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Microorganisms, encompassing both uni- and muilticellular entities, exhibit remarkable diversity as
omnipresent life forms in nature. They play a pivotal role by supplying essential components for sustaining
biological processes across diverse ecosystems, including higher host organisms. The complex interactions
within the human gut microbiota are crucial for metabolic functions, immune responses, and biochemical
signalling, particularly through the gut-brain axis. Viruses also play important roles in biological processes,
for example by increasing genetic diversity through horizontal gene transfer when replicating inside living
cells. On the other hand, infection of the human body by microbiological agents may lead to severe
physiological disorders and diseases. Infectious diseases pose a significant burden on global healthcare
systems, characterized by substantial variations in the epidemiological landscape. Fast spreading antibiotic
resistance or uncontrolled outbreaks of communicable diseases are major challenges at present.
Furthermore, delivering field-proven point-of-care diagnostic tools to the most severely affected
populations in low-resource settings is particularly important and challenging. New paradigms and
technological approaches enabling rapid and informed disease management need to be implemented. In
this respect, infectious disease diagnostics taking advantage of microfluidic systems combined with
integrated biosensor-based pathogen detection offers a host of innovative and promising solutions. In this
review, we aim to outline recent activities and progress in the development of microfluidic diagnostic tools.
Our literature research mainly covers the last 5 years. We will follow a classification scheme based on the
human body systems primarily involved at the clinical level or on specific pathogen transmission modes.
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1 Introduction
The burden of infectious diseases

Infectious diseases are undeniably linked to the fate of
human society, be it on a regional or global scale. Even
before the era of globalization, spreading of infectious
pathogens by human migration caused substantial morbidity
and mortality." Large parts of the native population of the
Americas were devastated by smallpox and measles during
the European conquest.” More recently, the Spanish flu
(1918-1920), one of the most severe pandemics in history,
infected up to one third of the global population at that time
with at least 50 million deaths.>* Over the last decades, a rise
in human infectious disease outbreaks was observed on a
global scale (time frame 1980-2013).> An analysis based on
disability-adjusted life years (DALY) indicated that in Europe
(2009-2013) seasonal influenza burden was the highest,
followed by tuberculosis, human immunodeficiency virus
(HIV), and invasive pneumococcal disease (IPD).° Another
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extensive study on the global burden of disease (1990-2019)
also listed different infectious diseases, depending on the
age category, among the top-ranked causes of DALYs.”
Increasing densification of populations in urban areas and
global mobility fosters outbreaks of communicable diseases.
This was dramatically demonstrated by the latest COVID-19
pandemic related to the air-borne SARS-CoV-2 coronavirus.®
Infectious diseases of poverty (including, among others,
malaria, tuberculosis, AIDS and neglected tropical infections)
disproportionately  affect populations in developing
countries.”* Endemic or epidemic outbreaks of tropical
vector-borne diseases (e.g. dengue,"® Zika or chikungunya) or
hemorrhagic fevers (e.g. Ebola'®), as well as infections due to
food- or water-borne pathogens (e.g. Salmonella infections"®
or cholera) are recurring.'®'” Moreover, climate change
affects regional vector and pathogen distributions, thereby
playing an increasingly important role in the evolving global
landscape of infectious diseases.'®"°

The current health system is facing growing challenges
due to the fast and dynamic evolution of societal and
environmental  parameters that impact  pathogen
transmission, distribution and biological adaptation
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strategies." Precise epidemiological approaches to infectious
diseases are needed to be prepared for future outbreaks, for
instance by implementing technological advances enabling a
broader application of pathogen genome sequencing.*
Vaccines are probably among one of the most important
achievements of humanity, enabling the eradication
(smallpox, poliomyelitis) or at least control (e.g. measles/
mumps/rubella, hepatitis, influenza etc.) of several severe
infectious diseases.”" For others, vaccines are currently under
development or undergoing the WHO evaluation process.>* A
prominent example is the recent approval of malaria
vaccines, and the launch of large-scale vaccination
campaigns.”*** However, such protection does not yet exist
against some major pathogens, such as AIDS/HIV, for
instance. The importance of the development and fast
implementation of new vaccine concepts in a context of
emerging viral diseases and constantly arising genetic
mutations became evident during the COVID-19
pandemic.>>® Artificial intelligence is expected to facilitate
vaccine or drug design and significantly support progress in
the fight against infectious diseases in general.””

Emerging challenges of the global health system

One of the major upcoming threats to global health is
antimicrobial resistance (AMR) to drugs, in particular for the
ESKAPE pathogen species.”® Methicillin-resistant
Staphylococcus aureus (MRSA) is only one example for a
globally disseminated superbug.>® AMR is a leading cause of
death around the world, with the highest burden in the
developing world.>® Following the current trend, AMR is
expected to cause more deaths than cancer in a few decades.
New resistance mechanisms are emerging and spreading
rapidly on a global scale, challenging our ability to treat
common infectious diseases, due an increasingly limited
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availability of still efficient or new antibiotics. For instance,
multidrug-resistant tuberculosis does not respond to the
first-line drugs isoniazid and rifampicin, thus requiring
extensive second-line treatments.*’ Among major reasons for
this situation are the empirical and often unnecessary
prescription of (broad-spectrum) antibiotics in human
disease management,®> but also abusive use in the
agriculture/veterinary ~ sector.> New surveillance and
antimicrobial stewardship strategies are therefore urgently
needed.***> One of the keys is the development of rapid
antimicrobial  susceptibility  testing (AST), including
microfluidic and biosensor-based methods, for the
appropriate choice of prescription at the point-of-care
(POC)'36—43

Today diagnostics still relies on time-consuming pathogen
culture-based methods and/or on techniques that are limited
to central laboratory facilities. This is a particular problem
for primary health care in low-resource settings, most likely
facing severe constraints, due to a lack of infrastructure and
related technical issues (e.g. hazardous electricity supply and
refrigeration), health workers with insufficient qualification
and limited accessibility in rural areas.** As a consequence,
the benefit and outcome of individual healthcare and disease
management on a larger scale is very limited. To address
these challenges, new paradigms for fast POC pathogen
detection and identification, possibly combined with rapid
AST, are required.*>*® Advanced microfluidic approaches
demonstrate high potential in this regard.

Motivation and scope of the review

Our review offers an opportunity to explore recent research
trends and emerging technologies in the field of microfluidic
systems enabling rapid and sensitive detection of pathogens
or biomarkers associated with infectious diseases. This topic
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encompasses various disciplines such as micro- and
molecular biology, engineering, healthcare delivery, and
public health. While existing reviews often focus on specific
applications, pathogen types, or technologies, our aim is to
provide a comprehensive resource for researchers and
stakeholders seeking to advance infectious disease
diagnostics. Throughout this review, we will highlight the
latest advancements in sensitive biosensor technologies,
innovative assay strategies, and advanced microfluidic
integration, all of which show great promise in facilitating
near-patient testing and enabling real POC diagnosis of
infectious diseases. Furthermore, in a broader context, we
aim to underscore the potential of microfluidics-based
technology in addressing the increasing burden of infectious
diseases on global healthcare.

Our review begins by briefly introducing the scope and
background of microfluidics and biosensors, along with a
non-exhaustive summary of available review articles related
to infectious disease diagnostics (section 2). Following this,
we will elaborate on our discussion of recent microfluidic
devices and platforms. We adopt a classification scheme
primarily based on the human body systems involved at the
clinical level. This classification includes infections of the
respiratory tract (section 3), the urinary tract (section 4), the
gastrointestinal tract (section 5) and the bloodstream (section
6). For other pathogens or diseases, categorization by specific
transmission mode was more convenient, in particular for
sexually transmitted infections (section 7) and vector-based
infections (section 8). Additionally, based on the availability
of recent developments in microfluidic systems, we will
provide more in-depth discussions of key diseases, namely
tuberculosis and malaria.

Our approach in this review is as follows: (i) in sections 3
to 8, we aim to provide a comprehensive overview of the
state-of-the-art of microfluidic biosensor-based systems for
infectious disease diagnostics, with an emphasis on
microtechnological or microfluidic aspects. Recent devices
for rapid AST will also be included. The timeframe covers the
last 5 years (2018-2023, with a few exceptions).
Corresponding tables outline the most relevant work, ordered
by pathogens or analytical targets. (ii) Each section
introduces the scope of the infection category, emphasizing
microbiological, biomedical, or societal aspects. We believe
this approach is crucial for our review, as it provides a
concise insight into the complexity of each topic, especially
for microfluidic system developers. This not only sets the
framework  that motivates advanced technological
developments but may also help bridge the gap between
research and clinical practice in this interdisciplinary field.
To this end, we have included highly relevant articles related
to each specific topic of our classification scheme. These
articles do not focus on microfluidics but cover essential
background information and may therefore have been
published before 2018. (iii) Each section of our tutorial review
also includes an overview of corresponding existing reviews,
some of which were published before 2018. In general, these
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articles focus on specific applications, types of pathogens, or
technologies. This approach allows the reader to explore a
topic of particular interest more thoroughly.

2 Lab-on-a-chip devices for
infectious disease diagnostics
2.1 Microfluidics and microfluidic devices

Fluid properties at the microscale. Fluidic dynamics is
governed by the Navier-Stokes equations that accounts in
principle for any kind of complex fluidic phenomena on the
macroscale, including turbulent flow patterns.’”” By reducing
dimensions to the microscale the balance of forces changes.
Inertial forces generally become irrelevant with respect to
viscous forces (Stokes flow) or forces related to interfaces,
such capillary forces or surface tension.*® This gives rise to
particular fluid properties that oppose our intuition, but may
have significant impact on life on the microscale and on the
design of microfluidic devices. For example, bacteria need
flagella instead of fins for propulsion because of the
reversibility of Stokes flow.*> Microfluidic system design
needs to take into account that efficient and fast mixing at
the microscale is challenging due to laminar flow
properties.’® On the other hand, capillary forces enable self-
propelled continuous-flow fluidic circuits.”® In two-phase
liquid systems non-equilibrium effects may be used to
generate monodisperse droplets in microchannels.” Fluidic
properties can be conveniently described by dimensionless
numbers. In particular, the microfluidic domain is
characterized by small Reynolds numbers Re (Re ~10™° to
~1), corresponding to the ratio of inertial to viscous forces in
the fluid. If operated at intermediate Re numbers (~1 < Re
< ~100), microfluidic applications may also make use of
inertial effects.>® Other examples of relevant numbers that
describe flow dynamics and molecular transport in
microfluidics are the Péclet number (convective/diffusive
transport) or the capillary number (viscous/interfacial
forces).”* These numbers play an important role in the design
of microfluidic devices and assay integration.

Microfluidic device categories. Microfluidic systems
enable precise spatio-temporal control of small liquid sample
volumes and the accurate manipulation of biomolecules,
cells or particles. A major breakthrough in microfluidic
device or lab-on-a-chip (LOC) design was brought about by
the elastomeric polymer (poly)dimethylsiloxane (PDMS).>
Microfluidic systems with on-chip monolithic PDMS valves
and peristaltic pumps can be readily fabricated by multilayer
soft lithography,”® enabling ultimately microfluidic large-
scale integration of biomolecular assays.””*®* As PDMS is an
oxygen permeable and transparent material, advanced cell-
based assays were implemented on-chip, for instance rapid
AST with single-cell resolution, the study of microbial
consortia or larger model organisms (e.g. Caenorhabditis
elegans).”®*> Moreover, biomolecules can be captured and
transported on-chip by means of functionalized magnetic
beads for instance.®® Droplet microfluidics is a powerful and
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versatile format, enabling high-throughput bioassays with
digital readout.®*®® Compartmentalization in nL-sized
droplets and simultaneous coding provides high multiplexing
capabilities. Other properties, such as fast chaotic mixing in
droplets may also be exploited.®® A host of applications has
been adapted to digital microfluidics, in particular for single-
cell analysis,®® including rapid high-throughput AST with
single-cell resolution, or for molecular biology.”””*
Centrifugal microfluidics or lab-on-a-disc (LoaD) devices, i.e.
the implementation of bioassays on polymer disc cartridges
featuring custom-designed fluidic circuits, are platforms that
can potentially be used for POC applications.”> Operations
like aliquoting, valving and mixing,” e.g. for purification and
amplification of nuclei acids, can be carried out directly on
the disc with minimal user intervention, also thanks to
reagent storage on the disc.”*”> As an example, one lab-on-a-
disc platform was designed for automated POC differential
diagnosis of acute febrile illness.”® Paper is an attractive
substrate material for microfluidic applications, as it is
cheap, disposable and does not require external fluidic
control due self-driven capillary flow. Lateral flow assays
(LFA) or rapid diagnostic test (RDT) are commonly used
simple paper devices for qualitative diagnosis, mainly with
immunochromatographic detection. Implementation for
more sensitive and quantitative assays seeks to overcome
current limitations of LFAs,””’° and to extend the range of
possible applications.®® Microfluidic paper analytical devices
(uPADs) feature patterned hydrophobic boundaries on the
paper substrate to create microfluidic fluidic structures and
possible other fluidic control tools.*’ ©PADs are capable of
analyzing complex (e.g. blood) and small amounts of
biochemical samples.®* 3D paper stacks or foldable origami
designs extend the complexity and multiplexing capabilities
of pPADs, enabling the integration of more advanced
antibody or nucleic acid assays.*"®® uPADs are electricity-free
and instrument-free devices thus are promising diagnostic
tools for POC applications in low resource settings.

2.2 Biosensor technologies and analytical nucleic acid-based
assays

Actual laboratory procedures, POC devices and commercial
systems for clinical diagnosis of infectious diseases cannot
necessarily meet the emerging needs of the global health
system, such as the capability to respond rapidly and on a
population-wide scale to the increasing risk of viral disease
outbreaks, or to perform accurate informed diagnosis and
screening campaigns of antimicrobial-resistant bacterial
strains.*”®®  Emerging diagnostic methods, based on
microfluidic and biosensor integration are therefore being
developed, aiming POC pathogen detection/identification
with high sensitivity and specificity at early stages of
infection.?**°

Biosensor principles. A biosensor comprises mainly two
functional parts, namely (i) the biomolecular recognition
element immobilized on the sensor surface, and (ii) the
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transducer that transforms the biomolecular binding event
into a measurable physical signal.”**> Antibodies with high
affinity and specificity are widely used recognition elements.
Nucleic acid aptamers also show high specificity but low
stability. =~ Other  possible sensing entities include
bacteriophages or antimicrobial peptides. Molecularly
imprinted polymers are synthetic polymers that can be tuned
for specific capture of a selected analyte. Transducers make
use of a range of physical properties for monitoring pathogen
detection. Optical detection of colorimetric or fluorescence
signals is commonly used. Surface plasmon resonance (SPR)
sensors take advantage of a refractive index change in a
functionalized  glass/metal film upon binding of
biomolecules. For surface-enhanced Raman spectroscopy
(SERS) sensor surfaces with plasmonic nanostructures (e.g.
gold islands) for signal enhancement are fabricated.”?
Electrochemical detection methods are convenient for sensor
applications as label-free pathogen detection can be carried
out.”™® Mass-based detection or detection of magnetically-
labelled targets are other options.

Nucleic acid amplification in analytical tools. In addition
to immunoassay-based approaches, different types of nucleic
acid amplification tests/technologies (NAAT), enabling highly
specific and sensitive pathogen detection, are currently
integrated with emerging microfluidic/biosensor diagnostic
technologies.®**”?® A key method is polymerase chain
reaction (PCR) requiring multiple temperature cycles to
amplify DNA strands. Reverse transcription-PCR (RT-PCR) is
utilized for amplification of viral RNA. Real-time quantitative
PCR (qPCR) measures the concentration of (fluorescently)
labelled target amplicons throughout the reaction.’® The
advantage of loop-mediated isothermal amplification (LAMP)
is that constraints of thermal assay control are relieved
(typically performed at 60-65 °C), leading to a shorter time-
to-result than  PCR.'>'°"  Recombinase polymerase
amplification (RPA) makes use of two proteins (a
recombinase and a single-stranded DNA binding protein) for
repeated cycling operated at constant temperature (normally
37-42 °C).'** DNA-helicase unwinds double stranded DNA in
the process of helicase-dependent amplification (HDA).'* In
rolling circle amplification (RCA), circular DNA sequences are
amplified.’® Technologies leveraged by clustered regularly
interspaced short palindromic based methods (CRISPR-Cas)
are rapidly expanding in the field of diagnostics.'>'°®

2.3 Microfluidic cartridge-based commercial systems

Commercial benchtop systems for infectious disease
diagnostics aim to implement sample-to-answer strategies,
often designed for fully integrated and automated NAAT
methods for pathogen detection, requiring only minimal
hands-on steps for sample preparation and assay protocol
operations. Nevertheless, constraints like system or assays
cost or the requirement of external power supplies may still
limit the use in low resource settings. Wang et al. provide a
comprehensive tabular comparison of microfluidic POC

This journal is © The Royal Society of Chemistry 2024
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platforms for molecular diagnostics arranged by approval
time.'” In a review on diagnostic tools for tackling febrile
illness, Mitsakakis et al. proposed detailed descriptions of
relevant microfluidic cartridge-based commercial
platforms.’® Other authors focus on more specific
applications, such as Nelson et al.,, who presented available
POC tests and systems for respiratory viruses.'®® Commercial
assays for specific types of infections will be addressed in the
corresponding sections of this review.

The GeneXpert® (Cepheid, USA) is an example for a
microfluidic cartridge-based RT-PCR system that returns test
results in about an hour, including minimum sample
preparation. Individual assay cartridges are generally
designed for one or two pathogens."' The BioFire®
FilmArray® (BioFire Diagnostics/bioMérieux, USA) is a nested
multiplex PCR system for panels of more than 20 targets and
a throughput of up to 175 samples per day (unprocessed
samples, results in about an hour). Reagents are stored in a
pouch in freeze-dried format.'** Another chip-based
approach is the VerePLEX™ Biosystem platform (Veredus
Laboratories, Singapore) that offers chip panels for multiplex
(more than 10) molecular testing of different pathogen
families, including custom-designed applications
(VereChip™). The cartridge comprises a microfluidic PCR
unit and microarray modules for multiplexed DNA
amplification and detection, respectively. Time to result is
approximately 3.5 h."**> The Bosch Vivalytic Analyser (Bosch
Healthcare Solutions, Germany) is an automated cartridge-
based molecular diagnostics POC platform for rapid
detection of multiple pathogens."”®> The microfluidic
cartridges have been developed by means of a rapid
prototyping approach using generic polymer parts."** A PCR
test portfolio covering a wide range of pathogens is
available."” The LabDisk centrifugal microfluidic platform
from Hahn-Schickard''® (Germany) and IMTEK (University of
Freiburg, Germany) is a versatile technology that has been
used for a variety of applications.’®® The Rhonda player, a
component of an in vitro diagnostic system based on the
LabDisk technology, was successfully introduced to the
market in 2020, in particular in combination with a SARS-
CoV-2 RT-PCR test (Spindiag). The Rhonda player is now
manufactured by Dialunox (Germany).""”

2.4 Microfluidic-based diagnostics for infectious diseases -
relevant review articles

Some review articles addressing the field of microfluidic-
based infectious disease diagnostics form a broader
perspective will be cited in the following (non-exhaustive list).
X. Wang et al. discussed microfluidic strategies for molecular
diagnostics of infectious diseases.'®” Flores-Contreras et al.
summarized microfluidic biosensing platforms for POC
testing SARS-CoV-2 and seroprevalence."'® C. Wang et al
presented an extensive review on POC diagnostics for
infectious diseases from the device/application perspective.'*’
Basiri et al. introduced microfluidic devices for detection of
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RNA viruses."”® Rezvani Jalal et al. was interested in magnetic
nanomaterials in microfluidic sensors for virus detection,
and applications were classified by the type of virus.'*!
Mitsakakis et al. approached the topic of infectious/tropical
diseases by investigating diagnostic tools for febrile illness
and enhancing patient management.'®® Earlier relevant
reviews have been proposed by Magro et al., who focused on
NAAT combined with paper microfluidics for infectious
diseases diagnosis,** or Tay et al., who reviewed advances in
microfluidics in combating infectious diseases.'* Damhorst
et al explored microfluidics and nanotechnology for
detection of global infectious diseases, in particular for
detection of HIV, malaria, and tuberculosis.'®® A host of other
review articles focusing on specific types of infections or
diseases exists. We will summarize these articles in the
corresponding sections of the present review. A large number
of microfluidic biosensing platforms has also been designed
for the detection of foodborne pathogens.'**'?®

3 Respiratory tract infections
3.1 Scope and common pathogens

Respiratory tract infections (RTI) may be conveniently
categorized as upper respiratory tract infection (URI) (nasal
cavity, pharynx and larynx) or lower respiratory tract infection
(LRI) affecting trachea, bronchi and the lung. Nevertheless,
several pathogens, such as influenza viruses, may progressively
infect the upper and lower parts likewise."*® Typically,
respiratory pathogens may be detected in saliva,
nasopharyngeal swabs or blood. Most of URIs (common cold,
pharyngitis, sinusitis, etc.) are caused by viruses and are far less
severe than LRIs, causing for instance whooping cough
(pertussis) and or potentially life-threatening pneumonia.'*”**®
LRIs are among the leading causes of death, even before the
COVID-19 pandemic outbreak. According to a WHO factsheet
(2020), LRIs claimed 2.6 million lives in 2019, thus being the
world's most deadly communicable disease category at that
time.'">  Superinfections, e.g influenza virus-associated
bacterial pneumonia, increase disease severity and mortality."*°
Annual seasonal epidemics generated by influenza viruses type
A or B are estimated to result in about 3 to 5 million cases of
severe illness worldwide and hundreds of thousands
respiratory deaths.”*" A strain of the HIN1 influenza virus
caused the extremely deadly Spanish flu pandemic outbreak in
1918.* Among the multiple pathogenic conditions related to
infections with coronaviruses, in particular the Middle East
respiratory syndrome coronavirus (MERS-CoV) and the severe
acute respiratory syndrome coronavirus (SARS-CoV),
pneumonia-associated respiratory disorders are common.'*?
An ongoing WHO update indicated that the SARS-CoV-2/
COVID-19 pandemic caused a cumulative number of nearly 7
million deaths until the end of 2023 worldwide.® Other
common viral pathogens possibly leading to serious respiratory
illnesses include the respiratory syncytial virus (RSV), human
parainfluenza viruses (HPIV), human adenoviruses (HAdV),
human metapneumovirus (HMPV), human rhinovirus (HRV) or
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the human bocavirus (HBoV).'*>"** Streptococcus pneumoniae is
the most prevalent bacterial microorganism pathogen in
community-acquired pneumonia (CAP), with an increasing
global burden related to drug-resistant strains.”**'*> Among
other CAP-causative pathogens are Kiebsiella pneumoniae,
Haemophilus influenzae, and Pseudomonas aeruginosa."**"?”
Mycoplasma pneumoniae generally causes mild infections, but
which may evolve in more severe respiratory illness."*®
Nosocomial pneumonia is the leading cause of mortality
attributed to hospital-acquired infections and is significantly
challenged by drug-resistance bacterial strains."*’
Tuberculosis, usually affecting the lungs, is caused by the
bacillus Mycobacterium tuberculosis that spreads from person
to person through the air. On a global scale, tuberculosis is
still one of the leading causes of death due to an infectious
agent and the second leading infectious killer after COVID-19

Table 1 Selection of recent approaches for RTI pathogen detection
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(2021)."*° The scope of the disease and microfluidics-based
tuberculosis diagnostics will be extensively discussed in a
separate section.

3.2 Commercial platforms and reviews in the field

Nelson et al. analysed the landscape of current and future
POC tests for common, emerging and novel respiratory
viruses. In particular, this review provides extensive tabular
overviews on available commercial devices for nucleic acid
and antigen POC or near-POC tests, as well as links to
corresponding datasheets, company websites or device
evaluation studies. We refer to this review for more details
on actual commercial systems.'” Huang et al also
evaluated the diagnostic accuracies of three multiplex PCR
systems for the detection of viral respiratory infections.'*!

