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Microfluidic methods for the diagnosis of acute
respiratory tract infections

Kan-Zhi Liu,® Ganghong Tian,? Alex C.-T. Ko,? Matthias Geissler, (2 *°
Lidija Malic, ©° Byeong-Ui Moon,® Liviu Clime (2 ° and Teodor Veres®

Acute respiratory tract infections (ARTIs) are caused by sporadic or pandemic outbreaks of viral or bac-
terial pathogens, and continue to be a considerable socioeconomic burden for both developing and
industrialized countries alike. Diagnostic methods and technologies serving as the cornerstone for
disease management, epidemiological tracking, and public health interventions are evolving continuously
to keep up with the demand for higher sensitivity, specificity and analytical throughput. Microfluidics is
becoming a key technology in these developments as it allows for integrating, miniaturizing and automat-
ing bioanalytical assays at an unprecedented scale, reducing sample and reagent consumption and
improving diagnostic performance in terms of sensitivity, throughput and response time. In this article, we
describe relevant ARTIs—pneumonia, influenza, severe acute respiratory syndrome, and coronavirus
disease 2019—along with their pathogenesis. We provide a summary of established methods for disease
diagnosis, involving nucleic acid amplification techniques, antigen detection, serological testing as well as
microbial culture. This is followed by a short introduction to microfluidics and how flow is governed at
low volume and reduced scale using centrifugation, pneumatic pumping, electrowetting, capillary action,
and propagation in porous media through wicking, for each of these principles impacts the design, func-
tioning and performance of diagnostic tools in a particular way. We briefly cover commercial instruments
that employ microfluidics for use in both laboratory and point-of-care settings. The main part of the
article is dedicated to emerging methods deriving from the use of miniaturized, microfluidic systems for
ARTI diagnosis. Finally, we share our thoughts on future perspectives and the challenges associated with
validation, approval, and adaptation of microfluidic-based systems.

time of writing.” The number of infections and the compli-
cations deriving from the disease have overwhelmed public

Acute respiratory tract infections (ARTIs) are affecting millions
of people each year through seasonal or pandemic outbreaks.
Especially infections of the lower respiratory tract are a leading
cause of morbidity and mortality worldwide, with children and
elderly people who suffer from chronic conditions being the
most vulnerable population subgroups." According to esti-
mates by the World Health Organization (WHO), 1.9 million
children die from ARTIs each year,> primarily in Africa and
Asia.’ By the end of 2019 and the beginning of 2020, a new
variant of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) had spread around the world within months,
causing a global health crisis that stands at 702.9 million
people infected and more than 6.9 million fatalities at the
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health systems, resulting in substantial collateral damage and
additional deaths due to insufficient capacities for treatment
and care of other, non-respiratory diseases. Moreover, the
socioeconomic consequences of the pandemic are far-reaching
and have prompted governments around the world to assume
trillions of dollars in relief and recovery programs.®

The human respiratory tract (Fig. 1) is a primary toxicologi-
cal target area for many microbial organisms as they enter the
human body through inhalation. The upper respiratory tract,
composed of nasopharyngeal and laryngeal tissues, allows for
filtration, humidification and temperature adjustment of the
inhaled air. It thus protects the more sensitive and fragile
lower respiratory tract, which serves as the gas exchange
medium in respiration cycles. ARTIs are mainly caused by
virus or bacteria, but can also involve more than one pathogen
from both categories. Symptoms of ARTIs are not pathogen-
specific, thus examination of patients based on symptoms is
usually insufficient for differentiating between infections since
they can share very similar clinical characteristics. While dis-
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Fig. 1 Schematic illustration of the diagnosis triad for infections of the respiratory tract. Tests involving NAAT and culture-based methods are
mostly performed in clinical laboratories due to their reliance on specialized equipment and trained personnel. Portable devices for Ag detection
and serological testing are becoming increasingly available for surveillance at the point-of-need.

crimination between viral and bacterial infections is impor-
tant, rapid and accurate identification of the causative patho-
gen is required to enable a targeted approach to administering
medication and treat the disease.® Diagnostic uncertainty com-
monly leads to over-prescription of antibiotics and extra diag-
nostic testing (along with costs) to rule out bacterial infections.
Rapid detection of viral pathogens could overcome these dis-
advantages. Besides, prompt viral diagnosis may lead to rapid
implementation of infection control measures, early adminis-
tration of antiviral medication, if available, and shorter hospi-
talization, resulting in reduced healthcare costs.”® Therefore,
the development of technology for rapid and accurate diagno-
sis of respiratory disease syndromes remains of paramount
importance.®

Public health agencies rely on both diagnostic and surveil-
lance tests in response to outbreaks of ARTIs. Diagnostic tests
are typically employed for symptomatic individuals and

10 | Analyst, 2025, 150, 9-33

require high specificity to avoid false positives. Surveillance
tests, on the other hand, are aimed at identifying asympto-
matic individuals in an effort to prevent the disease from
spreading and thus necessitate high sensitivity to avoid false
negatives. While traditional culture-based methods are usually
accurate, processes related to isolation and growth of microbial
organisms are lengthy. Delays in the diagnosis are often the
reason for antibiotic misuse deriving from broad-spectrum
antimicrobials administered by physicians to treat infected
patients. The use of broad-spectrum antimicrobials, in turn,
promotes antibiotic resistance, which can complicate the treat-
ment of infected patients.® Moreover, antimicrobial resistance
(AMR) is considered to be one of the most pressing challenges
for public health globally today.’ Timely detection and identifi-
cation of microbial pathogens will enable clinicians to make
decisions early with regard to patient management and treat-
ment. The assessment of AMR profiles would further allow for

This journal is © The Royal Society of Chemistry 2025
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adequate use of antibiotics, thus resulting in more effective
treatment and reduced healthcare cost.

The development and widespread adoption of molecular
and point-of-care (POC) testing methods over the past decade
has led to significant improvements in the capacity to detect
and identify respiratory pathogens. This article is intended to
provide an overview of these developments, complementing
previous reviews devoted to this field.*'°™'® First, we introduce
selected ARTIs which have clinical and social impact today,
especially during outbreaks. We then discuss established
methods that are currently being used for the diagnosis of
these diseases, mainly in clinical laboratories. This is followed
by an introduction to microfluidics with an emphasis on oper-
ational principles for mediating flow at reduced scale. We sub-
sequently provide a short overview of commercial instruments
that employ these actuation principles. After that, we highlight
emerging methods and recent developments in the area of
miniaturized, microfluidic systems for detecting respiratory
disease. We conclude this article with personal remark and an
outlook on where developments might lead in the future.

2 Selected ARTlIs

2.1 Pneumonia

Pneumonia is an alveolar infection that occurs when the
innate immune system is unable to clear a pathogen from the
lower airway and alveoli.'® It is a common infection of the
lungs affecting approximately 450 million people per year in
all parts of the world."”” Pneumonia was the 4th leading cause
of death in the world in 2016, resulting in 3.0 million fatalities.
There are over 30 microbial organisms that cause pneumonia,
including bacteria, viruses, and fungi, each of which can
induce different epidemiology, symptoms, and clinical course.
Our innate defense systems, such as inflammatory factors and
cytokines can cause additional harm to the lung parenchyma,
which result in secondary symptoms such as fever, chills, and
fatigue.'® Currently, the classification of pneumonia is based
upon the causative microorganism, although pathologic
demarcation exists between lobar and bronchopneumonia.®
Epidemiologic categories refer to nosocomial pneumonia and
community-acquired pneumonia (CAP). Nosocomial pneumo-
nia is commonly divided into two distinct groups: hospital-
acquired pneumonia (HAP) and ventilator-associated pneumo-
nia (VAP). HAP denotes an episode of pneumonia that occurs
more than 48 h after hospital admission and was not in incu-
bation at the time of the admission.?® VAP is defined as pneu-
monia that occurs more than 48 h after the initiation of inva-
sive mechanical ventilation. Symptoms for nosocomial pneu-
monia may include cough, expectoration, rising body tempera-
ture, chest pain or dyspnea. Signs include fever, tachypnea,
consolidations or crackles. CAP is defined as an acute lung
infection that occurs without recent healthcare exposure of
the patient;>" it is the most common type of bacterial pneumo-
nia with Streptococcus pneumoniae dominating in nearly 50%
of cases."” Up to one third of all CAP cases are caused by
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Mycoplasma pneumoniae which is particularly challenging to
diagnose.?*** Patients with mycoplasmal infections often lack
the typical CAP-associated symptoms as the disease has an
insidious onset followed by several days or weeks of slowly wor-
sening dry cough, fever, and malaise.?>

2.2 Influenza

Influenza is caused by influenza viruses, which belong to the
Orthomyxoviridae family and are divided into three types (A, B,
and C).>* Influenza A and B viruses (IAV and IBV, respectively)
cause seasonal epidemics, whereas influenza C viruses (ICV)
generally cause mild disease.”® There are several subtypes of
IAV based on the antigenic properties of their two surface gly-
coproteins, hemagglutinin and neuraminidase. Influenza viruses
are enveloped particles that contain a single-stranded, segmented
RNA genome.”® They mainly affect the upper respiratory tract,
but other organs such as the heart, brain, and muscles can also
be involved. The virus is transmitted from person to person with
respiratory droplets produced upon coughing or sneezing.
Influenza can occur globally, causing considerable morbidity and
mortality with pandemic, epidemic, or seasonal patterns.** The
most severe pandemic (known as the Spanish Flu) occurred from
1918 till 1920 and caused an estimated 20-50 million (possibly
up to 100 million) deaths worldwide.”®*” The presentation of sea-
sonal influenza ranges from an asymptomatic infection to a ful-
minant illness, depending on the characteristics of both host
and virus. Symptoms appear after an incubation period of 1-2
days and are characterized by various systemic features, including
fever, chills, headache, myalgia, malaise, and anorexia,
accompanied by respiratory symptoms, such as non-productive
cough, nasal discharge, and sore throat. Individuals who con-
tracted the virus usually recover after a few days, but it can give
rise to severe complications in high-risk groups.

2.3 SARS

SARS is caused by coronaviruses—a class of enveloped, posi-
tive-sense RNA viruses characterized by club-shaped spikes
that project from their surface, an unusually large RNA
genome, and a unique replication strategy.”® Compared to
DNA viruses, RNA viruses are technically more virulent as they
infect cells by injecting RNA which quickly transcribes and
replicates viral proteins in the host cell. This also makes it
extremely challenging to detect the virus at an early stage of
the infection. Structurally, coronavirus particles contain four
essential proteins—spike (S), membrane, envelope, and
nucleocapsid (N)—all of which are encoded within the 3’ end
of the viral genome.?**° The virus binds to cells expressing the
virus receptors, such as angiotensin-converting enzyme
(ACE2), widely expressed in the respiratory tract on the epi-
thelial cells of alveoli, trachea, bronchi, bronchial serous
glands, as well as alveolar monocytes and macrophages.
Furthermore, as a surface molecule, ACE2 is also diffusely loca-
lized on the endothelial cells of arteries and veins, the
mucosal cells of the intestines, tubular epithelial cells of the
kidneys, epithelial cells of the renal tubules, and cerebral
neurons and immune cells, providing a variety of susceptible
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target locations for SARS-CoV.>' As a result, respiratory
secretions as well as urine, stool, and sweat from SARS patients
contain infective viral particles, which may be excreted into
and contaminate the environment.

