cells.

3366 | Lab Chip, 2025, 25, 3348-3373
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Compared to traditional two-dimensional cell cultures and
animal models, organ-on-a-chip systems could mimic the
realistic human microenvironment in a more precise
parameter.'**''* Different environmental parameters could
control the chips, offering valuable insights into cellular
behaviour and interactions with other components through
numerous signal pathways."” Various biological and
physiological phenomena could be presented and accurately
reflect the actual effects of drugs on the human body."*® This
type of microfluidic platform facilitates the identification of
suitable drug candidates with potential therapeutic benefits and
fewer side effects. Therefore, the microfluidic platform is a
possible tool for studying abundant detailed physiological
interactions and could even closely reflect clinical phenomena
in the following development.

3.2.4 Microfluidic bacteria infection model on other
diseases. Microfluidic systems play a significant role in
simulating the functions of the human body's bladder, lung,
and liver organs. By replicating these organs' bacterial
infections and physiological conditions, researchers can gain
valuable insights into the mechanisms underlying
inflammation, immune responses and drug response in a
controlled and dynamic setting. This technology provides a
promising method for studying bacterial infectious diseases
and developing targeted treatment strategies. Urinary tract
infections represent one of the primary reasons individuals
necessitate antibiotic therapy. The bacteria in these infections
can exist either freely in the urine, being expelled when the
bladder empties, or they can form colonies within cells, making
it challenging for the bladder to eliminate them. Bacteria within
intracellular colonies proliferate swiftly, establishing new
infection centers through bacterial and host cell shedding.
Neglecting to adhere to antibiotic treatments can lead to severe
repercussions.'”” Bladder organoids, replicating the layered
composition of the urothelium, have been employed for
infection  research."'®''®  Nonetheless, organoids have
limitations like the inability to handle cells mechanically and
limited luminal capacity.

In contrast, organ-on-a-chip models present a
complementary approach devoid of these constraints. Sharma
et al. present a bladder-on-a-chip model that co-cultivates a
well-characterized human bladder epithelial cell line with
bladder microvascular endothelial cells in a device structure,
enabling both cell types to encounter urine and nutrient media,
respectively. Their findings reveal that neutrophil migration into
infection sites on the epithelial side triggers neutrophil
extracellular trap formation, while intracellular flora protects
bacteria against antibiotic clearance.'®® Strategies targeting the
eradication of intracellular flora are thus pivotal for therapeutic
effectiveness.

Pneumonia stands as the most severe inflammatory
occurrence in the lower respiratory tract. Acute respiratory
diseases pose a significant medical challenge, especially in
immunocompromised individuals."* Pneumonia can stem
from various microorganisms, with S. aureus being recognized
as a primary cause of severe invasive infections.'** Studies
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investigating microbial lung infections have heavily leaned on
animal models like mice. Nonetheless, notable variations exist
between mice and humans in lung anatomy, physiology, and
immune responses.’*® Deinhardt-Emmer et al. developed a
human alveolar model featuring an immune-responsive cell
interface linking the vascular endothelium with the epithelial
layer exposed to the air. Their research showed that flow
conditions and the presence of macrophages enhanced barrier
function, and disruption of this barrier led to significant
endothelial cell harm. This model facilitated the observation of
the spatial and temporal dissemination of S. aureus, enabling
the characterization of infection-induced structural and
functional changes.'** The alveolar chip provides a promising
platform for delving into the mechanisms governing host-
pathogen interactions and pinpointing molecular and cellular
targets for novel therapeutic approaches in pneumonia
treatment. In another study, an alveolar chip was utilized to
investigate the direct impact of lung surfactant during the initial
stages of infection. Thacker et al. engineered a model of early
TB infection incorporating channels to mimic air and blood
circulation. The absence of surfactant resulted in the swift and
unregulated proliferation of bacteria within macrophages and
alveolar epithelial cells."*> These discoveries offer insights into
why individuals such as smokers and the elderly, who have
compromised surfactant function, face an elevated risk of
developing active TB.