Pathogens Device and assay principle Performance indications Ref.
Microfluidic platforms or devices based on NAAT assays
Up to 21 RTI viruses, Multiplexed CRISPR-based droplet/ 300-550 patient specimens in an 8 h working day 155
SARS-CoV-2 variants microwell platform
HAdV, HBoV, S. Hybridization chain reaction in an encoded High multiplexing capability, low fM LOD values 157
pneumonia particle platform
SARS-CoV-2, RSV, Multiplexed chip-powered CRISPR/Cas12a  Detection of co-infection in clinical swab samples 159
influenza system
Up to 19 RTI pathogens RT-PCR assays on a LoaD platform Multiplex detection of pathogen panels in a single run 158
within 200 min
RTI pathogens panels Various (isothermal) NAAT-based LoaD Simultaneous detection of several pathogens, typically 160-163
systems within less than 1-2 h
Up to 21 RTI pathogens Fully integrated RT-PCR array system Process completed within 1.5 h. Tested with clinical 164
samples. LOD ~1 x 10* viral copies per mL
SARS-CoV-2 Multifunctional micro-PCR droplet/ Fast screening (running time 15 min). LOD of 10 nucleic 165
microwell platform acid copies per test
11 RTI pathogens Digital microfluidic RT-qPCR platform LOD 12 to 150 copies per test, using positive plasmids 166
samples
SARS-CoV-2, influenza, RT-PCR system with a gravity-driven qPCR in <30 min, up to 12 cartridges per test 167
HPV microfluidic cartridge
5 RTI pathogens Quantitative multiplex digital PCR on a Melting curve analysis with a resolution of 1.5 K enabled 179
self-partitioning SlipChip amplicon classification
M. pneumoniae gPCR on a 3D-printed device Macrolide-resistant genes detection in PCR tubes fitted to 180
the chip
B. pertussis Paper/polymer hybrid microfluidic biochip ~ Tested with clinical samples. LOD 5 DNA copies, within 45 182,
integrated with LAMP min 183
Other microfluidic approaches
SARS-CoV-2 and HIN1 Nanotemplating fluidic impedimetric assay Parallel detection of viral load and specific antibodies in 168
with multiplexed readout saliva or blood within 11 min
SARS-CoV-2 3D-printed LOC with multiplexed Concurrent detection of SARS-CoV-2 RNA and anti-SARS- 169
electrochemical outputs CoV-2 antibodies in saliva
SARS-CoV-2, influenza, Immunoassays in microarray-format ona  Semi-automated analysis of 6 samples in 30 min (serum 170
HAdV, RSV LoaD and nasopharyngeal samples)
SARS-CoV-2 ELISA chip with a coil microreactor Custom-developed antibodies and colorimetric read-out 171
Specific biosensing methods
SARS-CoV-2 and HIN1 Aptamer-based detection on a rotational Aptamer attachment on a tetrahedral DNA framework 174
paper-based device improved assay performance
SARS-CoV-2 Viral RNA sensing on ssDNA coated SiO, LOD 10 aM for viral RNA in saliva. Detection in <10 min 175
slides
SARS-CoV-2 Nucleic acid hybridization on a plasmonic =~ Thermoplasmonic heat generated on gold nanoislands 172
biosensors improved performance
SARS-CoV-2 Field-effect transistor based immunological Graphene coating enhanced sensitivity. LOD 2.4 x 10> 173

assay
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Examples among commercially available microfluidic
molecular diagnostic systems are the GeneXpert® (Cepheid,
USA) or the BioFire® FilmArray® (bioMérieux) which, for
instance, a pneumonia panel test for 33 bacterial and viral
clinically relevant RTI pathogens is available. The Rhonda
system was used to screen the international biathlon
season during the COVID-19 pandemic and a total of
22182 tests were made during a 4 month period (2020-
2021)."** The assay portfolio of the Bosch Vivalytic® also
includes RTI tests, in particular a rapid SARS-CoV-2 test
that can be performed within 39 min."*?

Recent more general discussions on LOC-based methods
for virus detection also include examples of respiratory
pathogens.'?>'**  Fostered by the recent SARS-CoV-2
pandemic, a host of authors focused more specially on
microfluidic and biosensor POC tools for respiratory virus
detection. The non-exhaustive list of most recent articles
includes a review by Breshears et al. on biosensor technology
with a discussion on the background of airborne virus
transmission,'** a contribution by Zhang et al. on advanced
POC technologies for eight typical acute human respiratory
viruses,"*® a review by Tarim et al on microfluidic virus
detection methods for respiratory diseases,'*” and
discussions by Qin et al of integrated micro- and
nanosystems for COVID-19/viral infection diagnostics,'*® or
by Ribeiro et al of RTI-related biosensor technologies,
respectively.'*® Flores-Contreras et al. explored emerging
frontiers in POC testing SARS-CoV-2 and seroprevalence.''®
In the review by Goud et al. on electrochemical diagnostics of
infectious viral diseases, biosensors specifically designed for
COVID-19/SARS-CoV-2 have been included.”® Zenhausern
et al. explored microfluidic sample preparation for respiratory
virus detection,’® whereas Krokhine et al., as well as Lee
et al., discussed microfluidic sampling methods for airborne
virus isolation and bioaerosol, respectively.'”"'>> Shabani
et al. focused on laboratory detection methods for human
coronaviruses, including RT-PCR, RT-LAMP, electrochemical
and optical biosensors for RNA detection, and whole virus or
viral proteins detection assays.'>® Chen et al. also reviewed
emerging detection technologies and auxiliary analysis for
COVID-19."* In the following, we discuss a selection of
microfluidic/biosensor systems for respiratory virus and
bacteria detection. Table 1 provides an overview of recent
approaches for RTI pathogen detection.

3.3 Microfluidic systems for respiratory virus detection

Integrated microfluidic platforms. Welch et al. presented a
CRISPR-based microfluidic diagnostic platform for multiplex
nucleic acid detection of respiratory viruses and variants
(Fig. 1a)."®® The system builds on a previously developed
workflow (CARMEN) as described by Ackerman et al.'>® Two
distinct nL-droplet emulsions, containing the amplified
sample and a Cas13 protein mix, respectively, are prepared
on conventional microtiter plates and combined with a
distinct fluorescent colour code for optical identification.

This journal is © The Royal Society of Chemistry 2024
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Subsequently, the pool of droplets was loaded into a PDMS
microwell array, creating all possible pairwise combinations
in replicate. Confined droplet pairs were then merged by
electric field exposure, enabling digital fluorescence
monitoring of more than 4500 CRISPR RNA (crRNA)/target
pairs on a single array. The first version of this device could
differentiate 169 human-associated viruses in 8 samples
simultaneously.">® Welch et al. modified and implemented
the assay on commercially available integrated fluidic circuits
on an automated system (Fluidigm Biomark) in order to meet
the high-throughput and multiplexed requirements of a
clinically relevant surveillance technology. The platform was
validated by testing up to 21 human respiratory viruses
(including SARS-CoV-2, other coronaviruses and both
influenza strains) and SARS-CoV-2 variant mutations with
high concordance to comparator assays. 300 to 550 patient
specimens could be tested in parallel in an 8 hour working
day.’® Rutten et al used a microfluidic platform
(Evalution™, MyCartis NV, Belgium) providing a high-
throughput microfluidic system combined with high-level
multiplex capacity due to encoded microparticles (Fig. 1b).

Functionalized microparticles serve as substrates for
hybridization chain reaction (HCR), an enzyme-free
isothermal amplification technique, for simultaneous

detection of several disease-related biomarkers. Virus strains
(HAdV and HBoV), virus subtypes (HAdV type B and D) and
antibiotic-resistant bacteria (S. pneumonia) could be
discriminated. Experiments revealed a LOD of ~400 fM for
HAdV spiked in a clinically sample matrix (HCR for 60
min)."*’

Rombach et al. introduced a LabDisk-format POC system
named RespiDisk. This system enables multiplex RT-PCR
detection of up to 19 viral and bacterial RTI pathogens from
a single sample. Respiratory samples mimicking clinical
conditions were loaded onto the disc for automated nucleic
acid extraction (50 min), elution and target amplification
(150 min)."*® Liu et al developed a multiplex analysis
platform based on nested RPA and CRISPR/Cas12a-assisted
virus identification for diagnosis of co-infections in the
microfluidic format. The assays were designed for
simultaneously detection of eight respiratory viral pathogen
targets in nasopharyngeal samples, including SARS-CoV-2,
RSV and influenza viruses/subtypes. The microfluidic chip
was inserted in a centrifugal platform for running the assay
steps, namely multiplex RT-RPA, subsequent RPA for separate
amplification of each target gene and transfer into CRISPR/
Cas12a detection chambers. LODs were 50-200 copies per
mL depending on the assay with an on-chip protocol
duration of 40 min."” Other recent centrifugal microfluidic
systems for RTI diagnostics (SARS-CoV-2, influenza A/B)
implemented RT-LAMP/Cas12a detection or RT-qPCR,'®*'®!
rapid differential diagnosis of seven human respiratory
coronaviruses,'® or isothermal amplification for detection of
19 types of respiratory viruses."®*

A fully automated microfluidic PCR-array platform,
developed by Huang et al., could complete detection of 21
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Fig. 1 a) Schematic process flow of two virus and variant detection platforms, called combinatorial arrayed reactions for multiplexed evaluation of
nucleic acids (CARMEN v.1, top) and its microfluidic version (MCARMEN, bottom), the latter combining CRISPR-based diagnostics and
microfluidics. A mCARMEN respiratory virus panel allows testing for up to 21 viruses, including SARS-CoV-2, other coronaviruses and both
influenza strains. b) Schematic representation of the processing of digitally barcoded microparticles using a microfluidic cartridge and an
integrated instrument. Each microfluidic channel is embedded with encoded microparticles (P1, P2 and P3) that each serve as the substrate for the
detection of a specific target. In presence of target, the hybridization chain reaction is initiated and the microparticles are identified during signal
read-out. Scale bar is 20 um. ¢) Schematic of an electrochemical microfluidic device for use with on-chip assays for the specific detection of
whole viral particles in saliva and antibodies in blood using nanostructure-gold electrodes. d) Design and working principle of a microfluidic
platform for effective virus capture and identification. (i) Photograph and SEM images of aligned carbon nanotubes (CNTs) exhibiting herringbone
patterns decorated with gold nanoparticles for virus capture. (ii) Picture showing assembled device and processing of a blood sample. (iii)
Illustration of size-based capture and in situ Raman spectroscopy for label-free optical virus identification. (iv) On-chip virus analysis and
enrichment for next generation sequencing of human para-influenza virus type 3 (HPIV 3) [a) reproduced from ref. 155, ©2022, Creative Commons
license, CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/); b) reproduced from ref. 157, ©2023, CC BY 4.0; c) reproduced from ref. 168,
©2022, CC BY 4.0; d) reproduced from ref. 177, CC BY 4.0].
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RTI pathogens (mainly viral and some bacterial) within 1.5 h
with a LOD of 1.0 x 10 nucleic acid target copies per mL."**
Yin et al. designed a multifunctional rapid RT-PCR system
for two different microfluidic chips, namely a microwell array
chip of qualitative screening assays, or a droplet microfluidic
chip for rapid quantification. Detection of SARS-CoV-2 virus
sequences in serially diluted reference RNA samples was
achieved within 15 min with a LOD of 10 copies per test.'®®
Another approach was a digital microfluidic (DMF) RT-qPCR
platform for simultaneous detection of 11 viral and bacterial
pathogens.'®® Zai et al. operated a microfluidic test cartridge
for multiplex RT-qPCR respiratory virus detection with
passive gravity-driven fluid flow control. Assays were
completed in 30 min with a LOD in the range of 200 RNA
copies per mL (SARS-CoV-2, influenza A/B)."®’

Combining viral antigen and serological tests. Siavash
Moakhar et al. proposed a microfluidic multiplexed home-
test device for automated diagnosis of viral respiratory
infection. In order to provide a complete profile of the
patient's  clinical status following infection, three
electrochemical assays were implemented in a cartridge for
simultaneous quantification of the viral load in saliva and for
IgG/IgM antibody detection in blood for monitoring immune
response, respectively (Fig. 1c). The system took advantage of
nano-roughness gold sensors with a biomimetic receptor
based on thin-film molecularly imprinted polymers featuring
tuneable target-specific recognition sites. Influenza A HIN1
and different SARS-CoV-2 variants were detected with
clinically relevant sensitivity and specificity within 11 min."®®
Following the same motivation, Najjar et al. designed a 3D-
printed LOC with multiplexed electrochemical outputs that
concurrently detected SARS-CoV-2 RNA by LAMP and a
CRISPR-based assay from unprocessed saliva, as well as
SARS-CoV-2 antibodies using polystreptavidin-HRP/TMB
reaction chemistry for readout. Detection was accomplished
within 2 h and a LOD of RNA 0.8 copies per puL was reported
for SARS-CoV-2.%° Teixeira et al. presented a multiplexed disc
device, comprising target-specific bioreceptor microarrays,
for quantification of viral antigens or antibodies against the
respiratory viruses from human serum and nasopharyngeal
samples simultaneously (SARS-CoV-2, Influenza A/B, HAAV
and RSV). Analysis of 6 samples could be performed within
30 min with high diagnostic sensitivity."’° In another assay,
custom-generated monoclonal antibodies against the SARS-
CoV-2 nucleocapsid protein were evaluated on a microfluidic
ELISA chip with a coil microreactor for colorimetric COVID19
on-chip detection from clinical samples."”*

Alternative biosensing methods. Plasmonic biosensors are
sensitive tools for real-time and label-free analyte detection
that are readily amendable for microfluidic integration,
although a host of currently published work focuses more on
sensor characterisation. For instance, Qiu et al. developed a
dual-functional sensing approach that combined localized
SPR and the plasmonic photothermal effect for sensitive
SARS-CoV-2 viral nucleic acid detection. The sensor surface
consisted of Au nano-islands functionalized with

This journal is © The Royal Society of Chemistry 2024
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complementary DNA receptors for hybridisation with specific
SARS-CoV-2 nucleic acid sequences. Thermoplasmonic heat
generated near the Au nano-absorbers elevated the
temperature locally and improved hybridization kinetics,
enabling accurate discrimination of similar viral gene
sequences. The biosensor exhibited high sensitivity with a
LOD of 0.22 pM for SARS-CoV-2 (RARp sequence).’’* A field-
effect transistor (FET) microfluidic device was developed by
Seo et al. for sensitive immunological COVID-19 diagnostics.
The FET chip was coated with graphene as sensing material
conjugated with antibody against SARS-CoV-2 spike protein.
This technique enabled rapid detection of SARS-CoV-2 from
clinical nasopharyngeal swabs with a LOD of 2.42 x 10°
copies per mL and 100 fg mL™ for SARS-CoV-2 spike protein
in clinical transport medium.'”® Li et al. implemented a
detection scheme based on a tetrahedral DNA framework for
attaching recognition aptamers in well-defined manner on a
paper device for simultaneous detection of SARS-CoV-2 and
influenza A H1N1 virus. The rotational design of the devices
allowed performing subsequent fluidic protocol steps.'”* A
biosensor with ssDNA-coated sensing SiO, slides for SARS-
CoV-2 RNA hybridization and fluorescence readout reached a
LOD of 6 RNA copies per pL (equal to 10 aM) within 10
min.'”?

Hydrophilic droplet surface energy traps served as virtual
reaction chambers on a structure-free super-hydrophobic
chip. Aptamer-coated magnetic microbeads provided the
mobile substrates for the ELISA-like on-chip assay. A LOD of
0.032 hemagglutination units/reaction was reported for
influenza A HIN1 detection.'”® Yeh et al used carbon
nanotube (CNT) arrays with differential filtration porosity for
virus enrichment combined with SERS identification in a
microfluidic format (Fig. 1d). Au nanoparticle-decorated
CNTs have been arranged in herringbone patterns for size-
based capture and label-free detection. The device was
validated with clinical samples from patients with rhinovirus,
influenza A virus or HPIV infection. Viral detection was done
in a with a 70-fold enrichment."”
Ramachandran et al. proposed a microfluidic assay for
automated SARS-CoV-2 RNA detection using on-chip
isotachophoresis (ITP) extraction of nucleic acids form
clinical samples (5 min), followed by off-chip RT-LAMP
preamplification (20-30 min) and on-chip ITP/CRISPR-based
fluorescent target detection (SARS-CoV-2 N gene and E gene)
(5 min). Electrokinetic protocols for ITP extraction and
CRISPR/Cas12 enzymatic reactions were performed on a glass
chip comprising two distinct cross-geometry channels. The
LOD of the ITP/CRISPR method was found to be 10 copies
per uL of viral RNA spiked into pooled nucleic acid extracts
from negative clinical samples."”®

few minutes

3.4 Microfluidic systems for bacterial RTI pathogen panels

Yu et al. used the SlipChip technology to perform digital PCR
for the detection of a panel of bacterial RTI-causative
pathogens. As a proof of concept, the assay was designed for
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multiplex quantification of S. aureus, A. baumannii, S.
pneumoniae, H. influenzae, and K. pneumoniae in a single test.
The chip comprised two silanized glass microfluidic plates.
The solution containing target nucleic acid templates and
reactants was introduced into the chain-of-pearl channels of
the top plate, which was subsequently slipped over the
microwell array in the bottom plate. This operation resulted
in surface tension-driven compartmentalization into a large
number of reaction droplet partitions (2240 droplets with a
volume of 4.5 nL). The chip was then placed on a thermal
cycler for the PCR process. Differentiation of the target
templates was performed by melting curve analysis of
amplicons designed with different melting temperature T,
signatures and fluorescence detection by means of EvaGreen
intercalation dye. Amplicons with T, differences of 1.5 °C
could be clearly separated.”®

A 3D-printed microfluidic device was developed for qPCR-
based identification of M. pneumoniae mutant types with
resistance to macrolide antibiotics. On-chip reservoirs
contained sample solutions and PCR reactants, respectively,
which were mixed and dispensed via pneumatic fluidic
control into separately attached PCR tubes. The system was
tested with plasmids containing a specific mutation,
indicating a sensitivity 100 copies per reaction and a
processing time of 80 min.'®® Another device for POC
detection of S. pneumoniae and M. pneumoniae took
advantage of a polymer/paper microfluidic chip for genomic
DNA extraction, performing LAMP in microchambers hosting
chromatography paper substrates with pathogen-specific
LAMP primers and calcein-mediated fluorescence detection.
The analytical sensitivity of the LAMP microchamber reaction
was 20 fg of target DNA."®" Dou et al. also proposed a hybrid
microfluidic portable LAMP platform applied to the diagnosis
of whooping cough (pertussis) in this case. The chip
comprises six LAMP zones with paper disks for storage of
DNA primers specific to B. pertussis. The assay reached a LOD
of 5 DNA copies per LAMP zone (purified DNA samples)
within 45 min. The clinical performance of the system,
evaluated with lysates from B. pertussis spiked
nasopharyngeal swabs and clinical samples from pediatric
patients with signs of whooping cough, was comparable to
real-time PCR tests.'®*'? In an earlier approach, Huang et al.
used a disc device with 24 test cells and pre-stored LAMP
primers for multiplex identification of pathogens related to
clinical pneumonia, in particular M. pneumoniae, S. aureus,
and methicillin-resistant S. aureus. DNA samples and
reactants were mixed off-chip prior to injection on the disc.
The device had an analytical sensitivity of 10 nucleic acid
copies. Assessment of with clinical samples demonstrated
very good agreement with commercial real-time PCR
systems.184

3.5 Tuberculosis

Scope of the disease and reviews. Tuberculosis (TB) is a
communicable disease mainly affecting the lungs (pulmonary
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TB) but also serious extrapulmonary forms, such as
tuberculous meningitis, exist."®> TB is one of the leading
causes of death due to an infectious agent, usually caused by
the rod-shaped Mpycobacterium tuberculosis (Mtb), which
belongs to the Mycobacterium tuberculosis complex (MTBC).'%°
Mth is a very slow-growing (dividing every 18-24 h), non-
motile and highly aerobic pathogen that is spread through
aerosol particles.'®” Distinctive cell biology, in particular
asymmetric growth giving rise to daughter cells of unequal
sizes and growth rates, may impact susceptibility to
antibiotics.'®® According to the WHO Global TB Report 2023
approximately 10.6 million people fell ill with TB in 2022."*°
Multidrug-resistant (MDR) and extensive drug resistance
(XDR) represents an increasing global health threat, requiring
prolonged and complex antimicrobial treatments."8*'%°

Acid-fast bacillus (AFB) smear microscopy performed from
sputum is still widely used for initial TB diagnosis, even if
this simple manual technique suffers from a lack of
sensitivity (LOD ~10" CFU mL™)."®" Mtb culture is the gold
standard for laboratory TB diagnosis and drug susceptibility
testing, however, due to the slow Mtb growth rate, time-to-
result may extend to several weeks.'”*'*> NAAT methods
enable early detection and identification of mutations related
to drug resistance. An update of WHO guidelines (2021) on
rapid TB diagnostics outlines currently recommended
technologies and products.’®® WHO-endorsed TB diagnostics
has been reviewed recently by Nandlal et al. and Hong et al.,
respectively,'?*"%°

Commercial microfluidic PCR assays include Xpert® MTB/
RIF (GeneXpert®, Cepheid, USA), a landmark development in
TB diagnostics that detects MTBC bacteria and rifampicin
(RIF) resistance within 2 h.'®® Xpert® MTB/RIF Ultra has
improved sensitivity (LOD 15.6 CFU mL™" for MTBC) and
Xpert® MTB/XDR was designed for detection of mutations
resistant to 6 anti-TB drugs within 90 min."® The VereMTB™
assay (VerePLEX™  Biosystem, Laboratories,
Singapore)  detects MTBC, several nontuberculous
mycobacteria, as well as RIF and isoniazid (INH) resistance.
Other WHO-endorsed on-chip RT-PCR assays are the
Truenat® MTB, MTB Plus and MTB-RIF Dx assays (Molbio
Diagnostics, India)."”” Recently, Schlanderer et al
implemented a TB diagnostic workflow on the Rhonda
player. MTBC detection including antibiotic resistance testing
against the first-line antibiotics INH and RIF is performed on
the disc from a single sputum sample. If the qPCR on-chip
data indicates drug resistance, a detachable sample tube
containing enriched MTBC DNA is available for subsequent
comprehensive resistance profiling via targeted next
generation sequencing (tNGS) in a centralized lab facility.
This two-stage TB diagnostic can be completed within three
days."®

Serological TB tests have insufficient diagnostic value."®
As a consequence, there is more focus on TB antigen
detection, for instance lipoarabinomannan (LAM), a
structural component of the outer cell wall of mycobacteria
that may be released into urine.”’° The LAM antigen can be

Veredus
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detected on LFAs within minutes using unprocessed urine
samples.>*"*%* Assays have also been developed for clinically
relevant other TB antigens (such as MPT64, CPF-10 or ESAT-
6).>2% In a recent review on LFAs for detection of
pathogenic bacteria, Sohrabi et al. also addressed assays
specifically designed for TB diagnosis.®

Hong et al. discussed challenges in the development of
rapid POC TB diagnosis and drug susceptibility testing,
including some selected microfluidic and nanophotonic
systems.'* Paul et al. discussed advanced integrative sensing
technologies for detection of drug-resistant TB.'”° Gupta
et al focused on developments in nano-biosensing
technologies.>*® Srivastava et al. also analysed biosensor-
based detection.>®” Earlier reviews on POC TB diagnosis, also
discussing to some extend the potential of microfluidics,
have been proposed by Mani et al., Wang et al., Dheda et al.
and Niemz et al’°®*?" In the following, we discuss a
selection of microfluidic/biosensor systems for TB
diagnostics. Table 2 provides an overview of recent
approaches, including AST tools.