Clinically, SARS is an emerging infectious disease with flu-
like symptoms, including high fevers, myalgia, dry non-pro-
ductive dyspnea, lymphopenia, and infiltrate on chest radi-
ography. Transmission occurs through human contact and
interaction, with international air travel facilitating the rapid
dissemination of this virus on a global scale. In the 2003 SARS
pandemic, over 8000 people were affected, with a fatality rate
of 9.5%.>? Atypical pneumonia with rapid respiratory deterio-
ration and failure can be induced by SARS-CoV infection
because of increased levels of activated proinflammatory
chemokines and cytokines.**** The outbreak of the original
SARS epidemic was largely brought under control by simple
public health measures. Testing people with symptoms (fever
and respiratory problems), isolating and quarantining sus-
pected cases, and restricting travel all had an effect.

2.4 Coronavirus disease 2019 (COVID-19)

COVID-19 is the clinical syndrome caused by SARS-CoV-2 infec-
tion.*> While some COVID-19 patients show no symptoms at
all, most infected individuals experience one or several mani-
festations of the disease such as fever, cough, fatigue, sputum
production, shortness of breath, sore throat, loss of taste, and
headache. In severe cases, infections can cause interstitial
pneumonia, acute respiratory distress syndrome (ARDS),*®
kidney failure, and death. Comparative analysis of SARS-CoV-2
with other epidemic viral strains serves as background infor-
mation on which researchers can build upon to create poten-
tial technologies to quickly address the demands of disease
control in an emergency. COVID-19 has a fatality rate of 2.3%,
which is lower than that of SARS and Middle East respiratory
syndrome (MERS) which account for 9.5 and 34.4%, respect-
ively.” Analysis of receptor affinity shows that SARS-CoV-2
binds ACE2 human cell receptor more efficiently than the
SARS-CoV strain of 2003.%® MERS-CoV, on the other hand, uses
dipeptidyl peptidase 4 to enter host cells.*® Whether the
higher receptor affinity of SARS-CoV-2 for ACE2 could lead to a
more severe lung involvement in COVID-19 than in SARS
requires further investigation.”” The basic reproduction
number (R,) of COVID-19 is estimated at 2-5,>*° while R,
amounts to 2-4 for SARS"® and 0.47 for MERS,*" suggesting
that COVID-19 has a higher pandemic potential.**

3 Diagnostic methods

Diagnosis of ARTIs is challenging because symptoms can vary
in severity and clinical signs of viral infections often overlap
with those of bacterial infections.*>** Initial assessment of
pneumonia is typically performed through observation of
physical manifestations resulting from lower respiratory tract
infection, focal chest sounds, exclusion of other possible diag-
nosis and radiological evidences such as alveolar consolidation
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and pleural effusion.*>*° Clinicians are likely to diagnose
influenza infection when fever and cough are part of the case
definition, when influenza rates are high in the community,
and when patients are severely ill or are at an increased risk of
developing complications.””*® Likewise, no pathognomonic
signs or symptoms of SARS can be used to differentiate the
disease from other causes of community- or hospital-acquired
pneumonia. Signatures of COVID-19 infection which appear in
computer-assisted tomography (CT) scans include areas of
subpleural regions of ground glass opacification affecting the
lower parts of either a single lobe or both lobes.*® In addition,
data from COVID-19 patients have shown consolidation of
fluids in the lungs. While CT scans are likely to remain one of
the most important tools in the early diagnosis of COVID-19,
the major challenge for the radiologists lies in the distinction
of symptoms from other lung disorders or pneumonia-like
symptoms which are not due to COVID-19 infections. In
addition, CT scans are expensive and require advanced techni-
cal skills for operation and analysis. The technology therefore
is considered only complementary for SARS-CoV-2 detection.
Diagnostic methods comprise a triad of complementary
approaches based on molecular and non-molecular methods for
clinical use as well as surveillance of larger population groups at
the point of need (Fig. 1). Molecular methods are becoming
widely adopted and the progressive commercialization and clini-
cal application is placing them at the forefront of etiological
diagnosis.’* > Molecular methods are based on nucleic acid
(NA) amplification techniques (NAATs) where respiratory tract
samples are being interrogated through amplification of genetic
target strands specific to causative microbial pathogens. Non-
molecular methods include antigen (Ag) detection, serological
testing as well as microbial culture from respiratory, fecal, and
tissue specimens. At present, NAATs are the only technical
approach that can provide definite etiological diagnosis.

3.1 NAATs

Detection of pathogenic agents by NAAT involves different
forms of polymerase chain reaction (PCR) which relies on an
enzymatic amplification process and specific primers to
produce multiple identical copies from a target sequence.’*>*
For the detection of common respiratory pathogens, several
NAAT assays are available commercially (Table 1).>°7°® Rapid
thermocycling instruments along with closed-tube assays and
real-time detection using fluorescence technologies have
enabled the widespread adoption of PCR in clinical micro-
biology laboratories, making it possible, in combination with
rapid sample preparation processes, to detect microbes and
their antibiotic resistance genes directly from clinical speci-
mens.>® Standard PCR uses end-point detection based on gel
electrophoresis or microarray hybridization where fluores-
cently-labelled PCR products are interrogated with a set of
probes immobilized on a solid support to confirm or disprove
the presence of a particular target gene. Real-time or quantitat-
ive PCR, on the other hand, records the entire reaction profile,
making it possible to identify reactions that deviate in amplifi-
cation efficiency. The concentration of NAs is thereby derived

This journal is © The Royal Society of Chemistry 2025
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Table 1 Selection of commercial NAAT assays for detecting respiratory pathogens?

Time-to-
Test Manufacturer Technology Targets Sample type result
Bio-Rad SARS-CoV-2 ddPCR kit Bio-Rad ddPCR SARS-CoV-2 NPS and others 120 min
Alere i Influenza A & B Alere Scarborough  Isothermal NA RSV NPS <15 min
amplification
ARIES R flu A/B & RSV assay Luminex Real-time PCR 1AV, IBV, RSV NPS <2 h
Corporation
FilmArray Respiratory Panel 2.1 BioFire Nested multiplex ~ Multiplex panel of 22 targets, NPS ~45 min
Diagnostics RT-PCR including M. pneumoniae, 1AV,
IBV, SARS-CoV-2
Cobas Influenza A/B Nucleic Roche Molecular Real-time RT-PCR 1AV, IBV, RSV NPS ~20 min
Acid Test for use on the Cobas Diagnostics
Liat System
Illumigene Mycoplasma Direct Meridian LAMP M. pneumoniae NPS, TS <1h
DNA Amplification Assay Bioscience
Panther fusion flu A/B/RSV Hologic Real-time RT-PCR 1AV, IBV, RSV NPS ~2.5h
Xpert Xpress Flu Cepheid Real-time RT-PCR 1AV, IBV, RSV NPS, nasal ~30 min
aspirate, and
NwW

“ Adapted in part from ref. 55. A more complete compilation of NAAT assays for the detection of respiratory pathogens is provided in ref. 56. For
comprehensive overviews of SARS-CoV-2 detection assays, see ref. 57 and 58.

from amplification rates relative to a standard curve. Reverse
transcription PCR (RT-PCR) has become the method of choice
for detecting viral RNA in research and clinical laboratories
with hydrolysis probes and molecular beacons being the most
common probe formats. Loop-mediated amplification (LAMP)
provides a reliable substitute for quick and accurate detection
of low-copy-number NAs in the diagnosis of several viral dis-
eases, including SARS and COVID-19. In LAMP, DNA is ampli-
fied under isothermal conditions.®”®' This method uses a set
of specially designed primers, and a DNA polymerase with
strand displacement activity. However, the main disadvantage
of LAMP-based methods is the complexity of primer design to
achieve the specificity of a PCR test. Multiplex PCR systems in
which several PCR targets are sought after simultaneously in a
single reaction have gained wider acceptance, particularly
among commercial assays. The accuracy of these tests not only
depends on the assay composition, but also on type, quantity
and quality of the specimens collected. There are several
different sample types commonly used for PCR, which include
nasopharyngeal swab (NPS), nasal swab (NS), nasopharyngeal
wash (NPW), nasal wash (NW), nasal aspirate and throat swab
(TS). Many PCR assays require relatively clean sample solutions
that are free of inhibitors, making it necessary to extract and
purify microbial DNA or RNA from lysates. It should also be
pointed out that the pathogenic viruses enter the human body
through the mucus membrane cells in the bronchi and
alveolar cells. The sample obtained by swab collection there-
fore may not contain virus, although individuals were infected
by the pathogens. This could explain why some patients
display typical COVID-19 symptoms in spite of a negative PCR
test.

3.2 Ag testing

Direct fluorescent antibody (Ab) testing and rapid immuno-
assays (RIAs) have long been used for the diagnosis of ARTIs.

This journal is © The Royal Society of Chemistry 2025

They are aimed at detecting microbial Ag in body fluids.*?
RIAs are typically performed as near-patient tests and can
provide results in less than 30 min. There are four main
formats for RIA tests: latex agglutination, lateral flow (LF)
devices, horizontal flow devices and optical immunoassays.
The LF immunoassay (LFIA) is the most versatile and widely
used immunochromatographic method. LFIAs are relatively in-
expensive and easy to perform. They are invaluable tools for
primary care, emergency departments and low resource set-
tings. The development of immunoassays is reliant on the
identification of suitable Ag targets present in detectable quan-
tities in clinical specimens. To date, commercial assays have
been developed only for a limited range of pathogens. For
instance, a newer generation immunochromatographic test
that detects the C-polysaccharide cell wall Ag in urine has been
an important advance in the diagnosis of pneumococcal
disease.®® Viral Ag such as the S protein in circulating blood
can be used for the prognosis of SARS-related viremia.®* RIAs
have been commonly applied to the detection of IAV and IBV
as well as respiratory syncytial virus (RSV). In the recent pan-
demic situation, LFIAs were routinely used for screening of
coronavirus infections at the point of need. Other examples
include the detection of Ag related to S. pneumoniae and
Legionella pneumophila serogroups. These assays are more
rapid than culture-based tests, however their sensitivity is gen-
erally inferior to that of culture. Also, they cannot provide
information on susceptibility of microorganisms to anti-
microbial drugs.