The highly perfused liver plays a critical role in filtering
blood-borne infections. About 80% of tissue-resident
macrophages, known as Kupffer cells, reside in the liver.'*
Positioned in the liver sinusoids, Kupffer cells are at the
forefront of encountering pathogens that enter the liver,
actively engaging in the early immune response against these
invaders."®” Rennert et al. established an in vitro human liver
model to study interactions between pathogens and key liver
cell types. This liver-chip setup integrates endothelial cells,
hepatocytes, and macrophages, enabling a comprehensive
examination of pathogen-cell interactions within the liver.
The microfluidic perfusion chip, resembling a microscope
slide, features endothelial cells on top of the membrane
receiving perfused cell culture medium, hepatocytes on the
opposite side, and macrophages at the interface between
endothelial cells and hepatocytes.'®® S. aureus in planktonic
form is introduced into the cell culture medium perfused
within the vascular space on the endothelial side of the liver-
chip model. Results indicated a notable increase in surviving
intracellular bacteria within M2-polarized macrophages 48
hours post-infection."®® Future investigations utilizing
advanced microphysiological models aim to provide deeper
insights into S. aureus adaptation to environmental stimuli
and its mechanisms for persistence and dissemination
within the human liver. Groger et al. found that monocyte-
induced inflammation-related hepatocyte dysfunction was
restored in another study. Liver dysfunction often marks the
onset of multi-organ failure associated with sepsis. Their
biochip employs a suspended porous membrane as a
substrate for human umbilical vein endothelial cells, which

This journal is © The Royal Society of Chemistry 2025
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are co-cultured with primary macrophages to replicate the
immunoregulatory roles of Kupffer cells."*® This model
replicates inflammation-induced liver dysfunction at a
cellular level and enables the study of monocyte-mediated
tissue restoration and immune tolerance mechanisms.

4. Challenges and future directions
for microfluidic models in bacteria
detection and inflammatory modeling

Microfluidic models have emerged as transformative tools,
particularly in the context of bacteria detection and
inflammation-driven  diseases. These platforms offer
unprecedented control over the cellular microenvironment,
enabling researchers to mimic the complex interactions
during inflammatory responses. It also paves the way for
home and POCT development, which is critical to curbing
any pathogen outbreak. Despite significant advancements,
several challenges still need to be addressed, limiting the
widespread application of microfluidic models in bacteria
detection and inflammatory modeling. Addressing these
challenges is crucial for advancing the field and unlocking
the full potential of these technologies in clinical and
research settings. This section explores the key challenges
and outlines potential future directions for microfluidic in
bacteria detection and inflammation-driven diseases.

4.1 Advanced tissue engineering and organoid integration

One of the primary challenges in developing microfluidic
models for inflammatory detection is accurately reproducing
the physiological complexity of human tissues and organs.
Inflammation is a highly dynamic process involving multiple
cell types, signaling molecules, and extracellular matrix
components.”*" Traditional microfluidic models often fail to
replicate this complexity, as they may need more cellular
diversity and capture the intricate signaling networks that
drive inflammation. Additionally, the static nature of many
microfluidic systems does not account for the temporal and
spatial variations in inflammatory responses, limiting the
ability to model chronic or evolving inflammatory conditions.

Recent advancements in organoid-based models have
garnered significant attention, mainly due to their high
scalability and ability to mimic human organs' physiological
complexity better. Organoids, which are miniature, self-
organizing tissue cultures that replicate the architecture and
function of organs, offer a promising approach for creating
more physiologically relevant models of inflammation.'**
These culture systems provide a more accessible and cost-
effective alternative to traditional OOC models, making them
valuable tools for studying diseases, particularly those
difficult to model in animals."*® The scalability of organoids
and their ability to replicate the multicellular interactions of
inflamed tissues has fueled their growing popularity in
microfluidic research. For example, recent work by
researchers utilizing microfluidics for spheroid-based
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research™* has shown the potential of integrating spheroids
with microfluidic systems, leading to commercial ventures
such as Okomera and significant investment from major
companies like Roche.

Future microfluidic models should incorporate advanced
tissue engineering techniques, including organoids, tumor
spheroids, and 3D bioprinting, to overcome the limitations of
reproducing physiological complexity."*® 3D bioprinting, for
instance, can create more intricate tissue structures within
microfluidic devices, allowing for studying inflammation in a
more realistic context."*® The integration of organoids into
microfluidic systems enhances the mimicking of organ-specific
functions, offering exciting prospects for precision medicine
and personalized disease treatment. The combination of
organoids and OOC holds significant potential for advancing
disease modeling, as the strengths of each approach can
complement one another in replicating complex disease
mechanisms and improving therapeutic efficacy.