Recent microfluidic nucleic acid-based technologies for
TB diagnostics. Minero et al. developed a lab-on-a-disc assay
for mutation-specific ligation of padlock probes (PLP) and
RCA combined with optomagnetic read-out for highly specific
detection of a single-nucleotide mutation in the Mtb katG
catalase peroxidase gene responsible for INH resistance. In
one of the proposed assay strategies, PLP ligation is
performed in on-disc chambers, while RCA reagents are
stored separately. Subsequent mixing by centrifugal actuation
enabled RCA amplification and real-time detection. A DNA
target LOD of 2-5 pM was obtained within an assay time of 2
h.>'? Previously a similar molecular assay was implemented

Table 2 Selected microfluidic approaches for TB diagnostics and AST
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on a multi-chamber polymer chip using magnetic
transportation and optomagnetic detection.>'* Homann et al.
adapted the lab-on-a-disc technology to automated DNA
sample preparation for TB diagnosis (Fig. 2a).>'* The fluidic
network was designed to provide two separate DNA aliquots
for subsequent off-chip analysis from the same initial
sample. DNA extracts from liquified sputum were collected in
two PCR tubes attached to the disc cartridge. Composite foil
pouches (stickpacks) served as reservoirs for buffer solutions.
A LOD of 10 CFU mL™" in M. bovis BCG spiked sputum
samples was demonstrated with a workflow using cartridge-
based DNA extraction and a benchtop PCR cycler.”™
Moreover, Beutler et al. presented an extended study with
bacteriologically confirmed TB sputum samples to evaluate
the performance of this TB-disk for clinical TB diagnosis and
resistance testing against first- and second-line drugs. The
availability of two identical DNA extracts significantly
increased the versatility of the diagnostic workflow.>'> Kaur
et al. proposed a low-cost hybrid paper/plastic device for
LAMP-based TB assays on 12 test zones. The chip features an
array of sealed paper pads as amplification sites with dry-
stored reagents and fluorescence smartphone read-out. The
analytical sensitivity was 10 copies of Mtb DNA and good
clinical performance with sputum samples was
demonstrated.”"

Droplet digital PCR (ddPCR) has been used in clinical
applications thanks to its high accuracy and sensitivity for
low-abundance DNA, and for absolute quantification of
nucleic acid target sequences.*'”*'® Nyaruaba et al. recently
reviewed the application of ddPCR as TB diagnostic tool.>*’
Several TB-related studies took advantage of the Bio-Rad
QX200 droplet generator system (Bio-Rad Laboratories, USA)

Target Device and assay principle Performance indications Ref.

Microfluidic devices based on NAAT assays

Mtb katG gene LoaD for analysis of TB drug-resistance by Mixing on-disc and real-time optomagnetic readout. 212
mutation-specific PLP ligation and RCA Assay time of 2 h, LOD 5 pM

M. bovis BCG and Mtb (drug LoaD for automated PCR analysis. Two separate LOD of 10 CFU mL™" in spiked sputum. Drug 214,

resistant strains) DNA extracts are obtained resistance testing with clinical samples 215

Mtb gDNA Modular LAMP paper-and-plastic POC device with ~ High analytical (10 copies of Mth gDNA) and clinical =~ 216
dry-stored reagents sensitivity

Circulating cell-free Droplet digital PCR using a commercial droplet Absolute quantification of nucleic acid target 220,

Mtb-specific DNA generator sequences 221

M. bovis BCG Distinction of live/dead bacteria via PMA binding  Automated detection within 90 min 223
and on-chip PCR

Mth H37Ra bacilli Modular sputum-to-genotype system with a lab- Multiplex detection of mutations. LOD 43 CFU mL ™" 224,
on-a-film gel element array in raw sputum 225

RIF-resistant Mtb (rpoB RT-PCR in on-chip reactors and high-resolution Drug-resistance mutations were detected in clinical ~ 226

gene) DNA melting-based TB test isolates. 20 PCR reactions per chip

Microfluidics for antimicrobial testing

M. smegmatis Microfluidic chip for voltammetric detection of Antibiotic susceptibility apparent after 24 h through 232
nucleic acid sequences measuring 16SrRNA levels

M. smegmatis On-chip cell trapping for visualization of growth Drug response assessed by real-time tracking for over 233
and phenotypic alterations 48 h at single-cell level

M. smegmatis (msm2570::Tn ~ Microfluidic-microscopy method to reveal Antibiotic exposure of the msm2570::Tn mutant 234

mutant) antibiotic tolerance mechanisms showed low number of lysed cells

M. smegmatis Microfluidic acoustic trapping of live Mth and Raman fingerprints change substantially upon INH 235

Raman spectroscopy

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 a) Design of a cartridge for Mtb diagnosis, three of which can be placed in a laboratory centrifuge in front view (left) and rear view (right),
indicating the fluidic network with chambers and channels, the interfaces for sample input (sputum chamber) and product collection (PCR tubes),
the filters, the waste collection chambers and 4 stickpacks for pre-storage of the reagents. Abbreviations: washing buffer 1 + 2 (WB1+2); lysis
buffer (LB); neutralisation buffer (NB). b) Layout of the consumable in an automated Mtb sputum-to-genotype system for processing of six
samples, in which the following steps occur. (1) Lysis and homogenization occur in lysis tubes, which include a magnetized stir disc and glass
beads. (2) TruTip aspirates the sample mixed with a binding buffer, so that it flows through the pores of the matrix in the tip resulting in DNA
bound to the matrix. (3) Porous matrix is washed to remove the impurities. (4) Matrix is dried with air. (5) Bound DNA is eluted into an elution
buffer. (6) Purified DNA is amplified with an asymmetric PCR reaction. (7) Product (with fluorescent labels) hybridize to the gel elements. (8) Gel
elements are washed to remove unbound product. (9) Image of the array is captured and analyzed. c) (i) Picture of a waveguide-based SiN
nanophotonic chip with anti-LAM molecules covalently coupled to the SiN surface and assembled in a polymer cartridge. Spectral shift observed
in the interferometric signal upon exposure of a waveguide to LAM, a biomarker for TB, in urine of (ii) a healthy and (iii) a non-healthy person.
Presence of LAM in the sample leads to a long-term spectral shift [a) reproduced from ref. 214 with permission from the Royal Society of
Chemistry; b) reprinted with permission from ref. 225, ©2020 American Chemical Society; c) reproduced from ref. 227 with permission from the
Royal Society of Chemistry].
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and ddPCR for detecting low levels of circulating Mtb-specific
DNA, drug susceptibility testing and other applications.>**~>*
Based on a different approach, Wang et al. proposed a
microfluidic system featuring 12 PCR reaction chambers
enabling distinction of live/dead bacteria via photo-reactive
propidium monoazide (PMA) binding. Selective covalent
binding of PMA to DNA from dead bacteria inhibited PCR
amplification. Heparin-binding haemagglutinin (HBHA)
antibody-conjugated magnetic beads were used as capture
probe against M. bovis Bacille Calmette-Guérin (BCG) and
Mthb clinical isolates. Bacteria capture, thermolysis and DNA
release, PMA treatment and rpoB gene PCR amplification was
performed on-chip within 90 min and a reported LOD of 100
CFU.”*® Kukhtin et al. developed a disposable lab-on-a-film
that detects MDR-TB from sputum extracts.”** The device
comprises a gel-based microarray printed onto a flexible
polyester film. Target amplification and hybridization on the
microarray was carried out within a single closed
microfluidic flow-cell. Nucleic acid was purified off-chip
using a pipet tip with an embedded matrix for nucleic acid
isolation (TruTip, Akonni Biosystems). Initially a LOD of 32
CFU mL™" for Mth-spiked sputum was obtained. In a follow-
up development improved sample homogenization and cell
lysis was implemented in the workflow and a Mtb LOD of 43
CFU mL™" in raw sputum was reported (Fig. 2b).?>> Mbano
et al. performed real-time PCR and subsequent high-
resolution melting curve analysis on a microfluidic PDMS
chip with 20 independent PCR chambers and fluorescence
readout. RIF-resistant strains of Mtb were used to assess the
performance of this method.>*

Microfluidic immunodetection of TB antigens. A
biosensing platform comprising a photonic sensor chip
based on Mach-Zehnder interferometer transducers and
readout with an on-chip optical spectral analyser was adapted
for non-invasive detection of the TB LAM antigen (Fig. 2c).
The sensor was integrated in a microfluidic cartridge. Anti-
LAM IgG was immobilized on the surface of the photonic
sensor chip for direct immunodetection from urine samples
with in a LOD of 475 pg mL™ (27.1 pM) achieved less than
15 min. Validation of the device with clinical samples showed
excellent correlation with standard techniques.**”**® ESAT-6
(early secretory antigenic target of 6-kDa) is suitable for
diagnosing TB in human blood at early stages. For instance,
a magnetic bead-coupled gold nanoparticle immuno-PCR
assay or a giant magnetic resistance biosensor for detection
in pg mL™" range was developed for ESAT-6 detection,****°
however, these assays have not been integrated in
microfluidic format for the time being. In another study, a
LFA detects the CFP-10 (culture filtrate protein 10)/ESAT-6
antigen complex for increased the diagnostic performance as
compared to assays based on single antigens.>*!

Microfluidics for antimicrobial testing with the model
organism Mycobacterium smegmatis. M. smegmatis is a faster
growing and non-pathogenic model organism for research
related to Mycobacteria species. A multilayer device enabled
integrated rapid on-chip AST with M. smegmatis by direct

This journal is © The Royal Society of Chemistry 2024
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electrochemical detection. The chip had two incubation
chambers for bacterial suspensions with and without
antibiotics, respectively. After thermal lysis, the samples were
transferred into adjacent chambers where the resulting
nucleic acid levels in response to the specific incubation
conditions were measured via integrated  Au
microelectrodes.?** A microfluidic PDMS chip for real-time
monitoring of the growth dynamics and phenotypic
alterations of M. smegmatis has been proposed as a tool for
investigating drug-induced stress with single cell resolution.
The device was composed of arrays of 0.9 um high
chambers for bacteria trapping and culture under different
conditions, including drug exposure.”** In another study,
the antibiotic tolerance of wild-type M. smegmatis and
msm2570::Tn mutant cells was investigated by single-cell
timelapse microscopy. Cells were trapped by means of a
semipermeable membrane in PDMS microfluidic channels,
enabling stable flow conditions for on-chip culture and
rapid medium exchange.®® The response of live
mycobacteria to antibiotic stress could also be monitored
dynamically by wavelength modulated Raman
spectroscopy.>®® For this purpose, M. smegmantis was
acoustically trapped in a microfluidic glass chamber.
Levitation and formation of a thin bacterial layer by
acoustic force provided good conditions for sensitive Raman
spectroscopy. Raman spectra for no-stress and antibiotic-
stress conditions showed distinct alterations of peaks
related to the cell lipid concentration in real-time. It was
suggested that lipid-rich bacteria are prone to higher
antibiotic tolerance persistence, a phenomenon that may
play a role in patients’ relapse.>*®

4 Urinary tract infections
4.1 Scope and common uropathogens

The urinary tract system comprises the kidneys, the bladder,
the ureters and the urethra. Measuring the abundance of
specific biomarkers in urine is frequently used for non-
invasive health monitoring.>*”**® Paper-based devices, either
conventional LFAs or more advanced designs, are well-suited
for biochemical urine analysis in general.>**~**' Urinary tract
infection (UTI) occurs when uropathogens, such as bacteria
from the vaginal area, the rectum or the skin, get into the
urinary tract and move upwards into the bladder and
eventually into the kidney.***** UTIs are among the most
widespread community and hospital-acquired bacterial
infections with hundreds of millions of people being affected
annually worldwide, entailing a major global clinical and
economic burden. Bladder infection (cystitis) is the most
common type of UTI, whereas kidney infections
(pyelonephritis) are less frequent but may have severe and
even life-threatening consequences if pathogens spread into
the bloodstream (urosepsis).**> Significant bacteriuria can be
defined as a count of over 10° CFU of the same organism per
mL of urine, but the threshold for UTI diagnosis may be set
much lower in some cases (100-1000 CFU mL™").>****” By far
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the most common causative agent for both uncomplicated
and complicated UTIs is uropathogenic E. coli (UPEC).”**
Other bacterial species, with much lower prevalence and
depending on the specific conditions, include K. pneumoniae,
P. mirabilis, E. faecalis, P. aeruginosa, S. aureus and other
species.>*®*¥72%%  Catheter-associated UTIs are strongly
associated with complicated UTIs and are a common cause
of secondary bloodstream infections.>*>*****°  Also the
prevalence of fungal Candida ssp UTIs is increasing.>*°

At a first stage, UTI diagnosis is based on specific
symptoms and prescription of broad-spectrum antibiotics
is often the immediate choice for treatment. Urinalysis
may include microscopic inspection to detect red or
white blood cells in wurine samples. Urinary dipsticks

testing for nitrites and leukocyte esterase can be used,
1

mainly to exclude the presence of infection.®" Urine
culture remains the gold standard to confirm the
presence of infection and for pathogen identification.

This process usually takes 24 to 48 h.>*> Subsequently, a
second culture step may be necessary to determine the
antibiotic resistance profile. The introduction of MALDI-
TOF mass spectrometry has enabled fast identification of

Table 3 Selection of recent approaches for UTI pathogen detection and AST
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uropathogens, from cultures and possibly also directly
from urine samples.”>

4.2 Antimicrobial resistance of uropathogens and relevant
reviews

Uncomplicate UTI occurring in healthy subjects normally can
be easily treated with short-term antibiotic administration,
however recurring UTIs due to persisting uropathogens and
biofilm formation is an important health issue. Complicated
UTI or kidney infections are associated with high AMR rates
that require long-course antibiotic treatments, resulting in
severe alteration of the normal microbiota and proliferation
of resistant pathogen strains.>****° UPEC bacteria have
developed resistance against common antibiotics (e.g.
ciprofloxacin, nitrofurantoin, ampicillin) with extremely high
prevalence in some regions. Moreover, the emergence of
UPEC strains possessing extendedspectrum flactamases that
confer resistance against thirdgeneration cephalosporins and
monobactams, is observed in community-acquired
UTIs.>**?**25> New technologies enabling early UTI diagnosis
and fast POC pathogen identification combined with AST are

Pathogen Device and assay principle Performance indications Ref.

Microfluidic devices for UTI diagnostics

E. coli (B-lactam antibiotics Nanoelectrokinetic PAD with chromo-genic  Label-free detection of drug-resistant bacteria within 7 264

resistant) detection of B-lactamases min by cell phone. LOD 10" CFU mL ™

E. coli Pump-free immunomagnetic separation Laminar flow control by paper pads. LOD 4.7 x 10> 265
with colorimetric detection CFU mL™" in urine

E. coli Paper-based device for cultivating bacteria in  10"-10” CFU mL™" quantified on a p-glucuronidase- 266
situ and testing for nitrite specific substrate, within 6 h in urine

UTI bacterial pathogens Enrichment on a herringbone chip and Chaotic mixing enhanced bead/bacteria complex 267
MALDI-TOF MS identification formation. Process takes 1.5 h

C. tropicalis PNA-FISH protocol applied to pathogens in  Visual detection (1 x 10° cells per mL, within 6 h). 271
a microfluidic trap Tested with spiked synthetic urine

E. coli Bacteria enrichment on Si nanowires and Detection of ~10° CFU mL™" in urine (after pre-culture 272
MALDI-TOF MS identification for 4-6 h)

E. coli, P. putida, S. epidermidis Plasmonic-assisted impedimetric detection =~ Hybrid 3D gold/graphene nanostructures enhanced 273
on nanostructured surfaces sensitivity (LOD 20 CFU mL™", 10 min)

Microfluidic chip-based devices for fast AST of uropathogens

E. coli (ATCC 25922) and Bacteria growth monitoring on a droplet Single-cell AST in 90 min (first antibiotic) + 2 min for 280

UTI-positive urine microfluidic platform subsequent antibiotic conditions

UTI bacteria (16S rRNA gene) Fluorogenic PNA probe-based hybridization Identification and single-cell AST from urine samples 282,
assay on a droplet chip within 30 min. Clinical comparison study 283

P. mirabilis, S. aureus, K. Pheno-molecular AST using PCR and digital Multiple bacterial species and susceptibility profiles 284

pneumoniae, E. coli high-resolution melt identified in spiked urine within of ~4 h

S. aureus, E. faecalis, E. coli, K. Phenotypic analysis on parallelized droplet ~ Simultaneous screening of 4 antibiotics per pathogens 285

pneumoniae microfluidic platform within 15-30 min

E. coli, other UTI pathogens DMF for bacterial classification and AST Real-time bacterial metabolic monitoring. AST in <18 287
using metabolic markers h, performed with resazurin dye

E. coli (ATCC 25922) and Combinatorial antibiotic screening with a MIC of E. coli against 4 antibiotics measured within 3 288

resistant strains nL-sized droplet SlipChip approach h on one chip

E. coli (ATCC 25922) Multiplexed AST on a nL chamber array Antibiotic dilution on-chip. AST in 8-9 h. MIC 289
(resazurin indicator) determination required ~2000 bacteria

S. epidermidis, M. bacteremicum,  Single-cell pathogen classification and AST  Bacteria classification based on size and shape in 292

uropathogenic E. coli in adaptable channels urine. Single-cell AST within 30 min

E. coli, K. pneumoniae, S. All-electrical AST of bacteria Robust and sensitive resistance measurement of 293

saprophyticus trapped/incubated in channel constrictions  bacterial growth and AST within 2 h

E. coli, K. pneumoniae, P. Pneumatically-driven microfluidic chip for =~ AST completed in 4.5-9 h in automated manner 297

aeruginosa, E. faecalis colorimetric AST assays
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required to improve therapeutic approaches. Due to the high
prevalence of drug-resistant uropathogenic E. coli strains, but
probably also because urine does not have a complicate
sample matrix (as compared to blood for instance), a wide
range of microfluidic fast AST methods, in particular enabled
by single-cell analysis, has been developed with focus on UTI.

UTI diagnostic methods for laboratory and hospital
facilities have been recently reviewed by Santos et al or
Harris et al., for instance (including culture-based methods,
microscopic urinalysis, flow cytometry, MALDI-TOF, PCR or
FISH, etc.).”>>*” Santos et al. also showed examples of
innovative (culture-based) single-use POC tests that are
currently available in the market for UTI diagnosis, as well as
a summary of POC tests on paper for E. coli from various
samples.>®® Harris et al. more specifically focused on a
discussion of currently available automated commercial UIT
diagnostic systems.>®” A host of recent and earlier reviews
provided overviews on emerging technologies for POC urine
analysis and/or UTI diagnosis, including discussions on AST
methods and some microfluidic approaches.>**>*H230-262
Paper devices with potential for UTI diagnosis have been
recently reviewed by Hasandka et al or Tai et al, for
instance.”*"**> Previously mentioned reviews discussing
recent and emerging AST methods from a broader
perspective are certainly also relevant for UTIs.*>***%2%3 1n
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the following, we will first discuss innovative microfluidic
and/or biosensor devices that have been specifically designed
for UTI diagnostics. Recent LOC systems for fast AST of
uropathogens will be presented in the second part of this
section. Table 3 approaches for UTI diagnosis and fast AST
on uropathogens.

4.3 Microfluidics and biosensor for UTI diagnostics

Assays enabled through specific fluidic design properties.
Kim et al designed a nanoelectrokinetic analytic paper
device for rapid detection of uropathogenic drug-resistant
bacteria (Fig. 3a-c). The design was based on a constricted
paper strip with a perm-selective nanoporous membrane
placed perpendicular to the flow direction. The device took
advantage of an electrical ion concentration polarization
effect for analyte manipulation and more than 100-fold
bacteria concentration. Moreover, an alkaline counter
stream enabled cell lysis and release of drug-resistant
markers. In this case, p-lactamase enzymes were detected
on a chromogenic cephalosporin patch via cell phone
readout. The LOD was 10* CFU mL™" for E. coli inoculated
in human urine within a total diagnosis time of 7 min.>**
Another approach for E. coli detection combined a pPAD
with H-filter configuration and magnetophoresis for pump-

Step 1: NEK Pre-

concentration

Extracted ~
enzymes
Nanoporous membrane
w/ electrode

K
No. | 2 3 4 5 6
10-minutes after e ojle ojjle ojle oo o
added urine sample I ' ' Y '
Nitrite dipstick testing Negative = Negative | Positive | Positive Negative | Positive

6-hours after
added urine sample

e o
3
376 £25 >10° ‘

Colony count 152+ 105 108 >10% 107

(CFU/mL) (n=3)

Fig. 3 a) Schematic diagram of a nanoelectrokinetic (NEK) paper-based analytical device that is based on a constricted paper strip with a perm-
selective nanoporous membrane placed perpendicular to the flow direction for inducing ion concentration polarization and inducing bacteria lysis,
and with a chromogenic cephalosporin patch for detecting enzymes originating from the lysed bacteria. b) Zoom of rectangle A in a) with
indication of the subsequent steps for bacterial detection. c) Color changes of a nitrocefin-coated patch over time for different bacterial
concentrations. Color change from orange to red was detected via a cell phone-based read-out above bacterial concentrations of 104 CFU mL™.
d) In situ culture device for E. coli and testing for nitrite presence in urine. A colorimetric test for B-glucuronidase, a specific enzyme of E. coli, was
implemented (blue color), while the pink color indicates presence of nitrite. The two circular zones on the top of the paper-based analytical device
serve as a color control for the nitrite detection [a-c reprinted with permission from ref. 264, ©2022 Elsevier; d) reproduced from ref. 266, ©2019,
Creative Commons license, CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).
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less operation. A colorimetric ELISA assay was performed
via immunomagnetic separation through the laminar flow
pattern, reaching LODs of 2.4 x 10> CFU mL™" (PBS) and
4.7 x 10> CFU mL™ (urine), respectively, within 10 min
after sample loading.”®® Noiphung et al. fabricated a paper
device for in situ culture of E. coli and testing for nitrite, as
a biomarker for UTI infection (Fig. 3d). A biochemical test
for B-glucuronidase was implemented, enabling specific
detection of E. coli in urine and colorimetric quantification
of bacterial concentrations in the range of 10°-10" CFU
mL™" within 6 h.>*®

Shen et al wused a microfluidic chip featuring a
herringbone mixer structure for pathogen enrichment via
increased capture efficiency and subsequent detection by
MALDI-TOF mass spectrometry. Vancomycin-modified
magnetic beads were magnetically retained in the
microfluidic channel for capturing the UTI pathogens (S.
aureus, S. hominis, S. epidermidis and E. gallinarum). The
process enabled pathogen identification directly from spiked
human samples without bacterial culture (LOD 10*-10> CFU
mL™, assay time 1.5 h).>®” Chen et al. performed multiplex
real-time RPA and pathogen detection (E. coli, S. aureus, S.
typhimurium, P. mirabilis, and P. aeruginosa spiked into urine)
on a centrifugal cartridge. Bacteria were concentrated/
purified by means of a filter-pipette. Specific RPA primers
and probes were preloaded in dedicated reaction chambers
on the disc. The entire procedure, from bacterial enrichment
to detection, was completed within 40 min (LOD in the range
of 10* to 10> CFU mL™).>*® Olanrewaju et al. developed a
modular system that incorporates an immunoaffinity column
for rapid bacteria capture and fluorescence detection, as well
as sequential retention burst valves and an on-chip capillary
pump for autonomous liquid transport. The fluidic design
allowed performing functional assay steps by pre-
programmed and self-powered delivery of immunoassay
reagents. Detection of E. coli was achieved in less than 7 min
with a LOD of 1.2 x 10> CFU mL™" (synthetic urine).”*® Alves
et al. implemented a quantitative E. coli fluorescence
sandwich immunoassay in a microcapillary Teflon film strip
array through which reagents were successively manually
aspirated. By this means, large sample volumes could be
passed through the capture antibody coated capillaries,
resulting in a LOD of 240 CFU mL™" (synthetic urine) in less
than 25 min.>”°

Other microfluidic approaches. Barbosa et al. proposed a
microfluidic platform for detecting the opportunistic
uropathogen Candida spp. by fluorescence in situ
hybridization (FISH). The PDMS chip featured arrays of
microposts for hydrodynamic separation of target cells,
concentration at the backend of the channel and application
of FISH reagents. Specific peptide nucleic acid (PNA)-probes
targeting Candida 18S rRNA were used to perform the FISH
protocol on the trapped pathogens. The method was tested
with spiked synthetic urine samples (C. tropicalis at 10° cells
per mL).>’"" Li et al fabricated silicon nanowire surfaces
functionalized with concanavalin A and integrated them into