3.3 Serological testing

Serological tests detect Abs produced in response to an infec-
tion. They allow for successfully identifying Abs for most res-
piratory pathogens, including SARS-CoV, adenovirus and
Haemophilus influenzae. Pathogen-specific Abs usually appear
about 10 days after exposure, which renders serological testing
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unsuitable for detection during the early stage of infection.
Earlier SARS-CoV-related research and most recent studies on
SARS-CoV-2 have shown that SARS-specific Abs, such as
immunoglobulin G (IgG), immunoglobulin M (IgM), and
immunoglobulin A (IgA) can be detected in serum as early as
seven days after viral infection or 3-5 days after the symptoms
appear and can last for several years after recovery.’®
Detection of these antibodies could be extremely useful for
surveillance of the population and also for plasma transfusion
to combat the active virus.®® Standard serological procedures
involve the use of microtiter plates such as the 96-, 192- or
384-well formats, where Abs are detected via protein-protein
interactions that are visualized using a colorimetric or fluo-
rescence assay assisted by enzymes involved in the reaction.
For example, detection based on enzyme-linked immuno-
sorbent assays (ELISA) has been shown for IgM and IgG anti-
bodies raised to SARS-CoV-2 nucleoprotein Rp3 during the
initial stages of COVID-19 disease.®” However, serological tests
for detecting parainfluenza virus and adenovirus are consider-
ably less sensitive than molecular methods such as PCR. Also,
bacterial infections are difficult to detect using Ab-based
testing, which limits the usefulness of serological methods for
diagnostics in clinical settings.®®

3.4 Culture-based methods

Observation of the cytopathic effect and hemadsorption in
viral culture has been the ‘gold standard’ for the diagnosis of
ARTIs for decades.®® Standard tube-based culture methods
allow for growing a large number of viruses, but obtaining
results can take 5-10 days. Over the years, turnaround times
have been reduced to 24 h through the use of improved cell
culture methods such as the centrifugation-enhanced shell
vial method.”® However, several clinically relevant viruses such
as rhinovirus (RV) and CoV are difficult to grow in culture.”*
Also, subjecting samples to multiple freeze/thaw cycles prior to
culture can affect viral titer and growth. Bacterial pathogens
can be detected and identified through culture, which is often
performed in conjunction with antimicrobial susceptibility
testing.”> As for viral culture, bacterial culture requires experi-
enced technologists, specialized media, and prolonged incu-
bation periods (e.g., 48-96 h). Also, there are limitations to the
diagnosis of several ARTIs such as mycoplasmal CAP by
culture. For these reasons, culture-based methods are becom-
ing less relevant for clinical diagnosis, patient care and anti-
microbial therapy.”>”*

4 Microfluidics

The embracement of microfluidics for diagnostic applications
is largely driven by the need for automating complex analytical
procedures and providing affordable solutions for POC
testing.'®”*”7® Microfluidics is the science and technology of
manipulating fluids in channels with dimensions below
100 pm.”*® As such, it provides a framework for reducing
sample and reagent consumption by scaling the reaction
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volumes down to sub-microliter levels. Microfluidics is closely
related to the concept of lab-on-a-chip (LOC), which broadly
aims at the integration of analytical workflows into a compact,
miniaturized format.”®®' LOC systems offer the prospect of
shortening process times and improving sensitivity thanks to
the unique characteristics deriving from the confinement of
flow to small-scale dimensions, which include relatively high
surface-to-volume ratios as well as faster rates of mass and
heat transfer.

From a technical perspective, there are two key components
to microfluidics, which are intrinsically linked to one another:
(i) a chip (or other suitable matrix) that hosts the fluidic
pathway, and (ii) an actuation scheme (or pumping system) to
mediate and control flow. The chip design accounts for the
dimensions of both channels and reservoirs, the type of control
elements that need to be present (for example, to achieve meter-
ing, mixing or aliquoting of assay components), and the poten-
tial need for implementing sensor and detection units on the
chip.” These criteria will also inform the selection of appropri-
ate materials and the methods that can be employed for fabrica-
tion. We refer the reader to excellent review articles that cover
these topics at length.®*®* The pumping system is central to the
functioning and performance of the chip; it determines the flow
rates that can be achieved as well as the overall volumes that can
processed on a microfluidic device.”” The fluid actuation
scheme must reflect the complexity of the assay that is to be per-
formed, the level of control that needs to be exercised over the
fluid manipulation steps involved, and the requirements associ-
ated with POC testing (e.g:, portability, a low footprint, and ease
of operation). Microfluidic flow can be generated using active
and passive means of pumping (Fig. 2) which are described in
more detail below.

In recent years, droplet microfluidics has emerged as a
groundbreaking technology with the potential to transform clini-
cal diagnostics. This innovative approach harnesses the power of
controlled generation, manipulation, and merging of droplets in
channels for high-throughput experimentation.?**® The ability to
compartmentalize reactions into discrete droplets (ranging from
femto- to nanoliter volumes) leads to enhanced control over reac-
tion conditions and increased throughput, while minimizing
sample consumption and reducing reagent waste. Droplet for-
mation is commonly achieved through extrusion and shearing of
immiscible multiphase flows (e.g., water in oil) inside microchan-
nels that can involve both active and passive fluid actuation
mechanisms.?” Droplet digital PCR (ddPCR) is the most impor-
tant application of droplet microfluidics in the context of disease
diagnostics (ARTIs and others); it provides higher sensitivity and
accuracy than real-time PCR, and allows for absolute quantifi-
cation without the need for a standard curve.*® The partitioning
afforded by ddPCR reduces interference from inhibitors present
in the sample, which renders the technique advantageous for
early diagnostics of ARTIs when the viral load is low.*

4.1 Centrifugal systems

Centrifugal microfluidics is closely related to the concept of
lab-on-a-disk®® where microfluidic elements such as reservoirs,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Principles for mediating flow at low volume and reduced scale along with microfluidic devices serving as illustrative examples for each cat-
egory. Centrifugal microfluidics: structures on a microfluidic disk. Reprinted with permission from ref. 91. Copyright © 2010 The Royal Society of
Chemistry. EWOD: optical microscope image showing manipulation of discrete droplets on a DMF device. Courtesy of Alphonsus Ng, Lisa Ngo and
Prof. Aaron R. Wheeler (University of Toronto). Capillary microfluidics: photograph of a microfluidic chip comprising a programmable resistor array
and a 15 um-deep flow path. Reprinted with permission from ref. 144. Distributed under Creative Commons Attribution License 4.0. Lateral flow
systems: photograph of a rapid COVID-19 Ag test device after use with a positive SARS-CoV-2 NPS sample. Pressure-driven microfluidics: photo-

graph of a cell sorting chip. Copyright © 2022 Fluigent.

channels and valves are implemented into a compact disk-
shaped format.”"*> Centrifugal microfluidics makes use of the
centrifugal force as the main actuation method for fluidic
operations—a force that can easily be generated by spinning
the disk around its center axis with the help of an electrical
rotor. For any particular operational protocol, microfluidic
architectural elements are designed based on the interplay
between centrifugal and capillary forces developed at the inter-
face between liquids and solid surfaces inside the microfluidic
conduit. A common dimensionless quantity used to evaluate
the importance of body forces (such as gravitational or cen-
trifugal) compared to surface tension is the Bond number Bo =
pacpL’/o, where p is the density of the liquid, a.p is the centri-
petal acceleration generated upon rotation, L is the character-
istic length (e.g., the size of a microfluidic channel or the

This journal is © The Royal Society of Chemistry 2025

radius of curvature for a liquid meniscus) and o is the surface
tension coefficient (for water 6 = 72.8 mN m ™" at 20 °C). At low
angular velocity the centrifugal fields are weak and the Bond
number therefore is small, suggesting that surface tension
(capillary) effects remain dominant, which is different from
macroscopic behaviour. Several flow control elements such as
capillary valves®® and siphon valves® are taking advantage of
the interplay between centrifugal and capillary forces. The
former is controlled by changing the angular velocity of the
driving motor; the latter through the dimensions and surface
properties of relevant microfluidic components. Combining
these flow control elements with modules for heating and
temperature adjustment at specific locations on the disk has
proven suitable for integrating relatively complex assays, some
of which were performed in an automated fashion.’>*>
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Despite the level of maturity displayed by these develop-
ments, there are several limitations inherent to centrifugal
systems. One is the so-called ‘footprint issue’: due to the uni-
directional nature of the centrifugal force, serious drawbacks
in placing microfluidic architectural elements along the fluidic
path on the microfluidic cartridge are inconveniently increas-
ing the size of the chip (radially) while decreasing the inte-
gration density (number of microfluidic features per square
centimeter). Capillary forces at low Bond numbers further
render the manipulation protocol sensitive to the physical
parameters of the input sample (e.g., different viscosities,
wetting properties, etc.). Finally, the practical use of microflui-
dics often remains hampered by the lack of adequate ‘world-
to-chip’ interfaces®®®” capable of (i) properly transferring
liquids to and from the chip, and (ii) providing connectivity
for sensory elements.

Innovative solutions aiming at solving these problems at
least partially were also proposed. For example, an elegant way
of addressing limitations induced by the unidirectional nature
of the centrifugal force consisted in considering additional
step motors installed on the rotor which are capable of chan-
ging the orientation of the microfluidic chips in the centrifu-
gal field landscape in a synchronized fashion through con-
trolled rotations with respect to a secondary axis.”® Various
active control®® and pumping'®® methods directed at improv-
ing microfluidic control and integration density were also pro-
posed. An important step towards advanced microfluidic func-
tionality, high density microfluidic integration and world-to-
chip interfacing capabilities has been made by mounting elec-
tronic pumps and programmable electromechanical valves on
the rotor of a centrifugal platform and apply regulated air
pressure at specific ports of the microfluidic circuit to conduct
advanced unit operations such as valving, switching, reverse
pumping, bubble mixing as well as on- and off-chip liquid
transfer, 01719

4.2 Flow-controlled (pressure-driven) microfluidic systems

Pressure-driven microfluidics uses syringe pumps, pressure
control systems as well as gravity to induce and mediate flow
in microchannels. The flow generated in this way is typically
laminar, well-defined and predictable. In the absence of convec-
tion, mixing of solution is mainly achieved by diffusion which is
inherently slow, emphasizing the need for fluidic control
elements such as valves, split and recombination units or topo-
graphic elements for passive mixing to be incorporated into the
fluidic circuit. Flow manipulation with the help of syringe
pumps is the most commonly used method in many research
laboratories as it involves an experimental setup that is fast and
easy to implement.'°"'%° The flow rate is controlled by mechan-
ical actuation to push or pull liquid to and from a microfluidic
device, which is interfaced by tubing. Inside the microfluidic
channels, the flow generated by syringe pumps remains inher-
ently pulsative and thus is prone to fluctuation."*

Conversely, pneumatic systems offer stable and responsive
flows as the pressure controllers are able to establish non-pul-
satile movement of liquid in a short period of time.'*»''? In
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general, the pneumatic unit (that can involve a compressed
gas cylinder, for example) is interfaced with a tube to pressur-
ize the sample so it can be transferred out of the container to
a microfluidic chip. Unlike syringe pump-driven flow systems,
the absence of actuating mechanical parts allows for driving
the flows smoothly and enables flow rates to be changed
without delay. When supported by an adequate manifold,
pressure can be applied to multiple wells on demand.****
The use of hydrostatic, gravity-driven flow is a simple yet
useful technique."*>''® For example, sample-containing
pipette tips can be vertically inserted into the inlets of the
microfluidic device. Based on the height difference of the fluid
column, the hydrostatic pressure makes the fluid move along
microchannels. The pressure can be calculated by P = pgAH,
where p is the density of the fluid, g = 9.81 m s~ is the gravita-
tional constant, and AH is the height of the fluid column. This
technique is beneficial when a weak pressure gradient and

relatively low flow rates are envisaged.""”"'®

4.3 Digital microfluidics (DMF)

DMF relies on individual manipulation of discrete unit dro-
plets to execute fluidic operations required for a particular
assay."'® Actuation forces used to transport droplets on hydro-
phobic surfaces include electrowetting-on-dielectric
(EWOD),"***?° surface acoustic waves,"*" dielectrophoresis,'**
thermocapillary forces,'*® magnetic forces,'**'*> and opto-
electrowetting."® Devices relying on EWOD present the most
promising avenue for diagnostic applications.