4.2 High-throughput and automated systems

Another significant challenge is the scalability of microfluidic
models. While these systems excel in creating highly
controlled microenvironments, they often do so at the
expense of throughput. The fabrication of microfluidic
devices can be labor-intensive and requires specialized
equipment, making it difficult to produce large quantities of
devices for high-throughput screening. This limitation is
particularly problematic when studying inflammation across
conditions or simultaneously testing multiple
therapeutic agents. Furthermore, the small-scale microfluidic
models have rewarded biotechnology researchers with vast
amounts of data but not necessarily the ability to analyze
complex data effectively. The significant opportunity
presented by the amalgamation of microfluidics and deep
learning in tackling biotechnological hurdles has yet to be
fully realised."*”**®

Scalifully realistic models for high-throughput applications
are essential for their broader research and drug development
adoption. Advances in microfabrication techniques, such as soft
lithography and injection molding, can facilitate the production
of large quantities of microfluidic devices at lower costs.
Additionally, automation and integration with robotics can
enhance the throughput of microfluidic experiments, allowing
for the rapid screening of multiple conditions or therapeutic
agents. Developing modular microfluidic systems, where
different components can be easily exchanged or combined, will
also contribute to increased scalability and flexibility in
experimental design."*

various

4.3 Immune-on-a-chip models

A critical aspect of inflammation is the immune system's
involvement, which orchestrates the response to injury or
infection."*® However, integrating immune components into
microfluidic models presents several challenges. Immune
cells are highly sensitive to their microenvironment, and
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maintaining their viability and functionality within a
microfluidic system can be difficult. Additionally, the
immune response is influenced by a myriad of factors,
including the presence of pathogens, cytokines, and other
signaling molecules."*" Replicating these conditions in a
microfluidic device requires precise control over multiple
variables, which can be technically challenging and may
result in models that must fully capture the immune
response's complexity.

Developing immune-on-a-chip models represents a
promising direction for integrating immune components into
microfluidic systems. These models aim to replicate the
interactions between immune cells and other tissue types
within a controlled microenvironment, allowing for studying
immune-mediated inflammatory responses. Researchers can
better understand the immune system'’s role in inflammation
by incorporating lymphoid structures, cytokine gradients,
and pathogen exposure into microfluidic devices.'*
Immune-on-a-chip models could also be used to investigate
the effects of immunotherapies or to model autoimmune
diseases, where the immune system plays a central role in
driving inflammation.

4.4 Material innovations

The materials used to fabricate microfluidic devices can present
challenges in inflammation modeling. PDMS is commonly
chosen for its biocompatibility and ease of fabrication.
However, one of the major drawbacks of PDMS is its high cost
per chip, particularly in comparison to thermoplastics. This
concern has been highlighted in recent literature.
Polycarbonate, a thermoplastic material, offers a cost-effective
alternative to PDMS, providing benefits such as low enzyme
adsorption, thermal stability, optical transparency, and
compatibility with scalable production processes."**> Another
limitation of PDMS is its propensity to absorb small molecules,
which can alter the concentration of inflammatory mediators
and affect the model's accuracy."** PDMS exhibits hydrophobic
properties, a characteristic that frequently constrains its utility
in biological sample solutions. Moreover, PDMS tends to swell
when exposed to specific reagents.

Conversely, numerous endeavors have been undertaken to
render PDMS surfaces hydrophilic and resistant to protein
adsorption. However, these approaches also face constraints
such as challenges in reproducibility, durability, chemical
stability, mechanical degradation, and the inability to sustain
hydrophilic surfaces over extended periods."* Potential
solutions include using hydrogels as a matrix to improve the
functionality and feasibility of PDMS microfluidic chips,"*®
but they bring new challenges in manufacturing complexity
and device durability.

Developing new materials for microfluidic devices will be
crucial for overcoming the limitations of current systems.
Materials that more closely mimic the mechanical properties
of human tissues, such as hydrogels with tunable stiffness,
can improve the physiological relevance of microfluidic

This journal is © The Royal Society of Chemistry 2025
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models. Additionally, using materials with low absorption
properties can reduce the loss of small molecules and
enhance the accuracy of inflammatory detection. Advances in
biomaterial science, including developing stimuli-responsive
materials that can change their properties in response to
environmental cues, offer exciting possibilities for creating
more dynamic and responsive microfluidic models.

4.5 Integration of real-time sensing technologies

Incorporating real-time sensing and data collection into
microfluidic models is challenging. Developing integrated
sensors that can continuously monitor parameters such as
cytokine levels, cell migration, and changes in tissue
architecture is essential for capturing the full spectrum of
inflammatory responses. However, integrating such sensors
into microfluidic systems requires sensor technology and
device engineering advances.