1456 | Lab Chip, 2024, 24,1441-1493
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a microchannel. The high surface-to-volume ratio of the
nanostructured surface enhanced the bacterial capture
efficiency. E. coli spiked human urine samples was correctly
detected by MALDI-TOF for concentrations above 10° CFU
mL™ (without culture step), and down to 10° CFU mL™ if a
short preculture step was added.>”> Moakhar et al. developed
a microfluidic device for plasmonic-assisted impedimetric
detection of bacteria. Hybrid structures of 3D gold nano/
micro-islands and graphene nanosheets enhanced the
optoelectrical properties of the sensor. The sample was
delivered to the detection site through microfluidic channels.
Direct and label-free detection of E. coli, P. putida, and S.
epidermidis with LOD as low as 20 CFU mL™" within 10 min
was demonstrated.””*

Examples of biosensors without microfluidic integration.
Other biosensors and assays that have been designed for
POC diagnosis of UTI do not yet benefit from microfluidic
integration. For instance, Basak et al. used Au nanotwins-
coated substrates functionalized with aptamers for specific
pathogen capture and optoplasmonic detection. The sensor
had a detection range of 5 x 10° to 10° CFU mL™" for E. coli
in human urine.>”* Magnetic microgel containing magnetic
nanoparticles provided a 3D colloidal support for RNA-
cleaving DNAzyme probes with specificity toward E. coli
protein targets. Electrochemical readout enabled rapid
bacterial analysis in unprocessed clinical urine sample (LOD
138 CFU mL™, assay time 1 h).*”®> Yang et al used a SERS
chip for the identification of three uropathogenic species
(LOD of 10 cells per mL).>’® SERS was also implemented on
LFAs for E. coli detection from urine.””” Li et al. designed a
sensitive electrochemical biosensor based on the specific
recognition of E. coli by T4 phages and signal amplification
by means of organic-inorganic hybrid nanoflowers. Live E.
coli could be quantified over a large linear range (15-1.5 X
10® CFU mL™) with a LOD of only 1 CFU mL™". Quantitation
was completed within 140 min.*”® A rapid bioluminescence
extinction technology (tube or cellphone format) enabled
detection of common UTI pathogens (E. coli, Proteus
mirabilis, S. aureus, and C. albicans). The assays took
advantage of signal extinction in standardized suspensions of
luminous bacteria in the presence uropathogens. Clinically
relevant metrics for positive UTI diagnosis (=10° CFU mL™)
were reached on a time scale of 20 min.>”®

4.4 Microfluidic devices for fast AST of uropathogens

Microfluidic droplet AST platforms. Zhang et al
implemented a cascaded assay for high-throughput flow-
through single-cell AST on a microfluidic droplet PDMS
platform (Fig. 4a). Fluidic nanoplugs, comprising bacteria,
antibiotics and a cell viability indicator (resazurin), were
formed in a dedicated on-chip unit and subsequently
discretized in a droplet generator. Successive nanoplugs with
customized antibiotic conditions generated distinct groups of
~10000 pico-droplets containing single bacteria. In-line
incubation was implemented and oil barrier plugs avoided

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 a) Overview of a so-called single-cell assembly line antibiotic susceptibility testing (SCALe-AST) device. It is an integrated droplet-based
device with programmable microvalves to assemble bacteria sample, Mueller-Hinton Il (MHMH) broth, resazurin, and antibiotics (denoted as Abx1,
Abx2,..., Abxn) into nanoplugs and subsequently discretize the nanoplugs into groups of picodroplets encapsulating single bacteria. As each group
of picodroplets flow through the built-in, 37 °C incubation channel, a barrier plug is introduced behind the picodroplets to keep them separated
from adjacent groups of picodroplets, thus preventing cross-talk between different antibiotic conditions. The encapsulated single bacterium stops
growing if it is susceptible to the applied antibiotic and the weakly fluorescent resazurin is reduced slowly, resulting in a weak fluorescence signal.
In contrast, the bacterium proliferates if it is resistant to the applied antibiotic, and the weakly fluorescent resazurin is reduced to fluorescent
resorufin quickly, resulting in a strong fluorescence signal within the picodroplet upon detection via a laser-induced-fluorescence (LIF) detector.
By comparing picodroplet fluorescence intensity of different antibiotic concentrations, an antibiogram that provides the bacteria susceptibility
categorization for multiple antibiotics with measured minimum inhibitor concentrations is constructed. b) Schematic presentations of the
combinatorial screening (cs) SlipChip operation principle. (A) The top plate consists of a chain-of-pearls fluidic channel. (B) The bottom plate
contains circular expansion microwells preloaded with different antibiotics. (C) The top and bottom plates are assembled in the initial loading
position. (D) The bacterial solution (yellow) is introduced into the chain-of-pearls channel by pipetting. (E) The top plate is moved relative to the
bottom plate to bring the chain-of-pearls channel into contact with the expansion channel by a manual slipping operation, and the aqueous
solution containing the bacteria self-partitions into individual droplets that can be mixed with the preloaded antibiotics. (F) A bright-field photo of
a cs-SlipChip loaded with an aqueous solution spiked with blue, red, yellow and green food dyes. (G) Schematic drawing of an antibiotic
susceptibility/resistance profile obtained from the cs-SlipChip, as indicated by bacterial growth. c) Design and operation details of a microfluidic
chip illustrating (i) the loading of rod-shaped bacterial cells (red) into cell traps. Arrows indicate flow direction during loading. (ii) Detection of
growth rate effect of antibiotic. (ii, Top) Media with or without antibiotic are supplied to the two different rows of cell traps to test the effect of
the antibiotic on the treatment population compared with the reference population. (ii, Bottom) The status of a single-cell trap from the reference
population (left) and another single-cell trap from the treatment population (right) are shown every 2.5 min. The detected front-most cell pole
position is given as a blue or red circle. (iii) The overlay of the two population's normalized growth rate distributions. The time of separation of the
treatment population from the reference population occurs before the dashed magenta line, which indicates the first time point when different
growth rates can be estimated [a) reprinted with permission from ref. 280, ©2021 John Wiley and Sons; b) reproduced from ref. 288 with
permission from the Royal Society of Chemistry; c) reprinted with permission from ref. 291, Proceedings of the National Academy of Sciences].
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cross-talk between adjacent pL-droplet groups. On-chip
single-cell AST for four antibiotics was first characterized
with a E. coli reference strain, and subsequently with clinical
isolates. Clinically useful antibiograms with MIC values could
be produced on a time scale of 90 min (mainly due to on-
chip incubation) for the first antibiotic condition, plus 2 min
for each subsequent condition. Furthermore, breakpoint
testing with (filtered) uncomplicated UTI-positive clinical
urine samples was performed.*® Mach et al. proposed a
droplet microfluidic format for amplification-free detection
and identification of single bacterial cells with fluorogenic
PNA probes that target bacterial 16S rRNA.*®' Subsequently,
Kaushik et al. further implemented this approach for UTI
diagnosis with single-cell resolution on a droplet platform.
The platform was designed for both pathogen identification/
classification (in particular E. coli) and AST from urine
samples within the clinically relevant concentration range.
Bacterial cells were encapsulated together with an antibiotic
and multiple hybridization probes that target uropathogen-
specific 16S rRNA sequences. A fluorescence two-color
detection scheme allowed pathogen identification, whereas
susceptibility to the antibiotic was revealed by signal
intensities, corresponding to the relative amount of 16S
rRNA per droplet produced by single cells exposed/not
exposed to antibiotics. This pheno-molecular AST method
was evaluated with 3 common antibiotics (gentamicin,
ciprofloxacin, and ampicillin). The pL-droplet reaction
volume enabled very short on-chip incubation times (10
min) and fast subsequent hybridization with the florescent
probes (15 min), resulting in an overall assay time to result
as short as 30 min. 50 human urine specimens were tested
against ciprofloxacin to evaluate the clinical utility of the
assay.’®>?®* This group also proposed another pheno-
molecular AST platform implementing PCR and digital
high-resolution melt (HRM) analysis to quantify bacterial
DNA molecules. The core of the platform was a digital PCR
nanowell array. Multiple bacterial uropathogens and
corresponding  susceptibility  profiles correctly
identified within ~4 h.®*

Kang et al. developed an integrated quadruplex droplet
device to screen several combinations of bacteria and/or
antibiotics simultaneously. The device comprises four droplet
generators and on-chip docking arrays (filled with >8000
droplets, droplet volume ~110 pL) for incubation and
observation. The performance of the system was tested with
clinically relevant uropathogenic Gram-positive (S. aureus, E.
faecalis) and Gram-negative (E. coli, K. pneumoniae) bacterial
strains. Phenotypic AST was assessed for six concentrations
of bactericidal and bacteriostatic antibiotics (oxacillin and
tetracycline) at single cell resolution. Optical observation of
bacteria proliferation in the droplets enabled MIC
quantification for each bacteria/drug combination. Antibiotic
susceptibility could be evaluated as fast as 15-30 min.**®
Likewise, Sabhachandani et al. co-incapsulated bacteria and
antibiotics on a droplet chip for phenotypic AST assessment
(E. coli spiked human urine). Due to single-cell tracking,

were

1458 | Lab Chip, 2024, 24,1441-1493

View Article Online

Lab on a Chip

discriminatory readouts could be achieved within one 1 h of
incubation in the on-chip droplet-docking array.”®°
Sklavounos et al. performed bacterial classification,
breakpoint testing and phenotypic AST on a digital
microfluidics platform (DMF). For on-chip AST, dilution
series of antibiotics at different concentrations were
generated by on-demand manipulation of pL-size droplets
and mixed with Dbacteria-containing droplets (final
concentration 5 x 10° CFU mL™"). For bacterial classification,
droplets were mixed with different metabolic indicator
droplets. The final droplet array was incubated for at least 16
h, resulting in a total of time-to-result of 18 h. AST was
validated with two uropathogenic E. coli strains. Bacterial
classification performed independently or
simultaneously with ciprofloxacin AST for E. coli, K
pneumoniae, P. mirabilis and S. aureus. As a proof-of-concept,
multiplexed breakpoint testing was carried out with a
multidrug resistant E. coli strain.>®’

AST based on sample compartmentalization in on-chip
microchambers. Li et al implemented a microfluidic
SlipChip design for combinatorial-screening and high-
throughput phenotypic AST (Fig. 4b). The chip consists of
two glass plates that are in close contact, ie. (i) a bottom
plate with microwells (192 in this case) containing
preloaded antibiotics, and (ii) a top plate featuring a chain-
of-pearls fluidic channel where the bacterial suspension was
confined by self-partition in individual 50 nL droplets
(containing 25-50 CFU). Relative displacement of the two
plates brings bacteria and antibiotics in contact, enabling
diffusive mixing and incubation. Multiplex AST was
performed by observation of the bacteria abundance and
morphology changes. MIC values for an E. coli reference
strain were obtained in 3 h against a panel of antibiotics
commonly used for UTI. Furthermore, susceptibility/
resistance profiles of E. coli clinical isolates from patients
with UTI were tested against 4 antibiotics and 11 antibiotic
combinations simultaneously.>®® Osaid et al. designed a
multiplexed  microfluidic  platform with a parallel
arrangement of seven microchamber-array lines that hold
nL-aliquots of bacterial suspension (40 microchambers per
line). Each line was independently flushed with different
antibiotic concentrations allowing diffusive mixing with
bacteria  populations the lateral microchambers.
Subsequently the chambers were isolated by air for on-chip
incubation and AST. The automated platform comprises a
second microfluidic chip for antibiotic dilution and transfer
to the AST chip. A short pre-culture step (target ~2000
bacteria) was required to reduce the MIC determination
time to 8-9 h.”®® Avesar et al also took advantage of
bacteria suspension compartmentalization for rapid AST.
Freeze-dried antibiotics were incorporated within the
bacterial culture chambers of the PDMS chip, which was
loaded with a two-plug formulation (bacterial suspension/
oil) for confining bacteria in the nL-wells. An off-chip filter-
based bacteria isolation protocol was used for clinical urine
samples to perform same-day AST.>*°

was
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Bacterial analysis and AST in constrained microchannels.
Baltekin et al. used direct single-cell imaging on a
microfluidic channel array (2 x 2000 traps) for AST of E. coli
(Fig. 4c). Due to the small channel dimensions, the growth
dynamics of trapped bacteria could be monitored directly by
the increasing number of well-aligned single rod-shaped
cells. Comparing the growth rate distribution for reference
populations and for antibiotic-treated populations allowed
AST in less than 10 min in urine samples (i.e. in less than 30
min including array loading). The antibiotic response of E.
coli to nine different antibiotics used for UTI treatment was
tested. Furthermore, 50 uropathogenic clinical E. coli isolates
could be rapidly classified as ciprofloxacin susceptible or
resistance strains.”®' Li et al. proposed an adaptable fluidic
channel array for pathogen classification and AST. Pneumatic
controls for tuning the effective channel cross section
enabled size-based pathogen classification. Furthermore, AST
could be performed within 30 min by measuring individual
cell growth (length) in the presence of antibiotics. A study
with clinical urine samples enabled rapid indication of
infection, as well as on-chip AST of five groups of most
common UTI pathogens (Staphylococcus-like,
Enterococcus-like, Pseudomonas-like, Klebsiella-like, and E. coli-
like groups).>*> Yang et al. presented a microfluidic device for
electrical AST monitoring. The central microfluidic part of
the chip is a parallel arrangement 10 microchannels (2 pm
high and 2 pm wide). Owing to the small channel size,
growth and morphological changes of trapped bacteria could
be detected by electrical resistance measurements. The
approach allowed for AST in about 2 h (E. coli, K. pneumoniae,
and 8. saprophyticus against ampicillin and nalidixic acid).?*
Kara et al. measured electrical impedance fluctuations for
analysing nanomechanical movements of planktonic bacteria
in a single-channel constriction and applied this method to
AST of two different E. coli strains in human urine.***

Other recent AST approaches. Shumeiko et al. performed
rapid UTI diagnosis and AST on fluidic cartridges installed
on a centrifugal system. The cartridges could be directly fixed
on urine sample tubes for bacteria collection. The main
functions included (i) bacteria detection within 5 min at
concentration down to 5 x 10° cells per mL (E. coli cells
spiked into urine), and (ii) AST in less than 2 h on a valve-
less multi-channel chip with dried antibiotic (E. coli and K.
pneumoniae clinical isolates).”>> Needs et al. emphasized the
potential of miniaturised broth microdilution for simplified
AST and developed a fluoropolymer microcapillary film
approach. E. coli and K. pneumoniae uropathogenic isolates
were seeded in a well plate for colorimetric growth detection
by means of a 10-plex test strip that was dipped into the
reservoirs. In particular, the possible impact of reducing the
test volume (1 pL samples, i.e. by 100-fold from microplates)
was investigated to understand if miniaturisation affects AST
performance.”® Hsu et al used a pneumatically-driven
microfluidic chip, comprising micromixers, micropumps and
24 reaction chambers, for automated colorimetric AST. Four
UTI pathogens were tested (E. coli, K. pneumoniae, P.
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aeruginosa, and E. faecalis) and AST was completed in 4.5-9 h
(depending on the initial bacteria concentration, spiked
urine).”*” Gao et al. developed assays for multiplex pathogen
identification and AST based on carbon nanotube enhanced
microwave electroporation of viable bacteria. Off-chip
electroporation was wused for intracellular delivery of
molecular probes and fluorescence detection after
hybridization to species-specific regions of bacterial 16S
rRNA. The assays allowed identification of clinical isolates at
single cell level from urine (E. coli, P. aeruginosa, and K.
pneumoniae) and blood (E. coli). Rapid phenotypic AST by
monitoring the bacterial growth at the single-cell level was
achieved by physical trapping of identified bacteria on a
microfluidic channel array. Comprehensive microbiological
analysis could be performed in 3 h.>*®

5 Gastrointestinal tract infections
5.1 Scope and common pathogens

In most cases, gastrointestinal tract infection (GTI), in
particular of the small intestine (enteritis), is acquired
through fecal-contaminated food or drinking-water, by
transmission from person-to-person or by contact with
contaminated surfaces. Foodborne diseases represent a
significant burden to public health.**® Ingested pathogens
that escape the host defence in the upper gastrointestinal
tract potentially may invade and multiply in the intestine,
thus generating infection and disease, possibly progressing
to infection of other body systems via the lymphatic system
or the bloodstream (septic infection). Diarrhoeal disease is
the most common outcome of GTI, with nearly 1.7 billion
cases of childhood diarrhoeal disease every year. In the
developing world diarrhoeal disease represents a major
health problem, causing high morbidity and mortality rate,
in particular through dehydration (WHO 2017).°°° Many
cases could be prevented by safe drinking-water and
adequate sanitation. GTI may be caused by a host of bacteria,
viruses or parasites. Pathogenic E. coli strains, such as
Enterohemorrhagic E. coli (EHEC, 0157:H7),*°" Salmonella,***
Campylobacter,**®  Listeria  monocytogenes,*®*  Clostridium
perfringens,®® or S. aureus®®® are examples for important
food- or waterborne bacterial pathogens.’*” Ingestion of
water or fish contaminated by pathogenic strains of Vibrio
cholerae causes the potentially deadly acute diarrhoeal
disease cholera. Cholera pandemic or endemic outbreaks
regularly occur.**®*%® Other examples for diseases caused by
pathogenic enteric bacteria are shigellosis, a predominantly
paediatric diarrhoeal disease with an exclusively human
reservoir,” or typhoid fever which is a life-threatening
systemic infection caused by Salmonella Typhimurium.*'* Viral
gastroenteritis is also extremely widespread, with rotaviruses
(children),*"* noroviruses (adults)*'* and hepatitis A virus®'*
being most prevalent pathogens transmitted by the fecal-oral
route.’™® Helicobacter pylori, another common pathogen,
causes infections of the stomach, which are often without
symptoms but may generate gastritis or ulcers.’'®
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5.2 Diagnostic methods and relevant reviews

Conventional diagnosis protocols for viral or bacterial
GTI infections include pathogen isolation from feces and
culture, antigen or toxin detection (e.gz with rapid
antigen immunochromatographic assays), MALDI-TOF and
nucleic-acid tests.**”*'* Emerging diagnostic tools and
microfluidic assays that have been developed for other
infectious pathogens and clinical samples may possibly
also be adapted for GTI diagnosis.’®'*® Xpert® Norovirus
assay (Cepheid, USA) is an example for a commercial
RT-PCR assays targeting an important GTI pathogen. The
Bosch Vivalytic HSP test differs between the pathogens
C. difficile, norovirus and rotavirus and delivers fast and
precise results."’> Microfluidic and biosensor approaches
dealing with GTI causative pathogens have been
extensively reviewed in literature, in great majority with
focus on pathogen detection from contaminated food- or
waterborne samples. Very recently, Yin et al discussed
the state-of-art and perspectives  of
detection methods for foodborne viruses.*’” Other recent
review articles that include microfluidic devices have
been worked out, for instance by Gao et al, who

current future

Table 4 Selection of microfluidic devices for GTl-related pathogen detection
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discussed advances in microfluidic devices for foodborne
pathogen detection,®® by Shang et al with focus on
advances in nanomaterial-based microfluidic platforms,**’
by Ranjbaran et al. on microfluidics at the interface of
bacteria and fresh produce,®® or by Quintela et al on
advances and limitations of portable and rapid detection

technologies for foodborne pathogens.**' Mi et al
summarized microfluidic biosensor tools for foodborne
pathogenic  bacteria and Su et al investigated

322,323

microfluidic nucleic acid tests of foodborne viruses.
Other reviews focused on specific pathogens, such as
POC methods for detection of norovirus by Zaczek-
Moczydlowska et al. or POC diagnosis for E. coli O157:H7
in food and water by Rani et al.****>> Shen et al. explored
biosensor technologies for rapid detection of Salmonella in
food.**® Wang et al. discussed microfluidic sampling and
biosensing systems for foodborne E. coli and Salmonella.**’
In the context of GTI diagnosis, only a few microfluidic
devices have been designed for or tested directly with
human samples, in particular fecal samples. Possible GTI
diagnostic tools could also be derived from other
applications, such as evolving technologies in clinical
research in the gut microbiome era.**® On the other hand,

Pathogen Device and assay principle Performance indications Ref.

Systems for bacterial enteric pathogens

Gut microbiome, B. Droplet microfluidics applied to complex Cultivation-free single-cell genetic assays and enrichment by 334

vulgatus microbiome samples sorting of positive droplets

Campylobacter spp. On-chip chambers with chromogenic medium Campylobacter spp. detected in milk and poultry meat. AST 335
for identification and AST within 24 h

Enterohemorrhagic E.  Cartridges for PCR amplification and Fluidic operations with combined centrifugal/pneumatic 336

coli microarray hybridization actuation. Workflow of 2 h

Enterotoxins and Integrated LAMP and immunoassays on a LoaD  Different disc designs for single or dual assays. LOD 1.35-5.50 337

enteric bacteria platform ng mL™" (toxins), 1-30 cells (LAMP)

Foodborne pathogens  Microchip with paper pads for LAMP in LOD 0.013 ng pL ™" for purified E. coli DNA, LOD 12 CFU mL™" 338
multiple reaction chambers for Salmonella spp. in milk

S. typhimurium Colorimetric biosensor using bacteria-immune  Finger-driven mixing, LOD 168 CFU mL™", within 25 min 339
Au@Pt NP conjugates

E. coli O157:H7 Integrated biosensor chip based on the Finger-pressure actuation, LOD 10 CFU mL™", within 2.5 h 340
RPA-CRISPR/Cas12a reaction

Foodborne pathogens  Portable system and microfluidic cartridge with LOD 8 x 10°> CFU mL (Shigella). Validated with artificially 341
LAMP reaction wells contaminated food samples

Systems for viral and parasitic enteric pathogens

Human norovirus On-chip chamber digital RT-RAA for Sample partition (10 min), amplification (20 min). LOD 1 342
quantitative virus detection cRNA copy per pL

Norovirus (capsids and LFAs immunoassay based on dispersed particle  Virus detection at single copy level from water samples 344

intact viruses) aggregates

Rotavirus A Paper disc for nucleic acid extraction, LAMP LOD 1 x 10° virus copies per mL, within 30 min. Tested with 346
and readout with the naked eye clinical stool samples

Porcine enteric viruses  Multiplex colorimetric LAMP for visual Handheld operation of a fan-shaped chip. Testing <60 min, 347
detection of diarrhea-related viruses LOD of 100 DNA copies per pL

Porcine enteric viruses RT-LAMP 3D-printed microfluidic device LOD 10'-10® RNA copies per reaction, appropriate for 348

early-stage infection detection
Porcine enteric viruses ~ Multiplex RT-LAMP on LoaD Detection of 3 viruses, LOD 10'-10> RNA copies per uL, 1.5 h. 349
Clinical fecal samples tested

Murine norovirus Modular nucleic acid-based detection platform  LOD 10 PFU mg ™" within 30 min in fecal sample 350
with colorimetric detection

Giardia Giardia cysts purification using spiral inertial Recovery rates up to 75% from mouse feces with 0.75 mL 351

microfluidics
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enteric diseases are also a common problem in modern
swine farming and POC devices developed for veterinary
use could be suitable for adaptation to human samples
and diagnostic approaches.**® In the following, considering
the lack of literature on microfluidic devices specifically
applied to POC clinical diagnosis of human GTI, we will
extend our discussion to a selection of recent approaches
covering pathogen detection from foodborne or non-
human samples. Table 4 provides an overview of recent
approaches for GTI pathogen detection.