EWOD refers to an electrically induced modulation of inter-
facial tension between a polarizable and/or conductive droplet
and a solid electrode coated with a hydrophobic dielectric
film."*%'27128 When voltage is applied, the stored electric
charge changes the free energy on the dielectric surface and
reduces the interfacial tension, thus inducing a change in wett-
ability on the surface. Switching the voltage “on” and “off”
between a series of adjacent electrodes then results in an inter-
facial tension gradient that can be used to individually manip-
ulate droplets on a solid substrate with no moving parts. As
such, the advantage of EWOD over other actuation methods
lies in the capability of these devices to execute complex
analytical protocols using a finite set of elemental fluidic oper-
ations (e.g., droplet dispensing from a reservoir, transport,
merging, mixing, and splitting)."****°

EWOD devices have been implemented using either a co-
planar electrode scheme (open) with the ground electrode
positioned in the same plane as the actuation electrodes, or a
two-plane configuration (closed system) with the droplet being
sandwiched between two parallel plates separated by a spacer.
In a typical closed system, the bottom plate houses an array of
equidistant actuation electrodes, while the top plate is reserved
for the continuous ground electrode. This configuration allows
for more precise control over droplet transport, dispensing
and splitting in comparison to open systems and is the
method of choice for implementation of automated biochemi-
cal assays.'>> EWOD devices are typically fabricated using a
silicon or glass substrate onto which patterned electrodes (e.g.,

This journal is © The Royal Society of Chemistry 2025
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using standard photolithography, physical deposition and
lift-off techniques) are covered with a thin dielectric film (e.g.,
parylene, SU-8, SiO,, Si;N, and others) and a hydrophobic
coating (e.g., Teflon, SiC, etc.). In order to render these devices
more amenable to industrial translation, low-cost printed circuit
board EWOD devices have been demonstrated.**"*! Owing to
these developments, several commercial products that rely on
EWOD microfluidic technology are emerging for a number of
bioanalytical applications, which include DNA library prepa-
ration, sample preparation, biosensing, and molecular diagnos-
tics. Commercial potential of these devices has been outlined by
Li and Kim,"** while several other reviews provide excellent over-
views of technical and analytical developments.'**'3°

4.4 Capillary microfluidics

Capillary-driven microfluidics'**"*" has become a rapidly

growing field within the realm of microfluidics, focusing on
the manipulation and control of fluids using capillary forces.
Unlike conventional microfluidic systems that rely on external
pumps or power sources, capillary microfluidics leverages the
inherent properties of surface tension to mediate fluid flow in
microchannels. As such, the approach offers significant advan-
tages in terms of simplicity, cost effectiveness and portability.
The fundamental principle of capillary microfluidics lies in
the interplay between surface tension and channel geome-
try.'** Surface tension, a cohesive force resulting from the
attraction between molecules at the liquid/gas interface, gener-
ates capillary forces that propel the fluid within channels. The
fluid thereby flows from regions of higher surface tension to
those of lower surface tension in a fully autonomous fashion,
following the path of least resistance. The ability to further
regulate liquid transport, such as the possibility of metering
flow and engaging fluids sequentially, has been shown in con-
junction with capillary pumps (CPs)."**7'*> CPs are typically
implemented at the end of the flow path and can include
arrays of posts providing a predetermined capillary pressure
encoded in the microstructure.

The fabrication of capillary-driven microfluidic devices
requires precise engineering of microchannels and chambers
to harness capillary forces effectively."** Various fabrication
techniques such as hot embossing, molding, micromachining
and additive manufacturing can be employed to this end.®?
These methods allow for the creation of intricate microstruc-
tures with tailored dimensions and surface properties in a
variety of materials. The flow rate and the direction of flow can
both be controlled with precision by adjusting channel dimen-
sions and surface characteristics such as wettability. The
advantages of capillary microfluidic systems are manifold.
First, these devices are generally easy to use. Second, they are
cost effective since they do not require expensive components
for operation. Third, they are highly portable, making them
suitable for on-site and POC applications. These characteristics
render capillary microfluidics particularly attractive for
resource-limited settings where affordability, simplicity and
portability are essential.

This journal is © The Royal Society of Chemistry 2025
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4.5 LF and paper-based devices

LF and paper-based devices are related conceptually and share
similar characteristics. LF devices are one of the most widely
used POC diagnostic tools for the detection of infectious dis-
eases; they are appealing due to their relative simplicity, easy
operation, extended shelf life, short response time, and cost-
effectiveness.’*®™*° The components of a typical LF device are
nitrocellulose membrane, sample pad, conjugate pad, and
absorbent pad with the required reagents prestored on the
test strip. The sample pad is designed for loading sample
fluid; the conjugate pad is impregnated with specific mole-
cule-conjugated biolabels for binding to the analyte and gener-
ating signal; the nitrocellulose membrane supporting immobi-
lized capture molecules is the core component for testing; and
the absorbent pad provides capillarity to draw and collect excess
sample fluid. Commonly, there are two formats of LF devices:
sandwich and competitive. In a sandwich LF device, a small
volume of sample is loaded to the sample pad, which then pro-
pagates across the conjugate pad, nitrocellulose membrane, and
absorbent pad through wicking and capillary effects. The target
in the fluid will specifically recognize reporter molecules with
appropriate biolabels prestored on the conjugate pad to form a
complex (or aggregate), which is then captured in the testing
area. The signal generated on test and control lines provides
contrast so that the analytical result can be visualized by the
naked eye. Therefore, in a sandwich LF device, the target con-
centration is proportional to the test line signal. In a competi-
tive LF device, the target analyte will compete with the capture
molecules immobilized on the test zone to bind to the reporter
molecules prestored on the conjugation pad. Thus, in the pres-
ence of target analyte, the test line will not display any signal,
while in the absence of the analyte target, signals emerge for
both the test and the control line.

Microfluidic paper-based analytical devices (uPADs) are
receiving a great deal of attention for POC diagnostic
applications.” ™" As a substrate, paper is appealing for the
fabrication of LF systems because it is porous, hydrophilic and
readily available at low cost. In addition, paper is biocompati-
ble, can be cut and folded, and disposed of easily. Depending
on the fabrication methods employed, pPADs can be classified
into 2D and 3D pPADs. 2D pPADs are commonly fabricated by
patterning hydrophobic boundaries (that can be physical or
chemical in nature) on the paper to produce liquid guiding
structures. Photolithography, laser treatment, plotting, cutting,
various forms of etching, wax printing, and screen printing
have been attempted for producing 2D pPADs.'” The fabrica-
tion of 3D pPADs is more complicated than that of 2D pPADs
and typically involves multiple layers of 2D microfluidic paper
stacked on top of each other. Origami, slip techniques, and
3D-printing have also been shown for the fabrication of 3D
PPADs."*b1* Qver the past decade, there have been a large
number of novel pPADs reported for the detection of infectious
diseases, while the contribution of these devices to the preven-
tion and control of disease spreading is likely to increase in
the years to come.
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5 Commercial diagnostic
instruments using microfluidics

Commercial instruments for the detection of respiratory dis-
eases have witnessed significant advancements in recent years,
driven by technology development, automation, and miniaturi-
zation. These tools and devices (some of which are listed in
Table 2) offer a range of options for rapid and accurate diagno-
sis, while also catering to diverse clinical and operational
needs.”> % During the COVID-19 pandemic, considerable
efforts have been dedicated to the development (or adaptation)
of instrumentation for the detection of SARS-CoV-2.
Microfluidics plays an increasing role in many of these techno-
logies as part of the overall diagnostic workflow, impacting
pathogen detection and disease diagnosis in both clinical and
POC settings.' "%

LOC systems integrating NAATs enable multiplexed analysis
of respiratory pathogens with higher throughput than conven-
tional methods. Companies like BioFire Diagnostics and
Cepheid have developed PCR-based LOC platforms capable of
detecting a wide array of respiratory pathogens with high accu-
racy. POC devices have become an indispensable part of the
healthcare industry for they bring diagnostic capabilities
directly to the patient’s bedside or clinic, eliminating the need
for sample transportation and centralized laboratory facilities.
Microfluidic-based POC devices for respiratory infections offer
rapid and accurate results, facilitating prompt clinical
decision-making. They also generally do not require skilled
personnel or heavy equipment for operation. Notable examples
are the Alere i Influenza A & B test and the Quidel Sofia® 2
Fluorescent Immunoassay Analyzer, both of which utilize
microfluidic technology to detect influenza viruses within
minutes. The Revogene® instrument, originally developed by
GenePOC**'® and now being marketed by Meridian
Bioscience, is a fully automated centrifugal platform with
single- and multiplex PCR testing capabilities. The QX200
Droplet Digital PCR System from Bio-Rad Laboratories and the
Naica® system for Crystal Digital PCR from Stilla Technologies
offer ddPCR-based solutions for respiratory infection diagno-
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sis, enabling high-throughput screening of pathogens with
minimal sample volumes and reagent consumption. These
systems provide unparalleled flexibility and scalability in
sample processing and analysis.

Rapid Ag tests have gained prominence during the
COVID-19 pandemic for their ability to deliver results quickly.
Commercially available rapid Ag tests often come in the form
of LF assays, where NS or TS sample is applied to a test strip
containing antibodies that bind to the viral Ag, if present.
These tests are relatively inexpensive and can be performed
without the need for specialized laboratory equipment,
making them suitable for use in POC settings. Several types of
LF test strips have been employed for the diagnosis of
SARS-CoV-2, which include the Cellex qSARS-CoV-2 IgG/IgM
Rapid Test, Wondfo SARS-CoV-2 Ab test, SARS-CoV-2 DETECTR
(Mammoth Biosciences) and SGTi-flex COVID-19 IgM/IgG
(Sugentech). These and other LF devices are discussed in more
detail elsewhere.'®*'%%1%7 It should be noted, however, that
the need for rapid testing has dropped drastically in the post-
pandemic era which, in turn, has posed significant economic
challenges to smaller and medium-sized companies and even-
tually has led to the discontinuation of several products in this
market segment.