Advances in microelectronics and nanotechnology have led
to the development of miniaturized sensors capable of detecting
a wide range of biological signals, including cytokine levels, pH
changes, and oxygen concentration."”” These sensors can be
integrated into microfluidic devices to continuously monitor
inflammatory processes, enabling researchers to track the
progression of inflammation in real time. Furthermore, non-
invasive imaging techniques, such as fluorescence microscopy
or optical coherence tomography, can complement these
sensors by providing detailed information on cellular and
tissue-level changes during inflammation. Smartphones have
been widely used for inspection in microfluidic systems with
built-in cameras and internal microprocessors, which can
perform image processing without external computers and
share real-time results when necessary."*®

4.6 Clinical translation

In contemplating the future of tests about POCT clinical
diagnostics, it remains a crucial necessity to emphasize
fundamental research and its application in clinical settings,
leveraging advanced technologies like nanotechnology and
biotechnology. A symbiotic relationship between frontline
medical institutions and academia is imperative to expedite
the translation of these innovations into clinical practice.
Sustained collaboration is vital among various stakeholders,
including researchers, technologists, end users (such as
physicians and healthcare professionals), and business
partners (like marketing specialists and investors) to
effectively introduce microfluidic tools and techniques to the
market cohesively and cooperatively. Clinical trials should
encompass proof-of-concept studies while considering
scalability for successful commercialization and optimal
performance outcomes.

5. Conclusion

We aim to showcase the utilization of microfluidic chips in both
bacterial detection and models of bacteria-driven inflammatory

This journal is © The Royal Society of Chemistry 2025
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infections. After identifying the pathogens responsible for
infections within the body, we then elucidate the inflammatory
responses and subsequent treatment protocols following
bacterial infections across various diseases. This comprehensive
approach will provide readers with a thorough understanding
of the diverse applications of microfluidic chips. Microfluidic
models are promising for advancing our understanding of
inflammation and developing new bacteria detection and
treatment strategies. However, several challenges remain,
including the need to better replicate physiological complexity,
improve scalability, integrate immune components, overcome
material limitations, and enhance real-time monitoring
capabilities. Addressing these challenges will require
interdisciplinary collaboration and continued innovation in
materials science, tissue engineering, and sensor technology. By
focusing on these areas, future research can unlock the full
potential of microfluidic models, paving the way for more
effective therapies and diagnostic tools in the fight against
bacteria-associated inflammatory diseases.

Abbreviations

TB Tuberculosis

PCR Polymerase chain reaction

EIA Enzyme-linked immunoassay

ELFA Enzyme-linked fluorescence assay

ELISA Enzyme-linked immunosorbent assay

IMB Immunomagnetic beads

S. aureus Staphylococcus aureus

MNPs Magnetic nanoparticles

UPAD Microfluidic paper-based analysis device

SERS Surface-enhanced Raman scattering

S. typhi Salmonella typhimurium

POCT Point-of-care testing

AuNPs Gold nanoparticles

TMB 3,3',5,5-Tetramethylbenzidine

ABX-GMFETs Graphene micropatterned field-effect
transistor

MTB Mycobacterium tuberculosis

00C Organ-on-a-chip

FMi-PLA-OOC Fetal membrane/placenta-deciduous
interface OOC

FMi-OOC Feto-maternal interface

LPS Lipopolysaccharide

VCD-00C Vagina-cervix-decidua OOC

FMi-PLA-OOC Fetal membrane/placenta (fetal)-decidua
(maternal) interface organ-on-a-chip

elL-10 Interleukin-10

FMi Feto-maternal interface

U. parvum Ureaplasma parvum

ECM Extracellular matrix

hiPSCs Human induced pluripotent stem cells

PM Placental malaria

CSA Chondroitin sulfate A

HuMiX Human-microbial crosstalk

TEER Trans-epithelial electrical resistance
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LGG Lactobacillus rhamnosus GG
IBD Inflammatory bowel disease
EMI Epithelial-microbiome-immune
DoGC Depression-on-gut-chip

F. prausnitzii  Faecalibacterium prausnitzii
1B Intratumoral bacteria

EB Extratumoral bacteria

GI Gastrointestinal

CRC Colorectal cancer

Fn Fusobacterium nucleatum
PDMS Polydimethylsiloxane
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