5.3 Microfluidic sample processing techniques

In the context of GTI diagnosis and gut microbiome
studies, fecal sample processing and extraction of
commensal or pathogenic Dbacteria colonizing the
gastrointestinal tract is an important issue.*** Sample
processing steps are critical aspects in the design of
realistic diagnostic POC strategies. A challenge of GTI
diagnostic workflows are specific problems related to the
complex matrix of stool samples involving high
variability of consistency, the presence of PCR inhibitors,
and possibly low target of analyte concentrations. Three
examples of microfluidic approaches emphasizing fecal
samples processing are cited here. One on-chip method
for liquefaction and homogenization of human stool
samples was based on piezoelectric actuation for
generating strong acoustic microvortex streaming and
sample mixing in a PDMS microchannel. Sharp
structures in the main channel enhanced the
microstreaming effect, whereas an array of narrow
parallel microchannels filtered large debris. The device
could be operated in continuous manner with a
throughput of 30 pL min.**' Kang et al proposed a
microfluidic  cartridge for automated nucleic acids
purification from fecal samples for POC diagnosis of
gastroenteritis or gut microbiome analysis. The cartridge
included a pre-treatment chamber for stool sample
homogenization by electromagnetic  actuation and
subsequent filtering. An air pressure system controlled
microvalve operation. The performance of the system
was evaluated using fecal samples spiked with C. difficile
or Enterovirus, as well as through metagenomics analysis
of clinical fecal samples of diseased patients.**> Mosely
et al. designed a sample introduction interface for on-
chip nucleic acid analysis and applied the method to
the detection of Helicobacter pylori from liquified stool
samples. The multi-chamber DNA purification chip
comprised a large chamber receiving liquid stool
samples and a final small elution chamber. Extracted
DNA was magnetically transported through
interconnecting trapezoidal microfluidic conduits filled
with an immiscible phase for filtration. DNA purification
and 40-fold pre-concentration was achieved within 7 min
from crude clinical stool samples.**?

This journal is © The Royal Society of Chemistry 2024
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5.4 Microfluidic devices for gastroenteric pathogen detection

Systems for bacterial enteric pathogens. Pryszlak et al
presented a high-throughput microfluidic droplet assay for
single-cell genetic assays of gut microbiome stool samples
(Fig. 5a). The microfluidic workflow, based on off-chip PCR
and subsequent droplet sorting, enabled -culture-free
microbial enrichment and high-quality genomic analysis
from rare target cells (<1%) in complex microbiome samples.
The method was applied to the endogenous gut species
Bacteroides vulgatus spiked into human stool samples,
demonstrating recovery of bacteria at a ratio as low as 1:
250.** Ma et al. designed a microfluidic device for the
identification of Campylobacter spp. and assessment of
antimicrobial susceptibility profiles. The bacterial sample
was distributed into 8 separated PDMS incubation chambers
containing chromogenic agar for colorimetric growth
detection. Campylobacter isolates from various agri-food food
models were used in this study. C. jejuni was detected in raw
milk (LOD 1 x 10*> CFU mL™", within 48 h), and
Campylobacter spp. in chicken meat (LOD 1 x 10* CFU, after
60 h). For on-chip multiplexed AST and multidrug resistance
testing, antibiotics were preloaded onto paper disks placed in
each incubation chamber, followed by adding chromogenic
agar and inoculation of bacterial suspension. C. jejuni
susceptibility profiles were accurately determined for three
types of antibiotics within 24 h.**

Geissler et al. designed a microfluidic cartridge installed in
a centrifugal device, enabling thermal activation, internal
pneumatic liquid pumping and valve control during rotation.
Thanks to this dual actuation protocol, all fluidic operations
for thermal lysis, PCR amplification and DNA microarray
hybridization were performed in a fully-automated fashion.
The system was validated for multiplexed detection of several
enterohemorrhagic E. coli serotypes. The workflow took less
than 2 h.**® Phaneuf et al combined ultrasensitive
immunoassays and isothermal amplification-based POC
detection for both protein and nucleic acid targets on a
portable centrifugal microfluidic platform. The panel of
toxins and bacteria included three enterotoxins (cholera toxin,
Staphylococcal enterotoxin B, and Shiga-like toxin 1) and three
enteric bacteria (C. jejuni, E. coli, and S. typhimurium). All were
detected with high sensitivity (LOD 1.35-5.50 ng mL ™" for
immunoassays and 1-30 cells for isothermal amplification,
<one hour). The system was capable of handling a complex
sample matrix like stool.>*” Zhang et al. performed LAMP of
four foodborne pathogens (E. coli O157:H7, Salmonella spp.,
S. aureus, and V. parahaemolyticus) on a paper-embedded
microchip. The device used centrifugal force for distributing
the sample in radially arranged reaction chambers. Paper
pads soaked by LAMP reagents were inserted in each
chamber. The device was tested with milk samples spiked
with Salmonella ssp. and on-chip DNA extraction on
polydopamine-coated paper (LOD ~12 CFU mL™).**®

Jin et al. developed a microfluidic biosensor for on-site
detection of S. fyphimurium from real pork samples (Fig. 5b).
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Fig. 5 a) Microfluidic workflow, microfluidic chip designs, microscope images of their use, and schematics of molecular mechanisms of a droplet
microfluidic platform for targeting individual cells from complex microbiome samples. (Top left) Droplet generation chip and photo of 39 um-
droplet generation with cells and reagents in oil. The arrow indicates the flow direction. Top center: Illustration of emulsion PCR in a thermocycler.
If the target DNA sequence is present, it allows the binding of biotinylated primers and probes, thus the synthesis of corresponding amplicons.
During strand extension, the TagMan probes are cleaved, releasing fluorescent molecules. (Top right) Droplet sorting chip design and microscopy
images. The microscopy pictures on the right show an emulsion before sorting and during sorting and the positive droplet enrichment post
sorting. Here, fluorescent droplets indicate the presence of the gut bacterium B. vulgatus inside the droplet. Multiple microscopy images of the
droplet sorting junction at different time points were overlaid and colored to demonstrate droplet flow-traces. In the right image, a small black
arrow indicates the location of the nearby sorting electrode, and a bright green spot indicates the upstream location of fluorescence detection.
The scale bars are 100 um. (Bottom) Illustration of the removal of abundant amplicons with biotin-binding streptavidin beads (after pooling the
sorted positive droplets) to purify genomic DNA for sequencing library preparation. Library preparation further involves whole-genome
amplification (WGA) after binding adapter primers to the randomly broken genomic DNA fragments, followed by DNA fragment size selection. b)
Schematic of the operation of a microfluidic biosensor chip for Salmonella detection. (i) The principle of this biosensor is based on the use of
gold@platinum nanoparticles for specific bacterial labeling, a finger-driven mixer with two serial air chambers for efficient immunoreaction and a
nuclear track membrane to be used as microfilter for bacterial isolation from the complex sample. (ii) Layout of the microfluidic chip. ¢) Schematic
workflow, setup, and application of using an inertial microfluidic device to separate Giardia from a turbid fecal sample containing various sizes of
contaminants [a) reprinted with permission from ref. 334, ©2021 Elsevier; b) reprinted with permission from ref. 339, ©2022 Elsevier; c) reprinted
with permission from ref. 351, ©2022 AIP Publishing].

1462 | Lab Chip, 2024, 24, 14411493 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00117f

Open Access Article. Published on 19 February 2024. Downloaded on 11/18/2025 11:56:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

The device used finger-pressure air chambers for fluidic
handing and a chamber for active on-chip mixing for forming
Salmonella-immune Au@Pt nanoparticle conjugates. Sample
concentration and colorimetric smartphone detection in
H,0,-TMB substrate was carried out in a dedicated chamber.
The device enabled Salmonella detection down to 168 CFU
mL™ in 25 min.**® Also Shang et al. developed a microfluidic
cartridge with finger-pressure pneumatic actuation for fluidic
manipulation. This device detected E. coli 0157:H7 from 10>
to 10° CFU mL™" in 2.5 h with a LOD of 10 CFU mL™". The
workflow on the fully integrated device included
immunomagnetic microbial separation, nucleic acid
extraction and signal detection based on the RPA-CRISPR/
Cas12a reaction. Spiked and real food samples were tested
for system validation.**° A 10-well microfluidic chip was used
by Cao et al for the detection of multiple foodborne
pathogens (Salmonella, S. aureus, E. coli O157:H7, and
Shigell). Each reaction well was pre-loaded with lyophilized
LAMP primers prior to multiplex on-chip LAMP with a LOD
reaching reached 8 x 10> CFU mL™" and an assay time of 45
min.**!

Systems for viral and parasitic enteric pathogens. Qin
et al. implemented a digital nucleic acid amplification assay
for norovirus detection in microfluidic chip format. The chip
consisted of an array of 5120 nL-volume chambers that hold
the partitioned samples and reaction components.
Amplification occurred only in microchambers containing
intact RNA templates thus detection was possible by simple
end-point counting. On-chip recombinase-aided
amplification (RT-RAA) was carried out at 39 °C for 20 min
with a LOD of 1.02 copies per pL for coding RNA (cRNA)
templates in buffer. The clinical performance was tested with
stool samples after off-chip nucleic acid extraction.*** In
another approach for norovirus detection an electrochemical
aptasensor was integrated in microfluidic chip comprising
microfilters and a sensing zone with screen-printed carbon
electrodes functionalized with ferrocene tagged aptamers. A
LOD of 100 pM with a detection range from 100 pM to 3.5
nM for recombinant norovirus-like particles in buffer was
achieved.*"?

Chung et al. proposed a paper-based norovirus POC assay
combined with a smartphone fluorescence microscope.
Norovirus solution and anti-norovirus fluorescent polystyrene
particle suspension were successively added directly to the
mainchannel of the pPAD from where they spread by
capillary action and aggregated. The extent of particle
immune-aggregation  correlated to  the
concentration, enabling sensitive detection down to the
single virus copy level, thus omitting the need of sample
concentration or nucleic acid amplification steps. This
protocol was also evaluated with field water samples. The
LODs were 1 genome copy per pL in DI water and 10 copies
per uL in reclaimed wastewater, respectively (assays time <20
min).***?** Ye et al. used simple equipment-free glass fiber
paper discs for rotavirus A DNA extraction, LAMP
amplification and visual readout for POC diagnosis with the

norovirus
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naked eye. The circular sample area of the paper disc was cut
out and placed in a micro-well chip for the LAMP reaction
and colorimetric detection. The time from sample to answer
was <30 min with a LOD of 1 x 10° viral copies per mL. The
device performance was evaluated with stool samples from
pediatric diarrhea patients.**

A handheld PMMA microfluidic chip was designed for
simultaneous colorimetric detection of four swine enteric
viruses. DNA was extracted from the blood of the virus-
infected swine and pipetted into the on-chip LAMP reaction
chambers. To perform the LAMP reaction, the microfluidic
chip was sealed and heated to 65 °C in a water bath for 60
min. The LOD of this simple POC device was 100 genomic
viral DNA copies. The performance of the chip assay was
comparable to commercial real-time PCR test kits.>*” Another
portable, 3D printed microfluidic device enabled multiplexed
detection of porcine enteric viruses by real time RT-LAMP
within 30 min and an analytical sensitivity of 10-100 genomic
copies per reaction.**® Likewise, a microfluidic LAMP lab-on-
a-disc enabled multiplex detection of a panel of viral porcine
enteric pathogens from clinical fecal swine samples with
analytical sensitivities in the range of 1 x 10" copies per uL to
1 x 10> RNA copies per uL within a total processing time of
1.5 h.**® Murine norovirus from fecal samples was detected
using a foldable POC microfluidic chip module. Process steps
included virus concentration by means of graphene oxide
coated glass microbeads, lysis and RNA hybridization with
colorimetric detection after an additional on-chip signal
separation step. The detection sensitivity was 10 PFU mg™"
feces with an assay time of 30 min.**°

Giardia is a small about 10 um long parasite that causes
diarrheal disease. Ding et al. designed a spiral microfluidic
device to separate Giardia or other gastrointestinal pathogens
from turbid samples, such as mouse fecal samples, by means
of inertial microfluidics (Fig. 5c). The device provided a
simple sample preparation method for bright-field
microscopy diagnosis, achieving 75% Giardia recovery rate
and 95% debris removal rate at a flow rate of 0.75 mL
min~".**" Another lab-on-a-disk device for parasite detection
in stool sample was used for concentrating parasite eggs and
removal of sample debris.***

6 Bloodstream infection and sepsis

6.1 Scope and common pathogens

Microbemia, or more specifically bacteremia, occurs when
bacteria enter the bloodstream via the lymphatic system from
sites of local infection in the body or via disrupted skin and
mucous membrane. Bacteremia may be asymptomatic if
viable bacteria can be rapidly removed by activation of
immune response. However, if bacterial invasion persists and
proliferates, e.g. due to high pathogenicity of the microbes or
a weakened immune system, the bloodstream infection (BSI)
leads to bacteria accumulation in other locations of the body,
including artificial devices (such as implants or catheters),
causing remote infections and possibly a serious systemic
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inflammatory response called sepsis. Sepsis is a major global
health threat with a high incidence and mortality.>*> A WHO
report (released in 2020) indicates an estimated 49 million
cases and 11 million sepsis-related deaths in 2017,
accounting for approximately 20% of all-cause deaths
globally.*** Sepsis can be defined as life-threatening organ
dysfunction caused by a dysregulated host response to
infection. Septic shock, triggered by dangerously low blood
pressure, results in organ failure with a higher risk of
mortality. Sepsis is characterized by significant alterations of
clinical, laboratory and hemodynamic parameters due to
circulatory and cellular/metabolic dysfunction.*>>” Sepsis
can be considered as a biphasic syndrome, with the initial
phase being characterized by overactivation of the
inflammatory response (cytokine storm) followed by a second
phase of persistent immuno-suppression where patients are
strongly exposed to reoccurring primary or secondary
infection with high risk of fatal outcome.**”~*>°

Pneumonia is the most common primary site of infection
associated with sepsis, followed by bacteraemia without
specific primary infection site location, UTIs and
intraabdominal infection.>**?® Quantitative blood cultures
indicate extremely low numbers of circulating bacteria in
septic adults (typically a few tenths of bacteria per mL of
blood), whereas bacterial counts may be significantly higher
in neonates and children (up to 100-1000 CFU mL™).*%°
Predominant bacterial species are staphylococci (S. aureus, S.
epidermidis, S. pneumonia), Pseudomonas (P. aeruginosa),
Enterobacter (E. coli), Klebsiella and Acinetobacter.>>>3>¢31
Methicillin-resistant S. aureus (MRSA) was identified in about
10% of culture-positive patients in intensive care units.*** In
the particular context of sepsis/sepsis shock fast
antimicrobial treatment can be life-saving. For this reason,
administration of broad-spectrum antibiotic as soon as
possible, ideally within 1 h after the outbreak of symptoms,
remains a strong recommendation in sepsis management.*®

6.2 Methods and technologies for sepsis diagnosis and
related reviews

G. Lippi introduced current strategies and their limitations
for early sepsis diagnosis.’®® The conventional culture-based
workflow from incubation to pathogen identification is very
time-consuming (typically in the range of 2 to 7 days) and
additional subculture steps are needed for phenotypic AST.***
MALDI-TOF applied after positive BCs has significantly
accelerated the pathogen identification process.*®® Culture-
independent molecular techniques using blood samples
directly have been developed with an estimated reduction of
the time to result to 6 from 48 h. Furthermore, array
approaches enable multiplexing and identification of panels
of relevant pathogen targets.*****® Examples for commercial
microfluidic systems include the Xpert® MRSA/SA Blood
Culture assay (Cepheid, USA) that was designed for
identification of methicillin-resistant S. aureus (MRSA) on a
benchtop PCR system (GeneXpert®, Cepheid, USA). Time-to-
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result is 1 h after positive blood culture.*®” The BioFire®
FilmArray® Blood Culture Identification panels (BCID2)
(BioFire® Diagnostics, USA) tests for 43 BSI targets (bacteria
and antimicrobial resistance genes). Results are also available
in 1 h from positive BC.>*> The ePlex® system (GenMark
Diagnostics, USA) takes advantage of an integrated assay
based on droplet microfluidics, multiplex PCR amplification
and electrochemical detection. The Sepsis Flow Chip® (Vitro/
Master Diagnostica, Spain) detects a large panel of bacteria,
fungus and antibiotic resistance genes. The multiplex PCR
microarray is implemented in the 3D environment of a
porous membrane enabling improved flow-through
interaction of the DNA samples with immobilized probes.*®®
The abioSCOPE® POC platform detects an early protein
biomarker of sepsis (pancreatic stone protein). The
immunoassay-based system takes advantage of nanofluidic
technology to accelerate molecular interactions, with test
results obtained in a few minutes (Abionic SA, Epalinges,
Switzerland).**®

A host of review articles covers the field of BSI diagnostics.
Peker et al. provided an exhaustive overview of commercially
available methods for the identification of microorganisms
and detection of antimicrobial-resistant genes from positive
blood cultures or directly from whole blood, respectively.*®*
Peri et al reviewed culture-independent BSI detection
systems.*®® Sinha et al also outlines the limitations of
routine blood culture testing and discusses emerging
molecular technologies.*”® Jyoti et al. emphasized POC
sensor-based methods for diagnosis of neonatal sepsis
(including microfluidics).*”* Zhang et al. more specifically
focused on microfluidics for sepsis diagnosis.*’> POC
technologies were discussed by Oeschger et al, including
pathogen removal devices and commercial systems for BSI
detection.?”? Other reviews on biosensors for BSI diagnostics
have been elaborated by Kumar et al. or Tsounidi et al,
respectively, including microfluidic approaches.”’**”> Liu
et al. reviewed detection of bacteria and sepsis-related
biomarkers with aptamer-based biosensors.’”® Pilecky et al.
investigated pathogen enrichment from human whole
blood,?”” and also Burklund et al. looked into microfluidics
tools for organism isolation from whole blood.*”® In an
earlier review, Li et al. discussed paper microfluidics for
blood analysis from a more general perspective.””® In the
following, we will explore different microfluidic approaches
related to BSI and sepsis diagnosis. Table 5 provides an
overview of selected recent systems.

6.3 Microfluidic devices for isolation and detection of sepsis-
causing pathogens in whole blood

Blood is a complex matrix that often compromises direct
application of molecular methods for pathogen detection, for
instance due to the presence of PCR inhibitors or abundant
interfering human DNA.**° Moreover, detection of extremely
low pathogen concentrations encountered in clinical BSI/
sepsis (as low as 1-10 bacteria per mL) in a background of
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Table 5 Selection of microfluidic or biosensor devices for BSI diagnostics

View Article Online

Tutorial review

Analyte Device and assay principle Performance indications Ref.

Detection and AST of sepsis-causing pathogens in whole blood

Sepsis-inducing Micro-PCR chip with membrane-based Rapid isolation of bacteria from blood by stirring-enhanced filtration 380

bacteria filtration module and PCR within 4 h

Engineered E. coli Droplet digital PCR for rapid bacterial 3D droplet counter enabled high throughput (assay time 1 h, LOD 10 381

strains, clinical detection and AST in 10% whole blood CFU mL™"). Applicable for a wide range of antibiotic resistance genes

isolates

E. coli, K. Culture-free detection and phenotypic ~ RBC depletion via dextran sedimentation. AST in <2 h. LOD 1-10 382

pneumoniae, E. AST by single-cell trapping CFU mL™

faecalis, S. aureus

Biomarker detection related to sepsis diagnosis

PCT, CRP, cytokines ~ Multiplexed electrochemical biosensor ZnO/Au electrodes enhanced sensitivity. LOD of 1 pg mL ™", <5 min.  383-386
for rapid sepsis endotyping Validation with clinical samples

PCT, CRP Sensor microarray for LOD 21 pg mL™" for PCT and 36 pg mL™" for CRP. Clinically relevant 387
nanoparticle-enhanced plasmonic PCT levels in <15 min
detection

CRP, NP Immunoassays in microchannels with LOD 10 ng mL ™" for CRP and 2.1 ng mL™" for spiked serum. Assay 388
integrated optical detection time 20 min

PCT On-chip electrokinetically driven LOD 0.04 ng mL™" for PCT, time <20 min 389
electrochemical immunoassay

CRP ELISA on a sliding-strip 3D uPAD Detection range 1-100 pg mL™" in undiluted blood 390

IL-6 Plasmonic immunosensor on paper Portable device with smartphone detection. LOD 0.1 pg mL ™", within 391

17 min

IL-6 Differential electrical counting of LOD 127 pg mL ™", within 5 min 392
modified beads

Cell-free DNA Simple thread-based silicone tube cfDNA quantification (1-3 pug mL™") spiked in plasma within 20 min 393
device

Sepsis diagnosis based on alterations of leucocyte properties

Neutrophils Measurement of spontaneous motility Machine-learning-based sepsis scoring validated with clinical samples 394
in a channel array/maze chip

Leukocytes Inertial cell sorting and isodielectric Continuous sepsis monitoring based on detecting 395
cell profiling activated/inactivated leukocytes

Leukocytes Hydrodynamic interactions of immune Label-free immune profiling assay from unprocessed blood using 396
cells with an on-chip pillar-array shaped pillars, 15 min

Leukocytes Microfluidic assay for combined CD64 Total analysis time 2 h. Assay validation with clinical samples 397,
and CD69 cell capture 398

Neutrophils Quantification of CD64 expression by =~ Multivariate regression using artificial neural networks. Validation 399

cell capture and differential counting

blood cell concentrations that are orders of magnitude higher
(RBCs ~10° per mL; platelets ~10® per mL; leukocytes ~10”
per mL) is extremely challenging.’”® Sample preparation and
pathogen enrichment therefore remains an important issue
for implementing sepsis diagnosis strategies with high
sensitivity.’””*’® Kalyan et al recently addressed inertial
microfluidics enabling clinical research and blood cell/
pathogen separation.’”’ In an earlier review, Pitt et al.
considered various methods, including microfluidic
approaches, for rapid separation of bacteria from blood, with
emphasis on devices that are designed for processing mL-
quantities enabling detection of extremely low pathogen
concentrations.*”® In the following, we present a selection of
devices using different methods for bacteria isolation from
blood cells for on-chip or off-chip detection.