6 Emerging diagnostic methods
using microfluidics
6.1 Centrifugal (lab-on-a-disk) systems

Stumpf et al. have demonstrated fully automated sample-to-
answer detection of IAV H3N2 using a centrifugal LabDisk."®
Their system incorporates prestored reagents, making the
initial supply of the sample the only manual handling step.
The self-contained LabDisk performs the entire protocol for
PCR-based pathogen detection, which includes lysis, NA
extraction, aliquoting of the eluate into 8 reaction cavities, and
RT-PCR. Prestored reagents comprise air dried specific
primers and fluorescence probes, lyophilized RT-PCR master
mix and stick-packaged liquid reagents for NA extraction. The

Table 2 Examples of commercial instruments for detecting respiratory pathogens?

Instrument Characteristics Manufacturer Pathogens Time Ref.

GeneXpert Miniaturized PCR device Cepheid Tuberculosis 120 min 159

FilmArray Miniaturized PCR device BioFire Respiratory viruses and 60 min 157
Diagnostics bacteria

ML FluAB-RSV assay Miniaturized PCR device Enigma 1AV, IBV 95 min 158

Alere™ i LAMP device Alere 1AV, IBV 15 min 156

Revogene® Centrifugal RT-PCR system Meridian Respiratory viruses and 70 min 160
Bioscience bacteria

Simplexa™ Centrifugal microfluidic real-time Focus Diagnostics AV, IBV, RSV 150 min 155

PCR device

QX200 Droplet Digital PCR System ddPCR system Bio-Rad SARS-CoV-2 120 min 163

COVID-19 IgM/IgG™ LF device Truvian Sciences SARS-CoV-2 10 min 162

Abbott Panbio™ COVID-19 IgG/IgM  LF device Abbott SARS-CoV-2 10-20 min 161

Rapid Test Diagnostics

% Adapted in part from ref. 11. For a comprehensive overview, see also ref. 165.
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authors demonstrated successful detection of the respiratory
pathogen in a total of 18 LabDisk devices with sample concen-
trations down to 2.39 x 10* viral RNA copies per mL, which is
in the range of clinical relevance. Rombach et al."®® presented
the RespiDisk, enabling fully automated detection of up to 19
respiratory pathogens from a single sample in a multiplex
format using RT-PCR. RespiDisk comprises a centrifugal
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microfluidic LabDisk platform and combines new and existing
advanced unit operations for liquid control, thereby automat-
ing all assay steps through spinning frequency and tempera-
ture settings in combination with the use of a permanent
magnet for in situ handing of magnetic particles used for NA
extraction (Fig. 3A). The capabilities of the system were demon-
strated with 36 tested samples mimicking clinical conditions
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Fig. 3 Centrifugal microfluidic systems for respiratory pathogen detection. (A) Microfluidic layout of the RespiDisk. Reprinted with permission from
ref. 169. Copyright © 2020 The Royal Society of Chemistry. (B) Centrifugal microfluidic POC testing platform for CRISPR-assisted RT-RAA detection
of SARS-CoV-2. Reprinted with permission from ref. 173. Copyright © 2022 American Chemical Society. (C) Automated sample-to-answer
SARS-CoV-2 detection performed on a centrifugal platform with pneumatic actuation. The microfluidic cartridge is prefilled with reagents for con-
ducting RNA extraction, followed by amplification of E and N genes using RT-LAMP. Color change is detected by the optical imaging system of the
platform. Reprinted with permission from ref. 175. Copyright © 2022 The Royal Society of Chemistry. (D) Implementation of an automated ddPCR-
based sample-to-answer detection process integrated on a microfluidic cartridge that is operated on a centrifugal platform with active pneumatic
pumping. Components depicted in the setup: (1) external tube heater for PCR thermal cycling; (2) world-to-chip interface tubing connecting the
cartridge to the PCR tube inside the tube heater; (3) pneumatic manifold embedded on the floor of the rotating stage; (4) microfluidic cartridge; (5)
rotating stage with frame to hold the cartridge in place; and (6) platform casing. Scale bars: 400 um. Reprinted with permission from ref. 176.
Copyright © 2024 The Royal Society of Chemistry.
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(clinical and/or cultured material suspended in transport
medium or synthetic bronchoalveolar lavage) from past exter-
nal quality assessment panels covering 13 of the 19 integrated
detection assays for respiratory infection. A strong feature of
the platform is its universality since its components allow for
simultaneous detection of a broad panel of bacteria and
viruses in a single run, thereby enabling the differentiation
between diseases that can be treated using antibiotics.

Huang et al. have designed an air-insulated microfluidic
chip integrated with LAMP for automated distribution of
samples to 24 test cells, enabling the parallel identification of
multiple pathogens related to clinical pneumonia.'”® All test
and buffer cells were connected to an approximate sine-type
channel pipe (0.2 mm). Six primers were designed to identify
one pathogen which all were embedded at the bottom of the
test cell using low melting point Sepharose CL-4B. The pre-
pared DNA sample and isothermal NA amplification reactants
were evenly mixed in a 1 mL microcentrifuge tube. Then, the
mixture was injected into the microfluidic chip from the inlet
hole using a pipette. Sepharose CL-4B dissolves when the
device heats to 50 °C, allowing all primers to be released into
the mixtures of DNA sample and LAMP reagents. EvaGreen
fluorescence marker is used to bind to the amplified strands
while NA sequences are being amplified at 65 °C, enabling
detection in real-time. The authors demonstrated that this
device can simultaneously detect 24 species, which is adequate
for common pneumonia pathogen identification.

Tian et al.'”* developed a fully automated centrifugal micro-
fluidic system with sample-in-answer-out capability. Their
setup consists of a microfluidic disk for housing samples and
reagents and a signal-sensing instrument for rapid detection
of SARS-CoV-2. The viral RNA released from oropharyngeal
swab samples is amplified by reverse transcription LAMP
(RT-LAMP) with fluorescence signal being detected automati-
cally. The authors found that the limit of detection (LOD) for
RNA particles is 2 copies per reaction with a throughput of 21
reactions per disk and a sample-to-result time of ~70 min.
RT-LAMP has also been used by de Oliveira et al. for molecular
diagnosis of COVID-19 from RNA extracted samples.'”> The
authors employed a centrifugal microfluidic device made from
polystyrene-toner which is manually controlled by a fidget
spinner. The reaction was performed using a simple heating
block and amplification results were obtained with on-chip
visual detection using SYBR Green I intercalating dye, aided by
a hand-held UV source and a smartphone for imaging.

Chen et al. have demonstrated reverse transcriptase recombi-
nase-aided amplification (RT-RAA) of SARS-CoV-2 RNA extracts
along with detection facilitated by clustered regularly interspaced
short palindromic repeats (CRISPR) using a centrifugal microflui-
dic platform (Fig. 3B).'”® The sensitivity of the assay was
increased by segregating the amplification (RT-RAA) from the
detection (CRISPR) using separate compartments of the device,
while minimizing time-to-result, allowing the system to detect
down to 1 copy per pL within 30 min. Using RNA extracts from
26 positive and 8 negative clinical samples, the centrifugal micro-
fluidic device achieved 100% accuracy compared to RT-PCR.
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Soares et al. have integrated a sample-to-answer LAMP assay
for the detection of SARS-CoV-2 on a centrifugal platform
using a simple optical setup for fluorescence readout and a
smartphone camera.'””* The reaction was performed directly
using heat-inactivated NPS samples and included agarose beads
for signal enhancement after NA amplification, exhibiting a sen-
sitivity of 10-100 RNA copies per pL. We have developed an inte-
grated SARS-CoV-2 sample-to-answer molecular diagnostic assay
that combines RNA extraction from NPS specimens with
RT-LAMP (Fig. 3C)."”" The fully automated assay was performed
on a centrifugal microfluidic platform with active pneumatic
pumping using a disposable, polymer-based microfluidic car-
tridge and lyophilized reagents. The LOD of the sample-to-
answer assay was 0.5 copies per pL, with 60 min time-to-result,
showing promise for the practical implementation of rapid and
sensitive COVID-19 diagnostics at the point-of-need. Using a
cohort of 12 clinical samples, we demonstrated the capacity to
distinguish positive and negative samples for SARS-CoV-2,
thereby obtaining 100% agreement with RT-PCR results.

Using a more advanced version of this platform, we have
recently shown a fully-integrated system seamlessly combining
viral lysis, RNA extraction, emulsification, RT-ddPCR, and fluo-
rescence readout in a sample-to-answer format (Fig. 3D).'”°
Highly monodisperse droplets (~50 pm in diameter) were pro-
duced using centrifugal step emulsification and automatically
transferred to an integrated heating module for target amplifi-
cation. The platform had been equipped with a miniature fluo-
rescence imaging system enabling on-chip readout of droplets
after RT-ddPCR. Sample-to-answer detection was demonstrated
for SARS-CoV-2 N and E genes, along with RNase P endogen-
ous reference, using hydrolysis probes and multiplexed ampli-
fication within single droplets for concentrations as low as 0.1
copy per pL. We also tested 14 NPS specimens from patients
and were able to distinguish positive and negative SARS-CoV-2
samples with 100% accuracy, surpassing results obtained by
RT-PCR. Van Nguyen et al.'’” demonstrated a prototype cen-
trifugal microfluidic platform that automates the molecular
diagnostic workflow for parallel detection of four respiratory
pathogens, including IAV (H1N1, H3N2), IBV, and SARS-CoV-2,
in a high-throughput manner. The microfluidic device
implemented a zigzag aliquoting structure, enabling division
of reagent solutions into 30 aliquots that can be processed
simultaneously. The sample-to-answer reaction comprised
RNA purification, RT-LAMP and the real-time fluorescence
detection, and could be completed in 90 min, exhibiting an
LOD of 100 copies per pL.

Lin et al.'’® developed a POC microfluidic immunoassay
system for simultaneously detecting IgG/IgM/Ag deriving from
SARS-CoV-2 infection within 15 min. This centrifugal micro-
fluidic platform is equipped with SARS-CoV-2 diagnostic
microchips, multiple immunoassays and a home-made fluo-
rescence analyzer. The microchip is composed of a sample
loading chamber, a waste reservoir, and a fluorescence
immunoassay fluid channel comprising a capture region (5 x 6
spots) and a test region (3 x 3 spots). The possibility to detect
multiple biomarkers offers sensitive and accurate diagnosis of

This journal is © The Royal Society of Chemistry 2025
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SARS-CoV-2. Liu et al. have integrated pPADs on a centrifugal
microfluidic disk for detection of the SARS-CoV-2 N protein."””
The device employs a smartphone camera in concert with a
colorimetric detection scheme using gold nanoparticles (NPs)
to positively identify the protein in salivary samples with a sen-
sitivity of 10 pg mL™" and total assay time of 8 min.