Fang et al. developed a PDMS microfluidic device for
isolation and early detection of sepsis-causing bacteria
directly from whole blood (Fig. 6a). The microfluidic chip
assembly comprises different modules, namely (i) a
pneumatically-actuated stirring-enhanced blood filtration

This journal is © The Royal Society of Chemistry 2024

with clinical samples

module for extraction of bacteria-laden plasma, (ii) an
adjacent chamber for bacteria capture on magnetic beads,
and (iii) a micro-PCR module with four on-chip PCR
chambers. Active on-chip micromixing prevented clogging of
the filter membrane by the blood matrix and efficient
bacteria isolation. Multiplex detection of relevant pathogens
(E. coli, K. pneumoniae, P. aeruginosa, S. epidermidis and S.
saprophyticus) was achieved within 4 h (LOD of 10 CFU mL™
for the on-chip PCR reaction).*®* Ohlsson et al. proposed a
semi-integrated microfluidic method for bacteria detection
from blood by preforming successive assay steps in
connected devices. The process started with differential
separation of bacteria from blood cells by on-chip
acoustophoresis in a straight microchannel. The channel
acted as ultrasonic resonant cavity in which blood cells
migrate laterally and focus into a central stream, whereas live
bacteria in plasma could be recovered from the off-center
fluid fractions. The bacteria-containing plasma was then
further processed in a glass capillary by acoustic-assisted
bacteria trapping/enrichment on polystyrene particle clusters.
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Fig. 6 a) (i) Exploded view of an integrated microfluidic chip for early detection of sepsis-inducing bacteria, featuring a stirring-enhanced filtration
module, a bacteria-capturing module, and a micro-PCR module. (ii) The chip was equipped with microfluidic components (e.g. micro-stirrers,
micro-pumps, micro-mixers, micro-valves, & microchambers). A magnet was placed underneath the micro-mixer for bead collection (not shown),
and a thermo-electric cooler was placed under the four microchambers for PCR thermocycling (not shown). Microchambers for positive and
negative PCR controls were also incorporated. EC, KP, PA, SS and SE stand for E. coli, K. pneumoniae, P. aeruginosa, S. saprophyticus, and S.
epidermidis, respectively. (iii) Photograph of the integrated microfluidic chip. b) (i) Illustration of acoustic separation of bacteria from blood. A
sample of bacteria and blood flows in the side inlets in laminar flow while a density-matched buffer flows in the center inlet. Acoustophoresis
causes the blood cells (red and white blood cells) to migrate laterally toward the center of the channel and out the center outlet, while bacteria
respond weakly to the acoustic field. This differential is the basis of isolation from blood cells. (ii) lllustration of the luminescent bacteriophage
assay. Bacteriophage modified to incorporate a reporter luminescent protein are added to the blood sample and infect the target bacteria, using
the host bacteria's machinery to amplify the reporter. Within one hour of incubation, a complementary substrate is added to induce the
luminescent signal generation, which is recorded with a luminometer. c) Portable digital nanoparticle-enhanced plasmonic imager for biomarkers
detection. (i) PCT and CRP, which are blood-circulating protein biomarkers secreted by the host body in response to systemic inflammation, are
detected. A single-step bioassay directly in human serum enables rapid molecular results, critical for the early diagnosis of sepsis, by detecting
individual Au nanoparticles (NPs) binding to the Au nanohole array (NHA). (ii) Prototype reader developed for highly sensitive and multiplexed
detection of biomarkers. The device uses a CMOS camera and a narrow-band LED source to record the transmitted images from a nanoplasmonic
chip. (iii) SEM image of an Au-NHA area after a bioassay showing the bound NPs. Inset shows a single nanoparticle bound inside a nanohole. (iv)
Plasmonic image of the Au-NHA area with bound nanoparticles. The binding of Au-NPs on Au-NHAs causes local transmission suppression
through distortion of plasmonic excitations in the Au-NHA and can be digitally detected using far-field imaging. The inset shows a normalized
intensity contrast induced by a single nanoparticle trapped in a nanohole. d) Schematics of experiment and immune profiling workflow using
deterministic lateral displacement (DLD) assays using L and L™ pillar shapes for sorting. The whole blood DLD assay proceeds by loading the blood
into the sample reservoirs of the PDMS DLD device which is used to simultaneously sort and measure the distribution of cells across the output
region allowing size frequency distribution analysis. The device consists of two additional buffer reservoirs that sandwich the sample stream
resulting in a precise injection of sample into the DLD region. The DLD region is composed of 21 DLD segments corresponding to 21 step
measurement resolution ranging from size 6.0 to 16.0 um in steps of 0.5 um. The streams in input and output regions are in pseudo-color to show
the differences between input and output. Scale bar is 200 um [a) reproduced from ref. 380 with permission from the Royal Society of Chemistry;
b) reproduced from ref. 404 with permission from the Royal Society of Chemistry; c) reprinted with permission from ref. 387, ©2020 John Wiley
and Sons; d) reprinted with permission from ref. 396, ©2021 John Wiley and Sons].
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Finally, bacteria were detected on a disposable PCR chip. A
LOD of 1000 bacteria per mL was achieved within <2 h (P.
putida spiked into whole blood)."”* Dow et al used
microfluidic  acoustophoretic separation and off-chip
detection based on bacteriophage luminescence as optical
reporter of the bacteria concentration (Fig. 6b). The system
achieved a 40-60% recovery yield for concentrations from 10”
to 10° CFU mL™" (P. aeruginosa, E. coli, or S. aureus spiked in
diluted whole blood). Acoustic purification resulted in a 33-
fold LOD improvement of the bioluminescence assay.*®*
Microfluidic dielectrophoresis or elasto-inertial microfluidics
are other techniques that have been explored earlier for label-
free isolation of bacteria.

6.4 Systems based on single-cell detection enabling fast AST
in whole blood sample

Abram et al. implemented a digital one-step blood droplet
PCR assay on a rapid diagnostic platform. Unprocessed whole
blood samples spiked with target pathogens were mixed with
reagents enabling inhibitor-resistant PCR and then
compartmentalized  on-chip.  High-throughput droplet
generation was achieved with four flow-focusing units in
parallel. Subsequently, the blood droplets were collected for
off-chip PCR and 3D volumetric fluorescence detection for
digital target quantification. The assay achieved an analytical
sensitivity of 10 CFU mL™" within <1 h (10% blood spiked
with an antibiotic resistant E. coli model strain containing
the synthetic blacrxao target gene). The applicability of the
technology for rapid diagnosis of BSI was demonstrated with
clinical isolates that have been interrogated for different
molecular targets, including antibiotic resistance molecular
markers.*®"  Forsyth reported a culture-free sample
preparation and Dbacteria enrichment workflow for
microbiological analysis of BSI and phenotypic AST by single-
cell observation. Dextran sedimentation was used for efficient
depletion of erythrocytes in whole blood spiked with
clinically relevant bacteria (E. coli, K. pneumoniae, E. faecalis,
and S. aureus). A centrifugation step was incorporated to
enrich the sample. Subsequently, dextran-isolated bacteria
were trapped in narrow microfluidic channels for single-cell
detection and phenotypic AST based on bacteria growth
dynamics upon exposure to different antibiotic
concentrations. The workflow took less than 2 h and was
performed with a clinically relevant pathogen concentration
(10 CFU mL™).*%?

6.5 Biomarker detection for diagnosis of sepsis

A major challenge is to identify reliable biomarkers or
combinations enabling rapid sepsis diagnosis and prognosis
of outcome. As sepsis is an inflammatory syndrome involving
numerous cellular processes most of the currently used
biomarkers are not specific but may be indicative for other
infectious conditions. The panel of relevant sepsis
biomarkers has been reviewed by Pierrakos et al. and Biron
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et al., for instance.’®>%® Reviews on biosensors also include
discussions of biomarkers in sepsis diagnostics.*”**”>

Two important sepsis-related biomarkers are C-reactive
protein (CRP), a non-specific marker for acute immune
response, and procalcitonin (PCT), a clinically relevant
biomarker of sepsis diagnosis at early stages. Tanak et al
developed a dual-marker non-faradaic electrochemical
impedimetric biosensor for the detection of sepsis. Zinc
oxide coating of the interdigitated Au electrodes provided
enhanced sensitivity. The choice of biomarkers, i.e. the early
sepsis marker PCT and the late onset marker CRP, was
expected to be useful for evaluating the severity of infection.
Detection in whole blood with LODs of 0.10 ng mL™" for PCT
and 0.10 mg mL™" for CRP, respectively, was reported.’®
Further sensor array integration for monitoring five cytokines
by means of a handheld electrochemical reader enhanced the
capability of rapid POC sepsis endotyping (LOD 1 pg mL ",
results available in <5 min from a single drop of undiluted
plasma).*®** Subsequently, the system was validated by cohort
studies with clinical samples.’®>**¢  Belushkin et al
developed a digital nanoparticle-enhanced plasmonic imager
for rapid and sensitive detection of CRP and PCT (Fig. 6¢). A
plasmonic gold nanohole array (Ti/Au film with 200 nm holes
on a silica substrate) enabled detection of single Au
nanoparticle (NP)-labeled molecules by means of a portable
optical reader. The functionalized AuNP suspension mixed
with blood serum was directly injected in the detection
chamber of the microfluidic cartridge. Multiplexing was
achieved by bioprinting different capture antibodies on the
sensor array. The system showed very high sensitivity with
LODs of 21 pg mL™" for PCT and 36 pg mL™" for CRP,
respectively. Clinical validation with patient blood serum
demonstrated that PCT levels typical for sepsis can be
monitored in <15 min.**’

Giannetti et al. implemented immunoassays for multiplex
optical detection of CRP and neopterin (NP) on a multi-
channel microfluidic flow cell in a sepsis diagnostic device.
Combined measurement of both non-specific markers is
expected to improve early diagnosis of systemic infection. A
LOD of 10 ng mL ™" for CRP and 2.1 ng mL™" for NP (spiked
in human serum) was achieved, respectively, with a total
assay time of 20 min.**® Molinero-Fernandez et al. combined
a PCT magneto-immunoassay format with flow-based
electrochemical on-chip detection. The immunocomplex was
injected in a cross-channel microfluidic chip and retained in
the main channel while an enzymatic substrate was
electrokinetically driven over the magnetic bead plug for
downstream in-channel amperometric detection (LOD of 0.04
ng mL™' for PCT standard solutions, analysis time <20
min).*®® Verma et al. implemented a CRP ELISA assay in a
microfluidic sliding-strip paper device. The paper strip,
which contains the sensing area, was inserted in a functional
dock, built up from multiple wax-patterned paper layers,
defining the fluidic operations and for storage of dry
reagents/detection antibody. The strip receives the blood
sample at the initial position and is then moved further step-
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wise under successive reaction areas to perform the
colorimetric ELISA assay. This simple device could be
suitable for diagnosis of suspected neonatal sepsis, in
particular in resource-limited setting.**° Kim et al. designed a
microfluidic cartridge that incorporates an immuno-flow
strip with colorimetric read-out for on-site sepsis diagnosis.
The hybrid biosensor was designed for conducting a
biochemical analysis (lactate assay) and immunoassays (PCT
and CRT) simultaneously on the same membrane strip. In
contrast to conventional LFAs, a 2D crossing flow protocol
was implemented to perform the immunoassays.*®”

A plasmonic immunosensor for rapid detection of sepsis
biomarkers in unprocessed blood, in this case the interleukin
proinflammatory marker (IL-6), was proposed by Alba-Patino.
Quantification of the colorimetric nanoprobe signal on a
simple filter paper substrate was done in real time by means
of a smartphone (LOD 0.1 pg mL ™", recombinant human IL-6
in buffer, within 17 min).*** Valera et al. used latex beads
carrying the IL-6 biomarker that selectively binding to
functionalized pillars in a capture chamber. On-chip coulter
counting provided a measure for the IL-6 concentration (LOD
127 pg mL™, within 5 min).>*> A POC integrated magneto-
electrochemical biosensor platform for sepsis diagnosis
produced test results within 1 h from blood samples and
detected IL-3 at a sensitivity of <10 pg mL™.*%®

The content of circulating cell-free DNA (cfDNA) in plasma
has been considered as an indicator for possibly sepsis
fatality. Damodara et al. proposed a very simple microfluidic
approach for low-cost POC detection of cfDNA. Sample and
DNA-binding fluorescent dye were loaded into a silicone tube
(length 1 cm) with twisted polyester threads and mixed by
squeezing, prior to incubation and imaging. Quantification
of ¢fDNA spiked in plasma in the range of 1-3 pg mL™" was
demonstrated, possible suitable to identify sepsis patients at
high fatality risk.***

6.6 Sepsis diagnosis based on alterations of leucocyte
properties

Microfluidic assays that analyse biochemical or biophysical
properties of white blood cells have been developed as a tool
for sepsis diagnosis. Neutrophils play an essential role in the
response of the innate immune system.**® Babatunde et al.
reviewed microfluidic devices that have been designed to
investigate complex neutrophil migration behaviors.**°

Ellett et al developed a microfluidic device for
investigating  sepsis-specific ~ spontaneous  migration
signatures. The chip comprises RBC filters, an array of
narrow neutrophil migration channels for measuring motility
parameters and mazes allowing spontaneous binary changes
of direction. Neutrophil track analysis and a machine-
learning leveraged sepsis scoring system enabled accurate
diagnosis of sepsis with clinical blood samples.*** Jeon et al.
designed an integrated platform comprising two subsystems,
namely (i) a multidimensional double-spiral microfluidic
device for inertial isolation of leukocytes from peripheral
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blood, and (ii) an isodielectric separation chip for subsequent
discrimination of activated/inactivated leukocytes based on
dielectric cell properties. The authors demonstrated that
leukocytes from septic and healthy human subjects could be
discriminated.>®> Zeming et al proposed a microfluidic
approach for monitoring rapidly changing host inflammatory
response and severe immune response signatures, as occurs
in acute septic conditions (Fig. 6d). For this purpose, an
unprocessed blood sample was flushed through arrays of
specifically designed pillars, enabling very rapid (15 min)
profiling of immune response based on hydrodynamic
interactions and sensing of biophysical signatures of white
blood cells (size and deformability).>*®

A microfluidic chip developed by Zhou et al took
advantage of multiple affinity capture regions. Leukocytes
with upregulated CD64 or CD69 expression levels due to
inflammation or sepsis were retained in the flow channels by
immunoaffinity on the functionalized sections. The
interaction between cells and the substrate was increased via
secondary flow patterns induced by herringbone structures in
the channel.**”® This assay builds on an earlier approach
for capture of CD64+ cells only.*'’ Hassan et al also
proposed a microfluidic device for quantification of CD64
expression on neutrophils. The chip comprises two inlets for
whole blood and RBC lysing buffer, respectively. Leukocytes
transported downstream through an anti-CD64
functionalized chamber enabling differential immunoaffinity
counting of CD64+ cells.>?>*!?

were

7 Sexually transmitted infections

7.1 Sexually transmitted pathogens and diseases

Sexually transmitted infections (STIs) are generally spread
through unprotected activity, whereas other
transmission modes, for instance during pregnancy, child
birth or through contact with infected body fluids, in
particular blood, are possible. STIs have a profound impact
on health and represent a major global burden for the public
health system.*"* More than 30 different pathogens can cause
sexually transmitted diseases and over 1 million STIs are
acquired every day worldwide (WHO STIs factsheet 2023).*™*
The four most common STIs are: chlamydia, a bacterial
infection mainly caused by the species Chlamydia trachomatis
(CT),"*> gonorrhea with Neisseria gonorrhoeae (NG) as
bacterial causative organism,*'® trichomoniasis provoked by
the protozoan parasite Trichomonas vaginalis (TV),""” and
syphilis, which is due to infection with the bacterium
Treponema pallidum (TP).*'® These STIs are often
asymptomatic or show non-specific symptoms, as a
consequence most infected patients do not seek medical
treatment. These diseases are actually curable with
antimicrobial treatments, however, if untreated,
impact on health may occur, including neurological and
cardiovascular disease, infertility, stillbirths, and an
increased risk of human immunodeficiency virus (HIV)

sexual

serious
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infection.”'® Rapidly increasing antimicrobial resistance is a
growing threat for untreatable gonorrhea.**’

Most important currently incurable viral STIs or related
causative pathogens are:*'* hepatitis B virus (HBV),**" genital
herpes simplex virus (HSV),**> HIV/AIDS*** and human
papillomavirus (HPV).*** Hepatitis, in particular types B and
C, leads to chronic disease such as liver cirrhosis and liver
cancer. WHO estimates that 296 million people were living
with chronic HBV infection in 2019, resulting in an estimated
820000 deaths, even though vaccines are available to prevent
fatal outcome.**>**® Diagnostic devices focusing specifically
on hepatitis C viruses (HCV) will be included in this section,
even if transmission generally occurs by infected blood
samples (e.g. by sharing syringes for drug injection) and not
by sexual intercourse. Acquired immunodeficiency syndrome
(AIDS) is a potentially life-threatening condition caused by
HIV that continues to be a major global public health issue
with an estimated 39.0 million people living with HIV
infection at the end of 2022.*" HIV attacks the body's
immune system, specifically white blood cells (CD4 cells),
thus increasing the risk of morbidity through co-
infections.*'® HIV, as well as HSV, generate lifelong
infections, but efficient antiviral therapies may suppress the
viral load sufficiently to maintain manageable chronic
conditions.**”**® Vaccines against HPV have been developed
to prevent HPV-associated cancers, in particular cervical

cancer.**

7.2 Current STI diagnostics landscape and recent reviews

Diagnostic procedures to detect STIs include both direct and
indirect methods based on various samples, including blood,
urine, and vaginal or endocervical swabs. Direct pathogen
detection, like pathogen culture, antigen tests or nucleic acid
tests can be used to examine localized and acute infections.
On the other hand, antibody response to infection may
become detectable only after weeks to months, thus are more
suitable for diagnostic evaluation of chronic infection or the
patient's actual immune status.**° Rapid LFA STI diagnostic
tests for antibody/antigen detection are available, such as
syphilis treponemal antibody tests (for instance Syphilis
Health Check™, Diagnostics Direct, USA).**' These tests have
limited sensitivity but deliver qualitative results in less than
30 min at the POC. NAAT-based commercial systems have
been developed or adapted for POC STI diagnostics. As an
example, Xpert® microfluidic PCR assays running on the
GeneXpert® system have been designed for sexual health
testing, including CT/NG and TV assays, as well as tests for
viral STIs (including HIV, HBV/HCV and HPV). The Bosch
Vivalytic STI PCR test can reliably analyse a patient sample
for ten different pathogens at once. A urine sample or a
urogenital swab is used as the sample type, results are
available in 30-90 min.""”> Another promising approach is the
Visby Medical Sexual Health Test (Visby Medical, USA), which
is a rapid (results within 30 min), handheld and easy-to-use
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PCR device with excellent sensitivity and specificity for CT,
NG and TV detection.**?

Cristillo et al. reviewed the frame of POC STI diagnostics
from a larger perspective, including current and emerging
technologies, clinical and public health benefits and other
aspects,”® whereas Wi et al. discussed challenges of STI
diagnosis in resource-constrained settings."** Caruso et al
compared current STI laboratory diagnostic tools with respect
to performance, applicability, and adaptability to POC
format."*® Toskin et al. looked at the state of STI POC testing
technologies and the implications for health system
integration.**® Discussions including commercial POC
systems for STI testing, in particular for the four major
curable STIs and HIV, have been provided by Adamson et al.,
Gaydos et al. or Hsieh et al., for instance.”*”**° Hsieh et al.
also investigated the gap of near-POC NAAT devices and the
requirement to move to real POC applications. Thakur et al.
recently reviewed high-performance biosensing systems for
STI diagnostics,**® and Farokhzad et al analyzed progress
towards POC platforms from a materials chemistry-enabling
perspective.**’ Other reviews by Tharakan et al., Pai et al. or
Eid et al. focused on novel technologies for HIV diagnostics,
including nanotechnology and microfluidics.***™*** Xiao et al.
provided an overview of POC tests for hepatitis B,**> other
reviews addressed more specifically HCV diagnosis via
microfluidics or biosensors for hepatitis diagnostics (HBV
and others).*****” Nath et al. discussed laboratory and POC
techniques for diagnosis of HSV infections.**®

Even if a wide range of STI diagnostic tools is currently
available, high actual incidence rates of STI, emergence of
antimicrobial drug resistance and the requirement of
extended screening campaigns in low and middle-income
countries motivate the development of new truly POC
diagnostic devices with high sensitivity and short time-to-
result. In the following we will discuss a selection of recent
microfluidic and biosensor developments for STI diagnosis.
Table 6 provides an outline.

7.3 Microfluidic systems and assays for HIV/AIDS diagnostics

In clinical settings, HIV/AIDS disease progression is
monitored by CD4 counts,*® whereas p24 viral capsid
protein  antigen immunoassays or antigen/antibody
combination assays are used for detecting acute HIV
infection.’®® NAAT-based RNA detection allows quantification
of the viral load and early detection of infection. Trick et al.
proposed a filtration-assisted magnetofluidic blood-to-PCR
workflow for HIV RNA detection from blood (Fig. 7a).**° As
described below, a similar approach was also used for other
pathogens.*®>*%” In the present case, viral HIV particles were
extracted from a droplet of whole blood by means of a
filtration module and collected in a vial for lysis and RNA
capture on magnetic beads. Subsequently, the filtered plasma
mixture was loaded into the assay cartridge and inserted in
the magnetofluidic qPCR platform. The system achieved a
LOD of down to 1000 copies of HIV RNA per blood sample
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Table 6 Selection of recent microfluidic devices for STI-related pathogen detection
Analyte Device and assay principle Performance indications Ref.

Microfluidic systems and assays for HIV/AIDS diagnostics

HIV viral particles Filtration-assisted magnetofluidic cartridge
gPCR platform

HIV-1 RNA

magnetic transport

Colorimetric ELISA assay on a 3D origami

paper-based device

Cartridge for autonomous RT-LAMP with

integrated LFA detection

HRP-linked immunoassay and Au nanorod

based multicolor assay

RCA combined with microfluidic affinity

chromatography

Wearable device for HIV-1 DNA RPA using

human body heat

HIV-1 p24 antigen
HIV-1 RNA, HIV-1 virus
HIV-1 p24 antigen
HIV-1 synthetic target
HIV-1 plasmids
Microfluidic systems for HBV/HCV and HPV detection

HCV and HIV cDNA Multiplexed digital droplet LAMP with
scorpion-shaped probes

LAMP assay cartridge with lateral flow

detection
Self-driven microfluidic multiplex LAMP chip

HCV RNA

HBV, HCV, HIV nucleic
acid targets

HPV LAMP on LoaD with Chelex-100 based nucleic
acid isolation

Up to 24 HPV Reverse dot hybridization for HPV genotyping

genotypes on a palm-sized cartridge

HPV-16 and HPV-18
with digital LAMP

Microfluidic systems for non-viral STIs

N. gonorrhoeae Cartridge-based automated magneto-fluidic
PCR platform

STI pathogens

N. gonorrhoeae
HDA and LFA detection

with a typical fingerprick volume of 10 uL (i.e. a LOD of 10°
per mL) within in <30 min.**® The platform also enabled
HCV RNA viral load quantitation from blood serum in
approximately 1 h. The assay had a sensitivity of 45 IU per
sample (corresponding to 4.500 IU mL ") and may be suitable
for screening patients with chronic HCV infections.**® Liu
et al developed a compact automated USB-interfaced
analyzer aiming HIV self-testing. 100 pL of finger-prick blood
would be collected and mixed in a tube containing lysis
buffer and magnetic beads. In the present case, the device
was tested with purified HIV RNA spiked into whole blood.
The mixture is then manually transferred into a microfluidic
cartridge and magnetically transported through a RNA
binding chamber, a washing chamber and a RT-LAMP
reaction chamber. Oil valve sections separate successive assay
steps. Differentiating clinically relevant viral loads (threshold
at 1000 copies per mL) was demonstrated with a turnaround
time of 60 min. The RT-LAMP assay (validation in reaction
tubes) had a LOD of 214 viral HIV RNA copies per mL for
spiked whole blood.**® An immunoassay for HIV p24 antigen
quantification was implemented by Li et al. in a centrifugal
microchannel array chip format with a smartphone detection
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Fingerpick blood RT-LAMP test cartridge using

SlipChip approach for viral load quantification

Isothermal nucleic acid amplification on LoaD

Foldable paper platform based on thermophilic

Uses a separate 3D-printed filter module, LOD 10° mL™ HIV 449
RNA (whole blood), 30 min

Viral load tests performed within 60 min in whole blood 450
(threshold at 1000 copies per mL)

Semi-quantified results, LOD 0.03 ng mL™" (spiked plasma), 10 451
min

LOD 3 x 10° HIV-1 viral particles per mL of whole blood, 452
within 90 min

Semi-quantitative analysis by naked eye in 1 h, LOD 0.5 ng 453
mL ™" (buffer)

Padlock probe-mediated detection, LOD <30 fM 454
LOD 100 copies per mL (buffer), within 24 min 455
Quantification with LOD of 4 copies per reaction. Clinical 456
plasma samples tested.