6.2 Methods based on pressure-driven flow

Wang et al.'®® developed a microfluidic chip platform for rapid
detection of respiratory pathogens using LAMP. The platform
comprises a polymer/paper microfluidic chip and a portable
device for temperature control and remote visualization of the
results. This chip, with rapid sample-in-product-out capability
for respiratory clinical specimens, can be utilized for genomic
DNA extraction, amplification, and readout. Genomic DNA of
the pathogen is extracted with the help of magnetic particles.
A chromatography paper disk is preloaded with LAMP primers
and placed in each microchamber so that the chip can recog-
nize specific NA fragments of S. pneumoniae and
M. pneumoniae. Confirmation of these pathogens is achieved
by visual assessment of green fluorescence using a portable
device equipped with a UV light pen, a built-in heating
module, a Wi-Fi camera, and a dedicated smartphone app
interface to communicate and receive results. For quality
control, these specimens were tested against PCR performed
using bench-top instrumentation, yielding positive and nega-
tive predictive values for M. pneumoniae of 96.9% and 100%,
respectively. Zhu et al."®" developed an LOC device integrating
DNA extraction, solid-phase PCR and detection of human
papillomavirus (HPV). With the microfluidic system, the inves-
tigators showed a linear correlation between the extracted DNA
concentration and initial positive sample concentration,
suggesting high efficacy of the device for NA extraction. They
also demonstrated sufficient sensitivity for detecting five high-
risk HPV genotypes with an LOD of 50 copies per reaction. It
should be pointed out that all the procedures could be com-
pleted within 1 h, which is significantly shorter than the time
required using commercially available methods.

Zhang et al.'®* conducted an exploratory study to detect and
simultaneously subtype multiple influenza viruses (H1N1,
H3N2, H9N2) by combining a microfluidic chip with magnetic
NPs (MNPs) and quantum dots (QDs). This microfluidic chip
incorporates channels for multiple detections, and is inte-
grated with a controllable micromagnetic field to confine
MNPs and a heating region modified with capture probes for
recognizing the corresponding target cDNA sequences of IAV.
Yeh et al. introduced a portable microfluidic platform compris-
ing carbon nanotube arrays with differential filtration porosity
designed for virus enrichment and optical virus identifi-
cation.'®® This platform effectively enriched RV, IAV, and para-
influenza virus, resulting in successful real-time virus identifi-
cation directly from clinical samples with a virus specificity of
90%. Notably, viral detection was achieved with a 70-fold
enrichment in just a few minutes.

Kim et al."® developed an integrated microfluidic precon-
centration and NA amplification system (uFPNAS) for highly

This journal is © The Royal Society of Chemistry 2025
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sensitive detection of IAV H1N1. In this study, HIN1 virus par-
ticles were first preconcentrated using MNPs conjugated with
an Ab specific to the virus. Their isolated RNA was then rever-
sely transcribed and amplified to cDNAs through thermocy-
cling in a trapezoidal chamber of the pFPNAS. LOD as low as
100 TCID50 (50% tissue culture infective dose) in saliva can be
obtained within 2 h. Ganguli et al. demonstrated the rapid
detection of SARS-CoV-2 virus from NPS transferred to viral
transport medium (VIM), using a portable hand-held reader
and an additively manufactured microfluidic cartridge
(Fig. 4A)."®®> The POC microfluidic cartridge was inserted into
the cradle of the portable instrument and operated by
pressure-driven syringe flow. An isothermal RT-LAMP assay
was performed for rapid and cost-effective detection of
SARS-CoV-2, providing an LOD of 50 RNA copies per pL in
VIM. A smartphone camera is used to monitor in real-time
the fluorescence emission generated during amplification.
Najjar et al. developed a 3D-printed microfluidic device
capable of detecting SARS-CoV-2 RNA and anti-SARS-CoV-2
Abs in saliva and plasma via multiplexed electrochemical
outputs based on horseradish peroxidase (HRP)-mediated con-
version of 3,3',5,5-tetramethylbenzidine (TMB) (Fig. 4B).'%°
The fluid flow was controlled by a peristaltic pump, allowing
for electrochemical assays, reagent and sample mixing, as well
as LAMP and CRISPR reactions to be conducted sequentially
according to the requirements of the analytical protocol. With
their multiplexed assay, they were able to combine and
perform serological and NA diagnostics simultaneously and
validated multiplexed sensing with simultaneous detection of
SARS-CoV-2 viral RNA and host Abs.

Zai et al. described a gravity-driven microfluidic cartridge
for rapid detection of SARS-CoV-2, influenza A/B, and HPV16/
18 (Fig. 4C)."” The microfluidic cartridge integrates sample
lysis and direct quantitative PCR amplification for the detec-
tion of viral RNA/DNA. The resulting data showed high sensi-
tivity and specificity in the detection of SARS-CoV-2, influenza
A/B viral RNA, and HPV16/18 viral DNA, indicating an all-in-
one sample-to-answer POC solution. Rutten et al.'®® evaluated
a fully integrated, commercial microfluidic platform
(Evalution™ developed by MyCartis) in conjunction with digi-
tally barcoded microparticles to detect disease-related bio-
markers (Fig. 4D). Introduced by pneumatic pressure, the
encoded microparticles serve as substrates for hybridization
chain reaction amplification and subsequent detection of
target marker genes. The system distinguished virus subtypes
(human adenovirus type B and D) and antibiotic-resistant bac-
teria (S. pneumoniae) and exemplified specificity. Utilizing
their highly simplified and enzyme-free isothermal amplifica-
tion approach, the system demonstrated an LOD of 309 + 80
fM for human adenovirus type B in NPS samples.

Yamaguchi et al. designed a microfluidic system for the
detection of L. pneumophila in aquatic environments.'®® The
chip contained mainly two portions, one for mixing water
samples with fluorescently-labelled Ab and another for detec-
tion and enumeration of bacterial cells. In this study, a home-
built portable instrument, consisting of two syringe pumps, a
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analysis with patient samples including both positive and negative specimens. Reprinted from ref. 185. Distributed under Creative Commons
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CCD camera and a laptop was used for image acquisition and
bacterial counting. The authors found that counts of the L.
pneumophila cells in the standard samples measured with
their microfluidic system were comparable to those deter-
mined with conventional fluorescence  microscopy.
Furthermore, they showed that L. pneumophila counts in

22 | Analyst, 2025, 150, 9-33

cooling-tower water detected with the two methods were also
comparable, showing a similar trend following disinfection
and recirculation of the cooling tower. This study demon-
strates that microfluidic techniques can be an effective
approach for pathogen identification in disease management,
environmental monitoring and public health surveillance.

This journal is © The Royal Society of Chemistry 2025
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Singh et al. reported a microfluidic chip integrated with a
reduced graphene oxide (RGO)-based electrochemical immu-
nosensor for label-free detection of 1AV H1N1.'%° In this study,
three microelectrodes were fabricated on a glass substrate using
photolithography, and the working electrode was functionalized
using RGO and monoclonal Abs specific to the virus. These
chips were integrated with polydimethylsiloxane (PDMS) micro-
channels. Electrochemical studies revealed good selectivity and
an enhanced detection limit of 0.5 plaque-forming units (pfu)
per mL, where the chronoamperometric current increased line-
arly with H1N1 virus concentration within the range of 1 to 10*
pfu mL™". Yang et al. presented the generation of monoclonal
Abs specific to the SARS-CoV-2 N protein and selected an
optimal Ab pair for detecting the viral pathogen.'®* Particularly,
the produced Abs 1G6 and 3E10 exhibited higher reactivity and
were shown to be superior candidates than others used for a
sandwich ELISA platform to identify SARS-CoV-2. Using a single
syringe pump-driven POC microfluidic platform, the authors
showcased the detection of SARS-CoV-2 N protein and its var-
iants as a protein-based diagnostic tool.

6.3 DMF platforms

Wulff-Burchfield et al'®’> evaluated a microfluidic real-time
PCR device (developed by Advanced Liquid Logic) for detection
of M. pneumoniae that is rapid, portable, and fully automated.
The Advanced Liquid Logic technology involves electrical
fields to rapidly and precisely manipulate discrete nanoliter-
sized droplets within an oil-filled chamber. Each droplet
manipulation is directly controlled within a software program
enabling complex, multi-step protocols to be implemented
and easily reconfigured without requiring modifications to the
chip design. In their study, the authors enrolled patients with
CAP and extracted DNA from NPW specimens using a biotiny-
lated capture probe and streptavidin-coupled magnetic beads.
Each extract was tested for M. pneumoniae-specific DNA by
real-time PCR in comparison to conventional PCR using a
bench-top thermocycling instrument. Three out of 59 NPWs
were positive, and agreement between the methods was 98%.
Their data suggests that microfluidic real-time PCR and con-
ventional PCR displayed comparable sensitivity and specificity.
However, the former was easier to perform and at least three
times faster, emphasizing the potential applicability of the
microfluidic system to POC use for pneumonia patients.
Prakash et al.'®® have used DMF technology, integrated with
suitably tailored resistive microheaters and temperature
sensors, to achieve chip-based real-time PCR. The authors
leveraged two actuation techniques, electrostatic/droplet die-
lectrophoresis and electrowetting, through tailored microelec-
trode architectures to facilitate the required on-chip droplet
manipulation steps. The integrated device was used to analyze
in vitro synthesized IAV and ICV RNA. The study demonstrates
the utility of DMF for real-time PCR as it allows viral RNA to be
quantified with a detection threshold of <5 copies. The capa-
bilities of the device were further confirmed through detection
and quantification of pathogenic samples comprised of IAV
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and ICV, where accuracy levels were found to be comparable to
those obtained by bench-top PCR (efficiency ~95%).

Wang et al. have combined DMF with surface-enhanced
Raman scattering (SERS) for the quantitative detection of
avian IAV H5N1 in buffer and human serum (Fig. 5A)."** The
SERS-based methodology shows excellent sensitivity (LOD of
74 pg mL™") and selectivity for H5N1 detection with a relatively
short assay time (<1 h) and low reagent consumption (~30 pL)
compared to standard ELISA. Therefore, the technology holds
great potential for automated and sensitive diagnosis of a
variety of infectious diseases.