Result in <40 min. Tested with clinical samples 457
Sample loading via on-chip vacuum. LOD 2 copies of target 458
nucleic acid per pL

Multiplex detection of 5 high-risk HPV virus types, within 40 459
min

Automated operation with LOD of 10® copies per mL. Tested 460
with clinical samples

On-chip self-partitioning of reaction droplets. Tested with 461
clinical samples

Detection in clinical samples with simultaneous antimicrobial 462
resistance genotyping, <15 min

Multiplex pathogen detection directly from genitourinary 463
secretions, within 50 min

Clinically relevant LOD of 500 NG cells per device, run time 80 464

min

unit. Horseradish peroxidase (HRP)-catalyzed oxidation of
tetramethylbenzidine (TMB) induced a color intensity change
in the presence of the p24 antigen. LODs obtained were 0.17
ng mL ™" and 0.11 ng mL™" for p24 antigen spiked in buffer or
human serum, respectively.*®

Paper-based devices open the way to real POC
applications, based on electricity- and instrument-free
infectious disease diagnosis. Chen et al performed a
colorimetric ELISA assay on a 3D origami puPAD sensor for
HIV-1 p24 antigen detection. The uPAD contained wells with
pre-dried detection antibodies and capture antibodies. Assay
steps were sequentially performed by sliding a paper strip
over the 3D stack inserted in a 3D-printed holder.
Appropriate self-timing of the multistep assay was achieved
by adjusting the buffer viscosity and the volume of the fluid
path. Semi-quantitative evaluation of the signal visible to the
naked eye on the pPAD was possible by comparison with a
color chart diagram. The linear detection range for HIV-1 p24
antigen was 0.03 ng to 3 ng mL ' with human plasma
samples.*® Phillips et al reported a fully-integrated
autonomous POC analysis platform comprising a
microfluidic pPAD installed in a small plastic housing with
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Fig. 7 a) Filtration-assisted magnetofluidic blood-to-PCR workflow. (i) To begin the test, (1) a droplet of blood is first deposited into the filter
module and viral particles are rinsed through the filter membrane with phosphate buffered saline (PBS) using a syringe. The filter traps red blood
cells (RBCs) while viral particles are small enough to pass through into a lysis and binding solution containing magnetic beads for capture of viral
RNA. This entire filtered plasma mixture is (2) loaded into the assay cartridge, which is then (3) inserted into the instrument. (ii) The magnetic beads
are transferred through an immiscible silicone oil layer into the cartridge’'s extruded wells containing preloaded reagent buffers using a 2-axis
motorized magnet arm. (iii) Bead transfer between wells is conducted by lateral movement of the top permanent magnet with bead exchange into
buffers using vertical translation of the magnet arm to attract beads into the well with the bottom magnet. The final transfer of beads into the PCR
buffer allows direct elution of RNA due to the relatively alkaline pH, elevated temperature, and low salt conditions. b) Lateral flow detection of HCV
LAMP assay. (i) The mechanism of the lateral flow strip. Two primers, FLP and BLP, are pre-labelled with biotin and FITC, respectively. The amplicon
resulting from the LAMP reaction, contains both labelled primers as double-stranded DNA represented schematically by two gray lines. It is added
onto the sample pad and moves towards the conjugate via capillary action. The streptavidin-labelled red particles bind with the biotin (from the FLP
primer) on the amplicon and together move towards the test line. The anti-FITC antibody (Ab) on the strip captures the amplicon via its FITC label
(from the BLP primer) at the test line forming a band. Any unbound red particles move towards the control line where they are captured via the
biotin forming a second band. (i) The assembly and interpretation of the lateral flow devices. The device consists of the water chamber (1),
connecting channels (2), four LAMP reaction chambers (3), channels (4) and lateral flow strips (5). Following the incubation period, two bands
indicate a positive reaction, one band indicates a negative and no bands indicate invalid results. P - positive, N - negative, 1 and 2 - sample in
duplicate. (iii) Analytical sensitivity of the lateral flow method (top panel) compared to gel electrophoresis (middle panel) and fluorescence over time
(bottom panel). Serial dilutions of plasmid JFH1 replicon were made based on copy number per reaction (logp). Black lines indicate median with
interquartile range (n = 3 biologically independent experiments, each with three technical replicates). The different symbols are for each dilution, to
ease visualisation (grey and white disc - 4.1, white lozenges - 3.8, inverse triangles - 3.5, black diamond - 3.2, grey circles - 2.9 and white squares -
2.6log;o copies per reaction, black disc is negative control — DI water). Statistical analysis for the fluorescence over time was performed using a
parametric, one-way ANOVA. The F ratio = 55.56 and the degrees of freedom = 65. ****p < 0.0001, Pos - positive HCV control, Neg - no template
control, M - 100 bp NEB DNA ladder, C - control line, T - test line [a) reproduced from ref. 449 with permission from the Royal Society of Chemistry;
b) reproduced from ref. 457, ©2021, Creative Commons license, CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/)].

This journal is © The Royal Society of Chemistry 2024 Lab Chip, 2024, 24, 1441-1493 | 1471


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00117f

Open Access Article. Published on 19 February 2024. Downloaded on 11/18/2025 11:56:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial review

resistive heating elements, powered via a smartphone. The
system was designed for automatically isolating HIV-1 RNA
from whole blood, in situ RT-LAMP amplification, valve-
controlled fluid transfer and detection on an internal LFA.
The time-to-result was 90 min with a LOD of 3 x 10> HIV-1
viral particles (corresponding to 2.3 x 10’ virus copies per mL
of whole blood).**

A microfluidic immunosensor device for visual detection
of HIV-1 p24 antigen with the naked eye was developed by
Liu et al The polymer -cartridge for the multicolor
immunosensor comprised an alternating alignment of
circular reservoirs for assay reagents and elliptical reservoirs
filled with mineral oil barriers. A HRP-linked magnetic bead-
based immunoassay was implemented for detecting HIV-1
p24 antigens. Gold nanorods (AuNR) were used as
chromogenic substrates. HRP-catalyzed TMB oxidation
quantitatively mediated AuNR etching to produce a color
change, which was visible within a HIV-1 p24 concentration
range of 0-7 ng mL™' (spiked serum samples). The assay
enabled semiquantitative detection of HIV-1 p24 with a LOD
of 0.5 ng mL™" in buffer within 1 h. A significant color signal
was displayed with 2 ng mL™ HIV-1 p24 spiked in serum.**?
Soares et al. used an agarose bead-based microfluidic device
for affinity chromatographic capture and detection of
padlock probe-mediated RCA products with a LOD below 30
fM for HIV-1 synthetic targets.”>* Song et al designed a
microfluidic chip reactor for RT LAMP-based detection of
HIV or HPV. Paraffin-encapsulated reagents were prestored in
the reactor and a nucleic acid binding membrane decoupled
the sample from the reaction volume. The device was tested
with HPV-16 DNA spiked in saliva and human plasma laden
with HIV (subtype C) virions.””® Kong et al. developed a
wearable microfluidic device for rapid detection of HIV-1
DNA. The flexible chip, featuring a single fluidic 50 pL
chamber containing RPA reagents and HIV-1 DNA, was
immobilized by a wristband. The compatible temperature
range for performing the RPA-based assay was simply
provided by heat transfer from the human body. After
incubation the chip was removed for fluorescence detection
with a cellphone. HIV-1 DNA detection was achieved at 100
copies per mL in buffer within 24 min.**®

A nanofluidic concentration device enabled highly
efficient enrichment of nucleic acids and proteins directly
from clinical samples. The approach, developed by Ouyang
et al, took advantage of a hierarchical architecture with
vertically stacked massively parallel microchannels in a first
stage and downscaling to a single microchannel in the final
stage of the device. The analytes were electrokinetically
transported and concentrated through the nanochannel
network construct comprising a cation-selective Nafion
membrane held by plasma-bonded PDMS layers. The
performance of the device was demonstrated by detecting the
HIV p24 protein in a 3200-plex concentration device (0.6 mL
sample volume). Fluorescence signals could be detected
within 60 min for an initial target concentration of 10 to 100
aM (in diluted serum), representing a nearly 6 order-of-
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magnitude enhancement compared to the same assay
without pre-concentration.*”" Kadimisetty et al. discussed a
self-powered flow-through membrane-based 3D-printed
sample concentrator for highly sensitive molecular detection
of HIV in whole blood at the POC.*"?

7.4 Microfluidic systems for HBV/HCV detection and other
viral pathogens

Tan et al. adapted a droplet microfluidic technology for
multiplexed LAMP and fluorescence detection of viral RNA.
Multiplex detection in droplets was enabled by scorpion-
shaped probes which, after activation by the LAMP reaction,
generate a target specific color. Digital quantification of HCV
and HIV cDNA with LOD as low as 4 copies was reported.*”®
Witkowska McConnell et al. proposed a low-cost pan-
genotypic RT-LAMP assay for HCV detection (Fig. 7b). The
cartridge-like assembly comprises four RT-LAMP reaction
chambers, transfer channels and lateral flow strips for visual
detection of amplification products in less than 40 min.
Fluidic manipulation was done via finger pumps. Using
optimized primers, the method was validated as part of a
clinical study with samples from patients with a range of viral
loads and genotypes.*”” Li et al. designed a lab-on-a-disc for
real-time PCR HBV DNA detection from whole blood.
Versatility of the automated fluidic manipulation was
enhanced by using a centrifugal device with two rotating
shafts. On-chip wax valves were actuated by means of a laser
diode. Detection of HBV in whole blood samples was feasible
down to 10” copies per mL with a total assay time of about
48 min.**® LAMP-based multiplex detection of HBV, HCV and
HIV was performed on a microfluidic chip designed by Xie
et al. The PDMS chip comprises an array of 60 reaction
chambers with target-specific primer solutions, fluidic
channels and a vacuum chamber generating a negative
pressure gradient for self-driven sample loading. An
analytical sensitivity of 2 copies per uL of target viral nucleic
acid after 50 min of isothermal amplification was
reported.**®

A LAMP-based microfluidic lab-on-a-disc system designed
by Zhao et al. provided automated diagnosis of five high-
risk HPV types with high specificity within 40 min. The
system integrated Chelex-100 based nucleic acid isolation
and is capable of performing 40  detections
simultaneously.””® A palm-sized PCR microfluidic cartridge,
installed in a custom-made operating platform, enabled
testing of 24 HPV genotypes. The whole cartridge
comprised 3 functional areas for DNA extraction, for
amplification in attached PCR tubes and a DNA microarray
for reverse dot hybridization assay to identify multiple HPV
genotypes, respectively. The LOD of the system for the
detection of 24 HPV genotypes was 10° copies per mL.**°
SlipChip technology for slip-induced self-partitioning and
on-chip stationary droplet formation was applied to the
quantification of HPV viral load by means of digital LAMP.
The assay correctly identified clinical HPV-16 and HPV-18
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positive samples with viral loads ranging from 7.0 x 10°
copies per mL to 1.4 x 10’ copies per mL.*”® Goux et al.
discussed the performance of nanophosphor lateral-flow
assay for self-testing for HSV-2 seropositivity.*”

7.5 Microfluidic systems for non-viral STIs

Shin et al designed a stationary droplet NAAT
magnetofluidic platform for CT screening. The core of the
device is a thermoformed polymer cartridge with distinct
fluidic compartments separated by a fluorinated oil layer.
In the present case, the clinical sample matrix presented in
the form of a vaginal swab was first expressed in a tube for
cell lysis before being transferred into the cartridge.
Pathogen DNA was captured on magnetic particles and
magnetically transported through the cartridge for
performing the assay protocol, i.e. successive rinsing steps,
subsequent elution and LAMP amplification. The cartridge
was installed in a compact processing unit for mechanical
and thermal control, as well as for fluorescence signal
acquisition. The duration of the automated workflow was
65 min with an assay sensitivity in the range of 10>-10°
target copies per sample. The performance of the platform
was successfully tested in a clinical setting.”®” More recently
the platform has been wused for detecting NG with
simultaneous genotyping for resistance to ciprofloxacin. A
clinical study was carried out with penile swab samples
from sexual health clinics. In this case, rapid on-chip PCR
(40 cycles were completed within 12 min) was implemented
resulting in sample-to-answer diagnosis in less than 15
min. Initial manual operations were limited to swab elution
and mixing with magnetic bead suspension. Depending on
the amplified gene sequence an assay sensitivity in the
range of 10 to 100 CFU was determined.*®* The technology
and assay principle were also adapted for HIV and HCV
detection (see above).**%

Magnetic actuation was also implemented in another
automated droplet-array platform with a 3D printed fluidic
cartridge. The system was tested by microfluidic screening of
STI pathogens directly from clinical urine samples.””* A
microfluidic lab disc assay based on isothermal amplification
was designed for processing eight clinical samples
simultaneously targeting CT, NG, Mycoplasma hominis, and
Ureaplasma urealyticum from genitourinary swabs. The
turnaround time was 50 min with good detection limits and
specificity.”®® Horst et al. presented a POC paper-fluidic
device for POC diagnosis of NG that is expected to bridge the
gap between RDTs and laboratory NAATs. Patient samples
derived from clinical urethral and vaginal swabs were mixed
with lysis/DNA precipitation buffer and pipetted into the
reaction chamber of the device for nucleic acid extraction
and multiplexed thermophilic HDA, followed by visual lateral
flow assay detection. The assay run time was 80 min from
sample-to-result with a LOD of 500 genomic NG copies per
reaction."®"
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8 Vector-borne infections

8.1 Scope of vector-borne infections

Vector-borne diseases are caused by parasites, bacteria or
arboviruses that are transmitted mainly by bloodsucking
infected arthropod insects, such as mosquitoes or ticks.
The ingested disease-producing microorganisms reproduce
in the animal (vector) and are (re-)transmitted to humans
by insect bites. Vector-borne diseases account for more
than 17% of all infectious diseases, causing more than
700000 deaths annually.*’”” The burden is highest in
tropical and subtropical areas, but vector-borne diseases
are also widespread in Europe. The prevalence strongly
depends on environmental conditions, such as climate
factors, habit destruction or pesticide application, that
impact the vector distribution. Vector control is a
fundamental approach in WHO response to preventing
disease.”’®*”” Global patterns are evolving with climate
change."®"’®%%° For instance, climate change enables the
expansion of Lyme borreliosis, the most common bacterial
(Borrelia burgdorferi) tick-borne disease in Europe.*®"*%!
Invasive mosquito species, such as the Asian tiger
mosquito (Aedes albopictus) are causing increasing concern
in public health due to the possible transmission of
tropical pathogens.*®>

Dengue is the most prevalent arthropod-borne viral
disease.*®*®* The dengue virus (DENV) is transmitted by
Aedes mosquitoes. About half of the world's population is
at risk of dengue with an estimated 100-400 million
infections occurring each year.*> Dengue currently is
endemic in more than 100 countries with strongly growing
incidence.”®®  Traditional methods for dengue
detection are based on virus isolation in cell culture,
serological assays, and molecular techniques.**” Emerging
diagnostic ~ biosensor  technologies, including POC
approaches, specifically focusing on dengue virus infection
have been reviewed previously by Eivazzadeh-Keihan et al
or Darwish et al*®*®*® Other mosquito-borne
pathogens and diseases, mainly found in tropical and
subtropical areas, include Lymphatic filariasis,
Chikungunya virus (CHIKV), Zika virus (ZIKV), Yellow
fever, Japanese encephalitis and West Nile viruses (listed
according to global health significance).”® Review articles
discussing microfluidic and biosensor devices for virus
detection from a more general perspective generally also
include tropical viruses such as DENV, ZIKV or
CHIKV.96'120

Malaria, caused by the parasite Plasmodium, remains one
of the most important vector-borne infectious diseases
worldwide. This disease will therefore be discussed more
extensively in a separate section. In the following, we first
introduce systems for the detection of panels of fever-causing
tropical pathogens and then discuss a selection of recent
microfluidic or chip-based diagnostic systems for viral and
bacterial vector-borne diagnostics. Table 7 provides an
overview.

virus

viral

Lab Chip, 2024, 24,1441-1493 | 1473


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00117f

Open Access Article. Published on 19 February 2024. Downloaded on 11/18/2025 11:56:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Tutorial review Lab on a Chip
Table 7 Selection of recent microfluidic devices for VBI-related pathogen detection

Analyte Device and assay principle Performance indications Ref.
Microfluidic platforms and devices for viral vector-borne diseases

12-plex panel of LoaD platform for diagnosis of febrile illnesses Tested with biobanked clinical samples. POC 76

fever-causing pathogens

8 vector-borne viruses
self-powered microfluidic chip

DENV, ZIKV, CHIKV and

SARS-CoV-2 antibodies functionalized bead line array

Real-time or colorimetric LAMP assays on a

Multiplex immunoassay platform incorporating a

detection of coinfection within 2 h

LOD 50-500 plasmid copies per pL, 50 min 490
Vacuum-driven fluid transfer. Chip with staggered 491
herringbone micromixer. Test within 30 min

ZIKV RNA or virus Modular design for sample pre-processing and <32 min to distinguish pos/neg samples. LOD 2.7 x 492
LAMP. Spatial signal distribution readout 10> RNA copies per ul (buffer)

ZIKV LAMP assay chip with successive chambers and LOD 10” copies per mL (ZIKV spiked plasma), within 493
oil-filled valving sections 40 min

DENV Paper origami/polymer device for a multiplex Detection of 4 DENV serotypes, within 30 min 494
LAMP-based assay (serum)

DENV, ZIKV, CHIKV Lab-on-paper in LFA format for all-in-one Multiplex detection of 3 viruses, within 60 min 495
molecular diagnostics (serum)

CHIKV IgM Paper-based device with CHIKV pseudo-particles ~ CHIKV IgM detected within <10 min (serum) 496
for antibody capture

Microfluidic methods for Lyme disease diagnosis

Lyme-specific antibodies Plasmonic biochip with antigen spot array for LOD in the fM range (clinical serum) 497
multiplex target screening

Lyme-specific antibodies Paper-based multiplexed serodiagnostic test for Sensing array with 7 Borrelia antigens. Machine 498,
early-stage Lyme disease learning based colorimetric detection 499

Lyme-specific antibodies and
biomarkers

8.2 Microfluidic platforms enabling the detection of panels
of fever-causing pathogens

Efficient management of febrile tropical illnesses, including
patients presenting non-specific fever or fever with unknown
origin, is a significant health care challenge.’*"** The
availability of fast infection-specific true POC diagnostic tests,
in particular for malaria and dengue, is indispensable to
avoid presumptive therapy. Diagnostics of vector-borne
infections and febrile illnesses in general, would greatly
benefit from POC devices enabling the detection of wide
panels of relevant pathogen simultaneously, by this reducing
the important risk of misdiagnosis. Nonvector-borne
emerging or reemerging tropical viruses, for instance the
Ebola virus, could be included in the panel of fever-causing
pathogens. Mitsakakis et al. elaborated a comprehensive
review covering (commercial) diagnostic technologies and
platforms for tackling febrile illness, including vector-borne
diseases.'"® The chip-based NAAT assay VereFever™
(VerePLEX™ Biosystem Veredus Laboratories, Singapore) is
an example for a commercial approach that was designed for
multiplex detection of a panel of viral pathogens (including
DENV serotypes, ZIKV, CHIKV and others), as well as
Plasmodium spp for malaria detection. Tan et al. evaluated
the system performance and found a detection range from
250 to 4 x 10" PFU for CHIKV.**

Hin et al. presented the FeverDisk platform, a LabDisk-
format centrifugal device designed for differential diagnosis
of tropical febrile illness with unknown origin.”® The
platform enables simultaneous detection of a 12-plex panel
of different infectious fever-causing pathogens, including

1474 | Lab Chip, 2024, 24, 1441-1493

Multiplexed serologic tests in microfluidic
cassette functionalized with Borrelia proteins

Diagnosis of early and late Lyme disease using panels 500
of clinical serum samples

several arboviruses collected during epidemics outbreaks
(dengue, chikungunya), bacteria (e.g. Salmonella), and
malaria parasite species. FeverDisk assays feature fully-
automated integrated magnetic bead-based DNA purification
and LAMP with fluorescence detection. Thanks to pre-stored
reagents on the disc, only a single manual pipetting step for
sample addition was required, providing fully integrated
sample-to-answer operation. To validate POC capabilities of
the device, two test series in African reference laboratories
have been conducted with different types of biobanked or
bacterial culture samples. Assays were performed in a total
run time of less than two hours and in good agreement with
reference method results. Malaria infections could be
successfully confirmed in malaria-positive whole blood
samples on a very short time scale. Likewise, the system
confirmed different viral infections and co-infections. The
analytical sensitivity of salmonella species was determined in
a separate test series using cultured samples.”® The same
authors also adapted this technology for vector monitoring
(VectorDisk), ie. for identifying mosquito and malaria
parasite  species, as well as insecticide resistance
mechanisms.”**

Yao et al. proposed a microfluidic RT-LAMP chip for
multiplex detection of eight vector-borne viruses (DENV
serotypes, CHIKV, yellow fever virus, Rift Valley fever,
Japanese encephalitis virus). Rapid self-powered sample
loading was achieved by PDMS-film vacuum pumping.
Detection was either based on real-time LAMP or colorimetric
read-out. The whole analysis could be completed in 50 min.
The system was tested with human blood serum samples and
infected mosquito samples.””® Moutallier et al used a

This journal is © The Royal Society of Chemistry 2024
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commercial microfluidic digital PCR system (Biomark™ HD,
Standard BioTools, USA) for high-throughput detection of 64
mosquito-borne viruses in pools of mosquitoes from ZIKV
endemic/epidemic areas.>®®

8.3 Microfluidic approaches for viral vector-borne human
diseases

Lab-on-a-chip systems for detection of arboviruses.
Commercial benchtop microfluidic systems for arbovirus
detection are under development or available on the market.
As an example, the ViroTrack™ (Blusense Diagnostics,
Demark) is a system that has been designed for dengue or
Zika biomarker detection with sample-to-answer in 15 min,
possibly with multiplex operation. The microfluidic cartridge
separates plasma from whole blood by centrifugation. The
opto-magnetic readout technique of the on-chip immuno-
magnetic assays that takes advantage of light scattering by
rotating nanoparticle chains. The system has been evaluated
by recently in several clinical studies.’>***°”

Ganguli et al. used a microfluidic diagnostics card with
multiplex capability (ZIKV, DENV, CHIV) for detection of ZIKV
in spiked whole human blood. The device comprises a
sample PDMS preparation module and a second silicon chip
module for the RT-LAMP assay. The integrated system
allowed for hands-free sample processing and smartphone
detection with a LOD corresponding to 1.56 x 10> PFU mL™"
for ZIKV within 35 min.*® Lee et al. designed a PDMS
microfluidic chip inspired by conventional LFAs for multiplex
one-step immunoassay detection (including DENV, ZIKV,
CHIKV and SARS-CoV-2 biomarkers). Microfluidic on-chip
components comprise a dried reagent storage chamber, a
passive micromixer, and a vacuum-driven fluid transfer void.
Self-assembled  lines of functionalized  polystyrene
microbeads served as antigen or antibody capture/detection
zones. Various biomarker combinations have been tested to
demonstrate the versatility of the approach.**

An interesting assay for arbovirus detection was based
isothermal amplification of ZIKV ¢cDNA using padlock probes
and RCA, combined with a bead-based microfluidic affinity
chromatography enrichment platform.>®® Jankelow et al
implemented LAMP assays for ZIKV detection from whole
blood samples in a 3D printed microfluidic cartridge. The
cartridge consists of two separate modules, involving several
manual operations for mixing and other fluidic handling
steps. A drop of unprocessed whole blood was introduced in
the first module where viral RNA was released by chemical
lysis and mixed with RT-LAMP reagents. The preprocessed
sample solutions were then pipetted into the RT-LAMP
reaction module, comprising parallel = microfluidic
compartments for spatial analysis of early fluorescent events
of positive samples via smartphone real-time readout. A
LOD of 2.7 x 10® viral RNA copies per uL (buffer) and 10’
virus particles (in a 12.5 pl blood droplet) was determined.
Discrimination of positive/negative samples was possible in
less than 32 min.**> A LOC platform detected ZIKV within

This journal is © The Royal Society of Chemistry 2024
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40 min in spiked human plasma samples and a LOD of 10°
copies per mL (spiked ZIKV nucleic acid plasma samples).
The chip design featured successive reaction/washing and
oil-filled valving chambers for automated sample transport
by magnetic actuation, sequential on-chip assay steps, LAMP
and colorimetric detection.”® In another approach,
chitosan-modified SiO, capillaries were embedded in a
PDMS chip for on-chip sample lysis, ZIKV RNA enrichment
and in situ RT-PCR amplification. A LOD of 50 TU
(transduction units) per mL was reported with virus-like
particles containing the ZIKV RNA sequences spiked in
human raw saliva samples.>*°

Paper-based devices for arbovirus detection. Several
immunochromatographic LFAs for rapid DENV diagnosis
are available on the market, mainly based on the NS1
(nonstructural protein 1) antigen, which is detectable
during the acute phase of DENV infections, or on IgG/IgM
antibody detection.”"’*"® Over the last years, a host of
microfluidic paper devices and biosensors has been
developed for improved detection of DENV, ZIKV or other
flaviviruses. Only a few examples will be discussed here.
For instance, Biswas et al implemented an integrated
paper-mediated sample processing workflow for multiplex
detection of four DENV serotypes on a multilayered paper-
origami/polymer device (Fig. 8a). The protocol took 30 min,
comprising nucleic acid isolation, isothermal amplification
and colorimetric detection. The approach was validated
with clinical human blood serum.*** Seok et al
demonstrated a lateral flow type device for RT-LAMP
molecular diagnostics of multiple viral RNAs from human
serum (DENV, ZIKV, CHIKV). The whole process of nucleic
acid testing was integrated on the lab-on-paper strip with
an assay time of 60 min."> Another paper microfluidic
ZIKV RT-LAMP assay was carried out on a simple capillary
flow channel that filters contaminants in the ZIKV RNA-
spiked sample matrices (human urine or human blood
plasma). RT-LAMP and colorimetric smartphone detection
was selectively performed on the circular end of the strip.
Detection time was a fast as 15 min with a LOD of 1 ZIKV
RNA copy per uL.”'* Shehata Draz et al. implemented a
nanoparticle signal amplification technology on a paper
microchip with a screen-printed graphene-silver electrode
for electrical sensing. A change in conductivity of the
sample solution is observed upon the release of charged
molecules by the ZIKV-nanoparticle complex.”*® Theillet
et al designed a laser-cut glass-fiber chip using
chikungunya pseudo-particles and virus-like particles as
alternative antigens to the viral lysates as proof-of-concept
for CHIKV IgM serology. Colorimetric detection of CHIKV
IgM in human sera was possible in less than 10 min.*®

8.4 Microfluidic methods for Lyme disease diagnosis

The Sofia 2 Lyme FIA (QuidelOrtho, USA) is a commercially
available immunofluorescence LFA for rapid detection of
human IgM and IgG antibodies to B. burgdorferi. Flynn et al.
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Fig. 8 a) Schematic of the working principle of an origami-based paper device. The flow of the buffers is described with arrows. Layers 1-3 were
made of Whatman 1 filter paper, except for the fact that the central region on layer 4 was constituted of a piece of a glass fiber filter membrane
with a diameter of 5 mm for RNA extraction. Layer 5 consisted of a Y-shaped paper disc at the center and three pieces of 3 mm Whatman 1 filter
paper circles in the periphery. These paper materials were sandwiched by a laminating film. Layer 6 was made of a double-sided adhesive tape,
and six pieces of 3 mm Whatman 1 filter paper discs were sandwiched between the two layers of the adhesive film. Holes were created on two
sides of the laminating film, and the upper layer of the adhesive film allowed the liquid to flow from layers 4 to 6. Layer 7 was made of PDMS to
execute the LAMP reaction. Once the filter paper discs in layer 6 got wetted by the solution flowing from the above layers, the adhesive film got
peeled off and pasted onto layer 7. An RT-LAMP reagent was added directly onto layer 7 for amplification and visualization of the result on top of
the portable isothermal heating device. b) (i) Schematic representation of a single-step magneto-immunoassay operated using partial automation
and based on a paper strip, in which magnetic particles washing, concentration and fluorescent detection are performed directly on-chip. (ii)
Fluorescent reaction product catalyzed by the poly-HRP enzyme using a substrate (QuantaRed). (iii) Portable fluorimeter used for detection. c)
Design of smartphone-based malaria detection. (i) The assembled device, showing the phone used to supply power, control the assay conditions
(on/off, start/stop and temperature), collect results, communicate with the cloud, analyse data and provide geotagging. The diagnostic chip is
shown, inserted into the heating element. The whole device, including the mobile phone, is lightweight (<500 g) and can be held in one hand, with
the potential to enable diagnostics to be delivered anywhere. (ii) Open section view of the device and associated circuit. The numbered parts,
respectively, are (1) the casing and main body of the device, (2) the aluminium band for receiving the diagnostic device and conducting heat for
the nucleic acid amplification assay, (3) circuit components including a microcontroller, heater controller and power supply unit, and (4) the
external port for thermal calibration. (iii) The plastic cartridge including a microfluidic circuit with chambers for the LAMP reaction and lateral flow
strips for readout, as well as the QR code for traceability [a) reprinted with permission from ref. 494, ©2022 American Chemical Society; b)
reprinted with permission from ref. 516, ©2022 Elsevier; c) reprinted with permission from ref. 517, ©2021 Springer Nature].
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recently discussed biosensors with focus on Lyme disease.”'®
Chou et al presented a B. burgdorferi antigen microarray
designed for the detection of serum antibodies in patients with
active and convalescent Lyme disease. High sensitivity was
achieved by plasmon-enhanced fluorescence signal detection.
The approach has potential for screening of antibody targets
predictive for disease status using microliter samples.**” Joung
et al. developed a paper-based vertical flow immunodiagnostic
assay comprising a spatially-multiplexed sensing membrane
containing antigens against Lyme-specific antibodies in human
sera. The assay was performed in 20 min with smartphone
colorimetric readout and optimized by a deep-learning
diagnostic  algorithm.**®**®  Arumugam et al used a
microfluidic platform for multiplexed serologic diagnosis of
Lyme disease and screening of diagnostic biomarkers from
clinical serum samples.’® The assay was improved by selecting
a panel of 12 best-performing B. burgdorferi proteins. Diagnosis
could differentiate different stages of the disease. The protocol
uses microfluidic plastic cartridges featuring distinct channels
with adsorbed Lyme antigens, enabling optical detection via
gold-labeled detection antibodies and silver amplification
reagents. Diagnostic tests can be performed in 15 min thus
have potential for rapid POC diagnosis.>'® Banovi¢ et al. took
advantage of the fact that tick-borne pathogens may
concentrated in the platelet fraction of blood.**° Differential
detection of tick-borne pathogens was performed in human
platelets, whole blood and ticks using a commercial digital
PCR system. The assay allows detecting a large panel of
relevant pathogens, including 27 bacterial species.

8.5 Malaria

Scope of the malaria diagnostics and reviews. Malaria is
caused by the protozoan parasite Plasmodium that spreads to
humans through the bites of infected Anopheles
mosquitoes.”> The mosquitoes inoculate Plasmodium spp.
sporozoites into the bloodstream of the mammalian host
where they migrate to the liver and develop into merozoites
in infected hepatocytes, initiating replication cycles with
increasing parasite load.****** Among Plasmodium species, P.
falciparum and P. vivax represent the greatest risk, being the
most life-threatening and the most geographically
widespread, respectively.’>”** Access to diagnosis and
treatment of all suspected malaria cases is still core of the
WHO's global strategy for malaria.”®® A significant concern
arises from performance limitations of actual malaria POC
diagnostic tests, in particular for diagnosis in young children
and for the detectability of asymptomatic malaria in patients
with low parasitaemia.”*® Another mayor challenge in
informed patient management is to differentiate between
malaria and other febrile tropical illnesses, requiring
multiplex detection of co-infections by other pathogens that
circulate in malaria-endemic regions."°**”

Three methods are commonly used for malaria
diagnosis,**®*?*° ie. microscopy slide examination, NAATs,
and immunochromatographic LFAs. Optical microscopic

This journal is © The Royal Society of Chemistry 2024
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examination of patient blood smears remains the golden
standard, allowing quantification of parasitaemia and
identification of parasite species. However, these tests are
often performed with suboptimal sensitivity, typically in the
range a few 50-200 parasites per uL of blood.”*® NAATSs owing
high sensitivity and specificity are suitable for detecting very
low parasitaemia.”*"**> The LOD for PCR diagnosis is in the
range of 0.5-5 parasites per pL of blood. More recently, the
potential of multiplex LAMP for POC malaria diagnosis has
been assessed.”®’ Some NAAT-based LOC systems for malaria
POC diagnostics are commercially available. The VereFever™
(VerePLEX™ Biosystem, Veredus Laboratories, Singapore)
designed for multiplex detection of tropical viruses, also
enables differentiation of Plasmodium species (200 to 4 x 10°
for P. falciparum with spiked human blood).*** Truenat®
Malaria Pv/Pf (Molbio Diagnostics, India), an on-chip real-
time duplex microPCR test for P. vivax and P. falciparum,
achieves a LOD comparable with PCR (<5 parasites per
microlitre).”** Malaria rapid diagnostic tests are designed for
detection of P. falciparum histidine-rich protein 2 (PfHRP2),
P. falciparum lactase dehydrogenase (PfLDH), P. vivax lactate
dehydrogenase (PvLDH), as well as for pan-pLDH and pan-
aldolase antigen detection that are common to all human-
infecting Plasmodium spp.>*>*® Jimenez et al. evaluated the
best performance of RTDs and determined a LOD of 0.4 to
1.6 ng mL™" for PfHRP2 of 12.5 to 50 ng mL ™" for PYLDH ng
mL™ for samples derived from parasite culture or isolates.>*’
As an indication, Marquart et al. estimated an amount of 1.4
x 107 g of PfHRP2 produced per parasite per replication
cycle.>?®

Current and emerging malaria diagnostics methods have
been reviewed for instance by Mbanefo et al.’*® Pham et al.
also included LOC devices and specifications of market
technologies.>*® Thorne et al. more specifically focused on
microfluidic devices for blood sample pre-concentration to
facilitate malaria diagnosis.>®® Kolluri et al. compared three
different categories of LOC approaches, i.e. protein tests,
nucleic acid tests and cell-based malaria assays.>*® Ragavan
et al analysed biosensor technologies for malaria
diagnosis.>*' Mitsakakis et al discussed the vision of a
holistic approach in malaria management, comprising
differential  fever  diagnosis and mosquito vector
monitoring.”** Malaria diagnostics, in particular microfluidic
approaches, may also probe biophysical properties for
differentiating infected and non-infected red blood
cells.”**** in the following, we discuss different categories of
microfluidic devices for malaria diagnosis. Table 8 provides
an overview of selected recent approaches.

Paper-based devices for malaria antigen detection. Arias-
Alpizar et al proposed a single-step PfLDH magneto-
immunoassay with enhanced sensitivity (Fig. 8b). The assay
was partly carried out on a disposable device, featuring a

simple paper sensor pad with a small magnet for
concentrating the magneto-immunocomplex and
fluorescence readout. The sensor provided PfLDH

quantification within 20 min and a LOD of 0.9 ng mL™
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Table 8 Selection of recent microfluidic devices for malaria diagnostics

Analyte Device and assay principle Performance indications Ref.

Malaria antigen detection

PfLDH Paper-based magneto-immunoassay with LOD 0.92 ng mL™", <20 min 516
fluorescence detection

PfHRP2 3D paper immunoassay with on-chip mass Proof-of-concept, 4 test zones, LOD <5 nM, <10 min 544
spectrometry detection

PfLDH Aptamer-based paper-based LFA with colorimetric Proof-of-concept, LOD in nM region 545
enzymatic detection

PfHRP2 Microchannel capillary flow platform for Autonomous sequential flow protocol LOD 8 ng mL ™, 546
chemiluminescence based ELISA within 20 min

PfHRP2 Immunoassay on capillary-driven chip with Ag film masks the fluorescent core of the Au labels. LOD <6 547
electroless Ag staining. ng mL™", within 20 min

PfLDH and PvLDH Polymer film-based immuno-chromatographic LOD 50 ng mL ™" (PfLDH) and 100 ng mL™" (PvLDH) 548
device

LAMP-based devices with different microfluidic formats

P. falciparum, Foldable multiplex LAMP paper device with POC field-based diagnosis in <50 min, combined with deep 549,

pan-Plasmodium lateral flow DNA detection learning for decision support 517

Plasmodium spp.,
other pathogens

P. falciparum, P. vivax
P. falciparum (DNA
amplicons)

including malaria
LoaD with quadruplex test capability

conjugates

(spiked in lysed whole blood).>'® A mass-based detection

strategy was implemented on a 3D pPAD, using a PfHRP2
immunocomplex comprising a cleavable ionic label for paper
spray mass spectrometry analysis.”** Also, the enzymatic

activity of PfLDH captured on a lateral flow pPAD
aptasensors was explored as means to detect this
biomarker.”*® Ruiz-Vega et al. reported a electrochemical POC

paper device for quantitative detection of PfLDH. The device
featured a double-sided, screen-printed carbon electrode for
detection of poly-HRP amplified magneto-immunoassays.
The system detected PfLDH in lysed whole blood in less than
20 min with a LOD of 200 ng mL".>**> Singh et al
functionalized magnetic beads with two aptamers to capture
simultaneously pLDH and P. falciparum glutamate
dehydrogenase (PfGDH) in serum samples. The biomarker
enzymes were then detected colorimetrically on an absorbent
paper wick through substrate-dependent dye-coupled
reactions.””

Devices with autonomous on-chip fluidic control for
malaria biomarker detection. Several LOC malaria devices
mimic the flow actuation in cellulose test strips by custom-
designed on-chip capillary pumps. Ghosh et al. reported the
development of a microchannel capillary flow assay platform
that performs chemiluminescence-based ELISA for the
PHRP2 biomarker.”***** The microfluidic design of the
polymer chip cartridge comprises two separate fluidic paths
where enzyme-labelled detection antibodies and the
chemiluminescent substrate were lyophilized, respectively.
The serial arrangement of test and control spiral chambers
was connected to the on-chip capillary pump for autonomous
fluidic control. The test cartridge was implementing in a
custom-designed smartphone analyzer together with optical
detectors for assay ready out. A LOD of 8 ng mL™" was
achieved within an assay time of 20 min. Antigen-spiked

1478 | Lab Chip, 2024, 24,1441-1493

LoaD platform for diagnosis of febrile illnesses,

Diffusion-based sensing of target amplicon/bead

Tested with biobanked clinical samples. POC detection of 76
coinfection within 2 h

LOD ~0.5 parasites per pl (blood), 50 min

3 parasites per pL (blood) detectable within 45 min without
DNA extraction

550
551

artificial serum was used as reconstituting reagent.>* Pham
et al. developed an immunoassay strategy based on Ag
staining of Au nanoparticle conjugated detection antibodies
to improve the sensitivity of malaria RDTs. Electroless Ag
deposition on functionalized fluorescent beads in the
presence of PHRP2 antigens resulted in an attenuation of
the signal. The assay was carried out on a Si-SU8 capillary-
driven microfluidic chip, comprising a sample flow channel
and a perpendicular lane for bead immobilization.**” As a
cheaper alternative to conventional nitrocellulose membrane
LFAs, Choi et al. proposed an immunochromatographic
microfluidic polycarbonate film device with integrated
capillary pump. This simple device used spiked blood
samples for simultaneous fluorescent detection of two
malaria biomarkers. The LOD was in the range of 50 to 100
ng mp, 1548

Paper microfluidics for DNA-based malaria diagnostics. A
LAMP diagnostic device for multiplex of P. falciparum and
pan-Plasmodium detection assays has been developed by
Reboud et al.>*® The microfluidic chip comprised a foldable
paper origami flow unit for DNA extraction from pre-treated
human blood samples and flow distribution for multiplexing.
After several folding steps the paper stack sits on top of the
three independent LAMP chambers to which the DNA
samples were delivered and amplified. DNA amplicons were
then transferred to adjacent lateral flow strips for visual
colorimetric readout. An analytical sensitivity of down to 5
parasites per mL was reported (cultured samples in whole
blood). The performance of the system was assessed in a
field study demonstrating malaria diagnosis with a high
sensitivity and an assay time of 45 min.’*® The same
group implemented a similar cartridge in an autonomous
smartphone DNA diagnostic platform combined with deep
learning algorithms for local decision support and
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blockchain technology for secure data management
(Fig. 8¢).>" In another approach, Clément et al. proposed
an efficient paper pad functionalization method for P.
falciparum DNA LAMP amplification and detection by
square wave voltammetry. A LOD of 0.1 parasites per pL
in diluted whole blood was reported.’

Lab-on-a-disc devices and other on-chip formats. A LAMP
lab-on-a-disc platform (FeverDisk) designed by Hin et al. for
differential diagnosis of tropical febrile illness was already
discussed in a previous section. Among the panel of fever-
causing pathogens also Plasmodium spp. were detected. In
the frame of test series in African reference laboratories
malaria infections could be confirmed in malaria-positive
whole blood samples on a very short time scale.”® Choi et al.
presented another small benchtop lab-on-a-disc LAMP
analyzer for automated quantitative molecular diagnostics.
The disc was designed for processing four samples
simultaneously with 50 min turnaround time, requiring only
a single pipetting step for sample input is needed. The
analytical sensitivity for P. falciparum infected whole blood
was 0.5 parasites per pl, which is low enough to identify
asymptomatic patients.>*

Polymer-based diagnostic devices for malaria have been
designed for a wide range assay formats and detection
methods. Colbert et al. used a shallow sample well in a
plastic chip for smartphone-enabled particle diffusometry. In
this assay, LAMP amplicons of Plasmodium target genes bind
on 400 nm polystyrene beads. Analysing the particle
diffusivity allowed for detection of low concentrations of
malaria DNA from unprocessed blood samples (3 parasites
per uL were detectable within 45 min).”>" Real-time fully-
electronic DNA sensing of P. falciparum was achieved by
electrochemically detecting pH changes during LAMP
amplification on an ion-sensitive field-effect transistor
(ISFET) sensor array incorporated in a LOC platform.
Identification of drug-resistant mutations was.”>®

Conclusion

Infectious diseases represent a serious burden on global
healthcare. This situation is particularly difficult in low-
resource environments where infections are highly prevalent,
with a broad spectrum of different pathogens, large
variations in virulence and local distribution, as well as
uncontrolled transmission routes. Nevertheless, the recent
COVID-19 pandemic has underscored the fact that from the
perspective of an infectious agent there is only one world
without traceable boundaries. In developed countries, high-
resolution diagnostics are available in centralized
laboratories, albeit at a high cost due to specialized settings,
instrumentation, and trained personnel. Unfortunately, these
barriers limit the application of such solutions in the
developing world. According to WHO recommendations, the
ideal diagnostic test should satisfy the ASSURED criteria, i.e.
being affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free, and deliverable. Microfluidics-based
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technology has the potential to meet these criteria, thereby
significantly reducing healthcare diagnosis costs and opening
up new diagnostic markets.

Microfluidic point-of-care (POC) diagnostics has become
increasingly valuable with respect to the management of
infectious diseases. Typically, this routine involves
conducting diagnostic tests outside of a centralized
laboratory and in close proximity to the patient. Microfluidics
technology serves as an integrating force by enabling the
seamless conjunction of multiple assay steps on a single
disposable device. These steps include sample pre-processing
and purification, signal amplification, and detection,
ensuring rapid and reliable test results. Integration also
facilitates the development of portable, automated, and
autonomous diagnostic systems. Accurate POC diagnostic
testing already supports infection control and prevention
strategies, primarily through the use of rapid lateral flow
immunoassays. In a broader perspective, more advanced
cheap and disposable paper-based microfluidic analytical
devices are of particular interest for POC detection of
infectious pathogens in real-world low-resource settings.

Meeting all ASSURED characteristics within a single device
without compromises remains a challenging task. Currently
existing immune-reaction-based and molecular assays
integrated into microfluidic systems offer relatively sensitive
pathogen detection but they often require prior knowledge of
the infectious strains and specific assay designs.
Furthermore, critical protocol steps such as patient sample
pre-processing or pathogen culture and enrichment involve
laboratory-based  procedures, resulting in prolonged
turnaround times. In fact, many of present-day microfluidic
diagnostic tools may remain at a demonstrator stage, mainly
due to the challenges of skilled operation, but also because
of the absence of standardized microfluidic operations.
Nevertheless, the number of microfluidic cartridge-based
systems on the market is increasing. As an example, the
GeneXpert® systems (Cepheid, USA), designed for PCR-based
POC testing of a large panel of pathologies, are widely
regarded as a valuable choice on the current market.
However, the platform still incurs relatively high
instrumentation and assay costs, and a trained technician is
needed for sample pre-processing. An emerging alternative to
PCR, which has gained increasing attention over the past
years, is the isothermal LAMP technology for nucleic acid
amplification. ~LAMP  protocols allow for simpler
instrumentation compared to thermal cycling for PCR
amplification while retaining the essential features of gold
standard nucleic acid-based testing. LAMP-based assays have
been successfully performed on microfluidic devices but still
need further development for effective implementation in
clinical settings and POC testing.

Microfluidic approaches also offer promising capabilities
and perspectives in phenotypic antibiotic susceptibility
testing (AST). This is of particular importance with regard to
the emerging major global health threat related to fast-
spreading antibiotic resistance. Informed treatment,
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associated with the administration of the appropriate type
and quantity of antibiotics, are crucial factors in this battle.
AST protocols, which are based on differential bacterial
growth in different antibiotic concentrations, reliably detect
antibiotic resistance and allow for the determination of the
minimum inhibitory concentration. Traditional AST methods
involve time-consuming bacteria culturing with a time-to-
result of up to several days, depending on the specific
condition. This presents a serious bottleneck for timely
diagnosis. Consequently, these methods often fail to guide
medical treatment in the early stages of infection. While fast
genotypic AST is possible, a detailed knowledge of the
specific genetic antibiotic resistance marker to be tested is
required. Shifting from conventional bacterial cultures to
monitoring the growth of individual cells paves the way for
rapid phenotypic AST. Microfluidic devices play a prominent
role in this context by offering the possibility of confining
single bacteria within microchannels or nanoliter droplets.
Such devices enable the detection of changes in bacterial
metabolism, morphology, or replication cycles in response to
antibiotic stress with single-bacteria resolution. Single-cell
technologies facilitate rapid AST protocols, with results
obtained in less than 30 min. For the time being, there is a
need to implement the capability to generate antibiograms
within single-cell AST approaches. This can be achieved on-
chip thanks to the possibility of precise fluidic control and
the implementation of complex fluidic protocols. Scaling up
this principle for fast multiplex phenotypic AST is an
important area of current research. In general, diagnostic
systems on the market provide varying levels of multiplexing
capability, enabling the detection and differentiation of
various infectious agents, as well as the quantification of
their abundance in the mix. Additionally, the ability to
process multiple patient samples simultaneously is an
important feature. Unfortunately, there is usually a trade-off
between high-throughput diagnostics and the extent of
multiplexing, limiting the number of patient samples and/or
pathogens that can be tested simultaneously. Highly
integrated microfluidic systems can overcome these
limitations by implementing parallel assay protocols
strategies on a single chip or cartridge.

Next-generation diagnostic platforms will take advantage
of optimized microfluidic designs, innovative detection
schemes such as isothermal amplification or CRISPR-based
assays, and potentially new functionalized nanomaterials.
Screening campaigns are greatly facilitated by the use of
inexpensive disposable test cartridges on portable devices, as
well as large-scale POC monitoring of environmental samples
for surveillance against potential health threats and
infectious disease outbreaks. The convergence of wireless
communication technologies with microfluidic sensors
already enables instantaneous on-site  monitoring,
enhancing the real-time accessibility of diagnostic
information. Smartphones may be used for optical detection
of assay results at a remote location and seamless data
transmission to centralized facilities. This integration of
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microfluidic and information technologies holds promise
for enhancing the versatility, reliability, and widespread
adoption of POC testing across diverse geographic regions.
Recent advancements in medical informatics and data
processing are expected to further support the efficiency
and effectiveness of novel microfluidic diagnostic tools.
Artificial intelligence algorithms will enable advanced
analysis of large datasets, leading to diagnostics with
improved prediction capabilities. Upcoming trends certainly
also focus on personalized medicine initiatives, tailoring
microfluidic systems to individual patient needs and
contributing to precision medicine approaches. Additionally,
the establishment of standardized protocols and quality
control is necessary to facilitate regulatory approval and
promote the implementation of microfluidic-based
diagnostics in clinical settings. These steps are crucial for
guiding the future development of microfluidics-based
infectious disease diagnostics and harnessing the vast
potential of microfluidics to address emerging healthcare
challenges.
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