Zhang et al'®® have implemented a two-step CRISPR-
assisted LAMP assay on a DMF platform comprising two
inlets, two temperature control zones, and a fluorescence
detection area. The reaction droplets were immersed
in silicone oil to minimize formation of aerosols and prevent
contamination between amplification and detection reactions.
The automated assay was able to detect both wild and mutant
SARS-CoV-2 and simultaneously monitor the T478K, D614G,
P681H, and P681R mutations in samples comprising 100 copies
per pL. Anderson et al.'®® demonstrated successful implemen-
tation of a SARS-CoV-2 sample-to-answer assay on a thin-film
transistor DMF (TFT-DMF) platform comprising a disposable
microfluidic cartridge and control hardware with an embedded
fluorescence detection system. The TFT-DMF device incorpor-
ates tenths of thousands of independently addressable electro-
des with the capacity to perform multiple parallel reactions and
implement complex analytical workflows by manipulating large
numbers of droplets along any pathway. Using saliva samples
spiked with SARS-CoV-2 RNA, the assay steps including mag-
netic bead-based NA extraction and RT-PCR were performed by
the system with minimal user intervention.

Ho et al."®” have combined DMF with distance-based detec-
tion of LAMP products as a direct signal readout strategy to
detect amplified SARS-CoV-2 RNA (Fig. 5B). Here, semi-quanti-
tative detection of target analyte is reported based on the tra-
velled length of a visual signal on a patterned paper reporter,
such that identification can be performed by the naked eye.
Using RNA extracts from saliva spiked with inactivated
SARS-CoV-2 viral particles, the authors have demonstrated suc-
cessful discrimination between low (10 copies per pL), and
high viral load (10° copies per pL) as well as negative control
samples. Future integration of sample preparation steps with
the proposed approach could provide utility in portable appli-
cations outside of standard laboratory environments. Dong
et al."®® have demonstrated a cost-effective sample-to-answer
molecular analysis system termed Virus Hunter, which com-
bines DMF technology with a continuous-flow microchannel-
based subsystem for detection of SARS-CoV-2 and influenza
A/B using RT-PCR (Fig. 5C). Using such a combinatorial
approach, the authors demonstrated the capacity of the system
to store reagents on the chip and process hundreds of microli-
ters of sample volume to perform all assay steps in an auto-
mated manner, including bead-based NA extraction, purifi-
cation, and amplification. The continuous-flow subsystem per-
formed sample preparation steps before delivering purified
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Illustration of a DMF device that uses distance-based detection of LAMP amplicons. The assay starts with extracted viral RNA being loaded into the device
along with the LAMP master mix. Following isothermal amplification, LAMP amplicons are cleaned up using Capto™ adhere beads and introduced into a
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RNA to the digital unit. Using EWOD, the sample was parti-
tioned to eight independent droplets for RT-PCR, which were
subsequently imaged using a 4-channel fluorescence reader.
The sample-to-answer assay could be completed in 2 h exhibit-
ing an LOD of 0.30 and 0.94 copies per pL for SARS-CoV-2
ORF1 and N genes, respectively, as well as 1.03 and 1.26 copies
per pL for IAV and IBV, respectively. The platform was evalu-
ated using clinical specimens, providing 100% agreement with
standard (bench-top) RT-PCR.

6.4 Capillary-based microfluidic systems

Ramalingam et al."®® made use of isothermal helicase-depen-

dent amplification (HDA) for viral detection using an inte-
grated microfluidic (PDMS/glass) chip. Their system harbors

24 | Analyst, 2025, 150, 9-33

open (unsealed) reactors in conjunction with a single-step
capillary-based flow scheme for sequential distribution of the
PCR mixture. The performance of HDA using their chip was
evaluated in comparison to PCR on a PDMS/glass chip and
HDA in a tube, and was found to be comparable in terms of
NA amplification yield. The combination of autonomous,
capillary-based liquid displacement and the specificity of HDA
makes the system appealing for use in resource-limited set-
tings, where expensive instruments are not available. Ma et al.
have developed a capillary-driven microfluidic device for rapid
detection of IAV H1N1 using RT-LAMP (Fig. 6A).>° The liquid
flow is mediated via capillary forces and stopped using hydro-
phobic soft valves. Specifically, liquid flow from the hydro-
phobic area into the downstream chamber is initiated by

This journal is © The Royal Society of Chemistry 2025
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Schematics and photograph of a capillary-driven microfluidic device for Ab-based detection of SARS-CoV-2. The graph shows the dose—response
curve of anti-N protein spiked into whole human blood obtained using microfluidic ELISA. Reprinted with permission from ref. 206. Copyright ©
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pressing the hydrophobic soft valves. The device is fabricated
in PDMS and integrates virus isolation via H1N1-specific apta-
mers conjugated to magnetic beads, isothermal NA
amplification and colorimetric detection of the viral RNA. The

lysis,

entire procedure can be performed in 40 min by capillary
forces and provides an LOD of 3 x 10~* hemagglutinating units
per reaction, which is sensitive enough for clinical appli-
cations. A custom-made smartphone-controlled, automated,
and portable system was also developed which could serve as a
platform for POC pathogen detection, particularly in resource-
limited settings. Dou et al.>°"*°> have demonstrated a low-cost
paper/polymer hybrid microfluidic POC device for rapid and
accurate diagnosis of pertussis—a highly infectious respiratory
disease caused by the bacterium Bordetella pertussis.”®
Capillary flow thereby mediates the supply of sample and
reagents for on-chip LAMP reactions in designated wells. Upon
completion of the amplification process, results were visual-
ized using a portable UV light pen illuminating the LAMP reac-

This journal is © The Royal Society of Chemistry 2025

tion products on the biochip. The generated fluorescence was
observed by the naked eye or captured through a cellular
phone camera where images were then processed using image
analysis software. The system allows for detecting B. pertussis
from NPS and nasal aspirate with high sensitivity and an LOD
of 5 DNA copies per well. Sun et al. developed a microfluidic
chip for LAMP-based detection of five bacterial and viral
pathogens using a smartphone-based instrument for readout
(Fig. 6B).>** The authors found that their system can reliably
detect the specific target NA sequences without signal cross-
talk. Their work represents the successful utilization of smart-
phone-based LAMP detection of pathogens for POC appli-
cation. They also claimed that the portable microfluidic
smartphone-based device can be used for detection of human
pathogens such as SARS-CoV-2.

Clark et al.>® presented an electrochemical capillary-driven
immunoassay made from polyethylene terephthalate and
adhesive films for the detection of SARS-CoV-2. Upon sample
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loading, reagents and wash solutions are sequentially deli-
vered to an integrated sensing zone where the carbon electrode
pads are positioned. Subsequently, automated ELISA was con-
ducted for detecting SARS-CoV-2 N protein using chronoam-
perometry measurements. The authors reported an estimated
LOD of 68 equivalent pfu per mL. Building on these develop-
ments, they conceived a capillary-driven microfluidic device
for serological testing at the point-of-need using enzymatic
conversion of a chromogenic substrate (Fig. 6C).%°® This device
can quantify anti-SARS-CoV-2 N protein with an LOD of 2.8 ng
mL~", which is comparable to that of traditional well plate
ELISA (1.2 ng mL™"). Furthermore, they quantify clinically rele-
vant levels of SARS-CoV-2 N protein from NS in 20 min using
smartphone images, achieving an LOD of 100 pfu mL™*.2%
This capillary-driven approach also been demonstrated in con-
junction with multiplexed immunoassays for the detection of
H1N1 hemagglutinin and SARS-CoV-2 N protein.**®

Robin et al. have developed a microfluidic DNA biosensor for
the detection of non-amplified SARS-CoV-2 RNA.>*® A specifically
designed SARS-CoV-2 probe was covalently bound to the surface
of a glass slide which was then integrated into the microfluidic
system where it was hybridized with viral RNA extracted from
human saliva. The DNA/RNA duplex was detected in the presence
of SYBR Green I using an opto-electronic system, based on a
high-power LED and a photo multiplier tube, converting the
emitted fluorescence into an electrical signal that can be pro-
cessed in less than 10 min. The LOD of the sensor reached 6 viral
RNA copies per pL (corresponding to 10 aM). The work is distin-
guished from other approaches by the fact that it makes use of a
relatively simple detection scheme without the need for inter-
mediate transcription and amplification steps.

6.5 LF and paper-based devices

Wu et al.”*® developed an automated, portable, and integrated
paper-based microfluidic system for influenza A detection with
a smartphone platform. The paper-based microfluidic chip
consists of a reagent storage and a reaction module. The
storage module, which comprises reagent chambers with dis-
pensation channels, is designed for reagent storage and
release. The reaction module consists of an absorbent pad and
a nitrocellulose membrane which is functionalized with
specific monoclonal Abs for immunoassay detection.
Microfluidic Dot-ELISA was performed when the dispensed
reagents flow through the membrane at a controllable speed
and reach the absorbent pad. The preliminary results indi-
cated that their device was more convenient and efficient in
influenza A detection than traditional methods. Murdock
et al>'" developed a POC pPAD for detecting influenza and
determine antiviral susceptibility of the strain. The assay
exploits the enzymatic activity of surface proteins present on
all influenza strains, and potential false positive responses can
be mitigated. A sample can be added to the device, distributed
to 4 different reagent zones, and development of the enzymatic
substrate under different buffer conditions takes place on the
bottom of the device. Analysis can be performed by eye or
through colorimetric image analysis. Garneret et al. developed
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a portable, paper-based microfluidic device for diagnosis of
COVID-19.>"* SARS-CoV-2 RNA is extracted, amplified isother-
mally by RT-LAMP, and detected using intercalating dyes or
fluorescent probes. Depending on the viral load in samples,
the detection takes between 20 min and 1 h. Using a set of 16
pools of NPS eluates, the authors found that LOD of their
device was comparable to RT-PCR (i.e., 1 genome copy per pL
of clinical sample) without cross-reaction among the eight
major respiratory viruses currently circulating in Europe.
Therefore, they proclaimed that they designed and fabricated
an easy-to-use portable device (termed COVIDISC) to carry out
the test at the point of need.

Liu et al. described an LF recombinase polymerase amplifi-
cation assay for rapid and sensitive detection of SARS-CoV-2
implemented into a single microfluidic chip.”*® Analyte
sequences are labelled with biotin and FAM during amplifica-
tion, mixed with running buffer, and then delivered to the LF
strip to provide easily interpreted positive or negative results.
Testing requires only a simple NA extraction process along
with subsequent loading and incubation to obtain results in
approximately 30 min. SARS-CoV-2 armored RNA particles
were used to validate the system, which showed an LOD of 1
copy per pL (or 30 copies per sample). Chip performance was
further evaluated using clinically diagnosed cases of COVID-19
and revealed a sensitivity of 97% and specificity of 100%,
highly comparable to current RT-PCR-based diagnostic assays.
This assay is portable and comprises affordable materials,
enabling mass production and decreased risk of contami-
nation. The authors suggest that their assay can be used as a
complement to RT-PCR for low-cost COVID-19 screening in
resource-limited areas. Zhang et al. reported a one-pot, LF-
based RT-LAMP assay for SARS-CoV-2 detection in clinical
samples.>"* In their study, they employed RT-LAMP to amplify
virus RNA efficiently and rapidly in the sample without the
need for specialized equipment. In addition, they used an LF
assay that allows for interpretation of NA amplification results
by direct visualization. When these technologies are integrated
into one system, the analysis of a clinical sample can be
achieved in less than 40 min from a swab sample to a diagnos-
tic result. This sample-to-answer workflow exhibits the advan-
tages of being simple, less costly, and portable for diagnosis.
The authors claim that this technology is one step closer to
achieve on-site rapid screening of pathogenic microorganisms,
which is critical for infectious disease control and prevention.

Wang et al. developed a dual-mode LFIA that uses S
protein-conjugated QDs for rapid detection of SARS-CoV-2-
specific IgM and IgG in human serum.?'® Colorimetric testing
mode thereby allows for rapid screening of the patients with
suspected SARS-CoV-2 infection without the need for special-
ized equipment while fluorescence testing mode simul-
taneously enables sensitive and quantitative analysis of IgM/
IgG in the sample. According to the authors, the assay is 100
times more sensitive than a standard LFIA based on colloidal
Au particles. Chen et al. have shown a rapid and sensitive LFIA
that uses lanthanide-doped polystyrene NPs (LNPs) to detect
anti-SARS-CoV-2 IgG in human serum.”’® In their device,
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recombinant N protein of SARS-CoV-2 was dispensed onto a
nitrocellulose membrane to capture specific IgG. Mouse anti-
human IgG Ab labeled with self-assembled LNPs served as a
fluorescent reporter. The authors suggest that this assay can
achieve rapid (10 min) and sensitive detection of anti-
SARS-CoV-2 IgG (in 100 pL aliquots of diluted human serum),
and enables positive identification in suspicious cases; it can
also be useful for monitoring the COVID-19 disease progression
and evaluating patients’ response to treatment. Wang et al.
developed an amplification-free NA immunoassay for fluo-
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trial involving 734 samples (593 TS and 141 sputum) provided
by 670 individuals, the assay achieved 100% sensitivity and
99% specificity for both sample types.

CRISPR in conjunction with CRISPR-associated (Cas) pro-
teins constitutes a revolutionary gene-editing technology®*®>'°
that is being integrated into LF devices for microbial and
disease POC detection.”*® For instance, Broughton et al.**'
have demonstrated feasibility and validity of a CRISPR-Cas12-
based LF device for detection of SARS-CoV-2 from extracted
patient sample RNA. The assay implements standard tube-
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Fig. 7 Examples of LFIA implementations. (A) Principle of fluorescence-based SARS-CoV-2 detection along with representative results on an LF strip as
detected by the fluorescence analysis device. Reprinted with permission from ref. 217. Copyright © 2020 Springer Nature. (B) Schematic representation
of the sandwich immunoassay for detecting IAV using plasmonic fluorescence enhancement. Fluorescence images show the detection of serially
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strips exposed to different analyte concentrations. Reprinted with permission from ref. 227. Copyright © 2024 American Chemical Society.
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diagnosis of SARS-CoV-2 infections. The methodology provides
an LOD of 100 copies of viral genome input in saliva or NPS
per reaction. Using LF readout, the entire process can be com-
pleted within 70 min, making this approach suitable for POC
applications. Zhu et al. have described a CRISPR-Cas9 assay
for the detection of M. pneumoniae.**® High amplification
efficiency along with low temperatures for recombinase poly-
merase amplification enables detection of three copies at a
preamplification temperature of 25 °C. The practical appli-
cation of their device has been demonstrated with 100% accu-
racy by testing with 43 M. pneumoniae-infected specimens and
80 uninfected specimens. The entire detection process, includ-
ing pretreatment, preamplification, CRISPR-Cas9 recognition,
and visual analysis, can be completed in 30 min.

Plasmonic approaches in LF devices have emerged as a
promising technique for disease detection due to their high
sensitivity, simplicity, and rapid response time. These
approaches harness the unique properties of plasmonic NPs,
which, when conjugated with capture probes, enable the detec-
tion of target analytes at very low concentrations by amplifying
the signal generated upon analyte binding. Gupta et al. have
shown an LFIA based on Ab-conjugated fluorescent gold nano-
rods that provides a 30-fold improvement in analytical per-
formance (LOD and dynamic range) over standard ELISA and a
1000-fold improvement over conventional LFIAs using an in-
expensive and portable fluorescence scanner for readout.>**
Their plasmonic assay achieved 95% clinical sensitivity and
100% specificity for Ab in plasma and Ag in NPS from individ-
uals with SARS-CoV-2 infection. Hong et al. have designed
metal-enhanced fluorescence (MEF) probes based on a gold
nanorod core, mesoporous silica shell, and Cy5 fluorophore
(Fig. 7B).?*® The authors investigated both theoretically and
experimentally the distance dependence of plasmonic coup-
ling between Cy5 and gold nanorods by adjusting the shell
thickness to optimize the efficiency of MEF probes incorpor-
ated on an LFIA platform. Their assay enabled highly sensitive
detection of 1AV N protein with an LOD of 0.52 pg mL ™" within
20 min and showed high specificity and accuracy for determin-
ing IAV in clinical samples.

Liu et al.>*® have demonstrated SERS for the simultaneous
detection of IAV H1N1, SARS-CoV-2 and RSV in biological
samples using an LFIA and high-performance magnetic SERS
tags. The SERS tags can directly enrich and capture target
viruses without pretreatment of samples, avoiding the inter-
ference of impurities in the samples as well as improving the
sensitivity. The LOD of the SERS-based LFIA reached 85 copies
per mL for HIN1, and 8 pg mL™" for both SARS-CoV-2 and
RSV. Atta et al.**” have integrated particles with a specially
designed core-gap-shell morphology consisting of a gold shell
decorated with external nanospheres, a structure referred to as
gold nanocrown (GNC), labeled with a Raman reporter mole-
cule 1,3,3,1',3",3"-hexamethyl-2,2"-indotricarbocyanine iodide to
produce colorimetric and SERS signals, into an LFIA for the
detection of SARS-CoV-2 S protein 1 (Fig. 7C). LOD for the col-
orimetric LFIA was determined to be 91.24 pg mL ™", while that
of the SERS LFIA method was more than three orders of mag-
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nitude lower at 57.21 fg mL™". The ultrahigh detection sensi-
tivity of the GNC nanosensor along with excellent sensitivity,
reproducibility, and rapid detection demonstrates the potential
of plasmonic approaches for the early detection of respiratory
virus infections.

7 Conclusions and outlook

In this review, we examined emerging concepts for the detec-
tion of ARTIs—an area where microfluidics has long been
expected to shine. The developments presented here suggest
that the technology—in large part—makes good on its prom-
ises and continues to take center stage when novel or well-
established analytical methods are to be integrated into a
compact, miniature format. Microfluidic devices can perform
multiplexed assays, simultaneously testing for several target
pathogens in a single sample, thereby expediting the diagnos-
tic process. A number of examples highlight the possibility to
enable rapid analysis of biological samples, such as blood,
urine or saliva, allowing for diagnosis and treatment decisions
to be made on-the-spot.

For any microfluidic system to approach practical relevance,
it must adhere to the ASSURED (affordable, sensitive, specific,
user-friendly, rapid and robust, equipment-free and deliverable
to end-users) criteria set forth by the WHO, which informs the
development of novel diagnostic tests.>?® Many of the emer-
ging devices presented herein meet these conditions only par-
tially. Some of the technical challenges that have hampered
the transition of microfluidic systems into the clinical realm
from the onset’>** are still prevalent today. For example,
sample preparation as well as signal detection and readout
often depend on auxiliary equipment that is inadequate for
deployment in resource-poor settings. Adsorption of assay
components on device surfaces, degradation of sensitive
reagents over time and fouling can drastically diminish
reliability of the measurements and, ultimately, can cause the
device to fail. Appropriate encapsulation of liquids, the use of
dry reagents as well as adequate passivation of the inner sur-
faces are needed to provide acceptable delays in terms of shelf
life and device performance. Also, many published demon-
strations remain at the proof-of-concept level or were per-
formed with spiked solutions instead of clinical samples;
blood, saliva and urine are complex matrices that can be chal-
lenging to process and analyze. Ongoing research is continu-
ously improving microfluidic technology by addressing these
limitations. Commercial systems such as the Revogene®
instrument®>'® and others highlighted in this review are testi-
mony to these efforts. A striking example is also the Simple
Plex™ system,”****' an automated, microfluidic-based
immunoassay platform developed by ProteinSimple, which
provides significant improvement over traditional approaches
in terms of sample requirements, test sensitivity, dynamic
range, coefficient of variation, and reproducibility.

Clinical trials required to validate the practical utility of bio-
markers, assays and devices have to comply with regulatory,

This journal is © The Royal Society of Chemistry 2025
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legal, and ethical guidelines, and can pose a considerable
obstacle in the development process of a novel diagnostic
test.>*> Regulatory approval is another administrative challenge
facing the adoption of microfluidic-based diagnostics.>*>
Regulatory agencies therefore need to establish clear guide-
lines for the validation process of microfluidic devices, ensur-
ing their safety, efficacy, and reliability. Additionally, reimbur-
sement policies must be established to incentivize healthcare
providers to adopt microfluidic technologies, particularly in
resource-limited settings. Addressing these administrative
hurdles requires close collaboration between regulatory
agencies, healthcare providers, and industry stakeholders to
streamline the approval process and facilitate market access
for microfluidic-based diagnostic devices. According to some
observers, a certain degree of reluctance persists within the
medical community when it comes to the adoption of new
diagnostic methods, which is an additional impediment for
microfluidic systems to make it into the big picture.?**?>3*
Established habits inherited through professional training and
practice can indeed guide decision-making both at the individ-
ual and collective level.

To gain widespread acceptance by healthcare professionals,
reliability and testing performance have to coincide with sig-
nificant improvements in the way these novel systems are oper-
ated and maintained. They must also demonstrate substantial
benefits over existing instrumentation in terms of data analysis,
reporting and management. The integration of microfluidic
devices with other technologies, such as biosensors and smart-
phone apps, further enhances their diagnostic capabilities.
Biosensors can detect specific biological markers associated
with ARTI, while smartphone apps can interpret the sensor
data, providing real-time results and even guiding patients
through the testing process. Analysis software that makes use of
artificial intelligence (AI) can thereby help digest complex data
output, identify patterns, and make accurate diagnostic predic-
tions in real-time.?*> Machine learning algorithms can leverage
large data sets to improve the accuracy and reliability of disease
diagnostics, enabling early detection of outbreaks and personal-
ized treatment strategies.”*>?*® Furthermore, Al-driven decision
support systems can assist healthcare providers in interpreting
diagnostic results and guiding patient management, ultimately
improving clinical outcomes and reducing healthcare costs.
Adaptation of blockchain technology, on the other hand, can
enhance data security, integrity, and traceability, enabling trans-
parent and tamper-proof record-keeping throughout the diag-
nostic process.>*”**® By securely storing patient information
and test results on a decentralized ledger, blockchain techno-
logy can facilitate interoperability between healthcare providers
and ensure patient privacy and confidentiality.
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