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Summary

This thesis demonstrates the conversion of a conventional lateral flow assay (LFA) into
a self-contained and compact membrane-free fluorescence lateral flow channel assay
concept for clinical analysis.

While most LFAs rely on membrane and paper materials for protein immobilization,
sample preparation, sample flow, and reagent storage, they also bear unfavorable
properties. These include variations in flow rate and analysis time due to varying pore
structure and sample viscosity. Additionally, obstruction of pores by matrix
components, the requirement for relatively high sample volume due to its inherent
absorbing properties, and inconsistency in the dispersion of the reagent to the
membrane due to batch-to-batch variations further complicate their use. To address
these performance-affecting factors, this thesis focuses on developing membrane- and
paper-free one-step LFAs utilizing polyelectrolyte multilayer (PEM) and magnetic
nanoparticles (MNPs) to enhance the controllability of the immunoreaction and reduce
the sample volume. This approach improves overall assay performance and enables
straightforward self-testing at home or in rural areas, with an emphasis on patient

comfort.

Innovations in One-Step Point-of-Care Testing

The first part of this work reviews innovations in one-step point-of-care testing (POCT)
within microfluidics and lateral flow assays (LFAs), examining how they are shaping the
future of healthcare. These POCT platforms are carefully evaluated based on various
factors, including ease of fabrication, scalability for mass production, simplicity of
handling, long-term storage potential, cost-effectiveness, and the capability to integrate

sample preparation.

Membrane-free Lateral Flow Assay

The second and third part of this work concentrate on developing membrane-free LFAs
by exploring protein immobilization techniques on a flat PET foil, as opposed to the
traditionally used nitrocellulose (NC) membrane as the immobilization matrix. By

incorporating a PEM to electrostatically immobilize streptavidin and integrating
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streptavidin-functionalized MNPs into POCT platforms, low limits of detection (LODs)
for both approaches were reached, while also reducing the required sample volume by a
factor of 7.5. This makes the platforms more suitable for POCT applications, in which
the sample volume is limited or when patients’ comfort is of utmost importance.

To be able to replicate the setup of the POCT platforms industrially, the test structure
was designed in such a way that all fabrication steps are scalable. The LFAs comprise a
PET foil substrate, a spacer with laser-cut capillaries, a cover foil with sample and outlet
ports, and pressure-sensitive double-sided adhesive tape. This design enables cost-
effective and straightforward manufacturing, allowing for reagent storage on the sensor
and preserving the one-step process characteristic of traditional LFAs.

Despite the need for additional hardware, such as the micropump, its integration has
enhanced the robustness and reliability of the assay for on-field applications. With
limits of detection (LOD) of 56 pg:mL-! for the PEM-based LFA and 43.1 pg:mL-1 for the
MNP-based LFA in plasma, the platforms demonstrate equal or superior sensitivity

compared to traditional LFA methods.

On-Chip Blood Plasma Separation

The fourth part of this work demonstrates the development of an integrated
sedimentation-based blood plasma separation system for a fully integrated, ready-to-
use POCT platform designed to detect NT-proBNP in undiluted whole blood. To enhance
the gravity-based sedimentation, an aggregation agent was used to promote the
clumping of red blood cells into bigger clusters. To achieve effective separation within
the POCT platform, a physical filter trench was integrated into the system. This trench
plays a crucial role in the process, ensuring that the separation of the blood cells is both
efficient and reliable. The incorporation of this filter trench not only facilitates the
separation of red blood cells but also enhances the overall performance and accuracy of
the assay by preventing interference with the optical read-out. The device
demonstrated high separation efficiency of 96.23 % and yield of 7.23 pL (=71.9 %).
Furthermore, we elaborate on its user-friendly nature and demonstrate its proof-of-
concept through an all-dried ready-to-go NT-proBNP lateral flow immunoassay with

clinical blood samples.
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Zusammenfassung

In dieser Arbeit geht es um die Umwandlung eines herkémmlichen Lateral-Flow-Assays
(LFA) in ein eigenstdndiges und kompaktes membranfreies fluoreszenzbasiertes LFA-
Konzept fiir die klinische Analyse.

Wahrend die meisten LFAs auf Membran- und Papiermaterialien fiir die
Proteinimmobilisierung, Probenvorbereitung, Probenfluss und Lagerung der
Reagenzien angewiesen sind, weisen sie auch ungiinstige Eigenschaften auf. Dazu
gehoren Schwankungen in Flussrate und Analysezeit aufgrund variierender
Porenstrukturen und Probenviskositat. Dartiber hinaus erschweren die Verstopfung der
Poren durch Matrixkomponenten, der Bedarf an relativ hohem Probenvolumen
aufgrund der inhdrenten absorbierenden Eigenschaften und Inkonsistenzen in der
Verteilung des Reagenz auf der Membran aufgrund von Chargenunterschieden ihre
Anwendung.

Zur Uberwindung dieser leistungsbeeinflussenden Faktoren konzentriert sich diese
Dissertation auf die Entwicklung von membran- und papierfreien einstufigen LFAs
unter Verwendung von Polyelektrolytschichten (PEM) und magnetischen
Nanopartikeln (MNPs), um die Kontrollierbarkeit der Immunreaktion zu verbessern
und das Probenvolumen zu reduzieren. Dieser Ansatz verbessert die Gesamtleistung
des Assays und ermoglicht einen einfachen Selbsttest zu Hause oder in ldandlichen

Gebieten, wobei der Komfort des Patienten im Vordergrund steht.

Innovationen im One-Step-Point-of-Care-Testing

Zuerst liegt der Fokus dieser Arbeit auf eine Zusammenfassung von Innovationen im
einstufigen Point-of-Care-Testing (POCT) im Bereich der Mikrofluidik und Lateral-Flow-
Assays (LFAs) und wie sie die Zukunft des Gesundheitswesens formen. Diese POCT-
Plattformen werden sorgfaltig basierend auf verschiedenen Faktoren bewertet,
darunter die Einfachheit der Herstellung, die Skalierbarkeit fiir die Massenproduktion,
die Benutzerfreundlichkeit in der Handhabung, das Potenzial fiir Langzeitlagerung, die

Kosteneffektivitat und die Fahigkeit zur Integration der Probenvorbereitung.
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Membranfreie Lateral-Flow-Assays

Der zweite und dritte Teil dieser Arbeit konzentriert sich auf die Entwicklung von
Proteinimmobilisierungstechniken auf einer flachen PET-Folie anstelle der
ublicherweise verwendeten Nitrocellulose (NC)-Membran als Immobilisierungsmatrix.
Durch den Einsatz eines Polyelektrolyt-Multischichtsystems (PEM), das Streptavidin
elektrostatisch immobilisiert und Integration von Streptavidin-funktionalisierten
magnetischen Nanopartikeln (MNPs), wurden niedrige Nachweisgrenzen (LODs) in
Immunoassays flir beide Ansdtze erreicht, wobei gleichzeitig das bendtigte
Probenvolumen um den Faktor 7,5 reduziert wurde. Dies machen die Plattformen
besser geeignet fiir POCT-Anwendungen, bei denen das Probenvolumen begrenzt ist
oder der Komfort der Patienten von grofdter Bedeutung ist. Um den Aufbau der POCT-
Plattformen industriell reproduzierbar zu machen, wurde die Teststruktur so
konzipiert, dass alle Herstellungsschritte skalierbar sind. Die LFAs bestehen aus einem
PET-Folien-Substrat, einer Folie mit lasergeschnittenen Kapillaren, einer Abdeckfolie
mit Proben- und Auslassoffnungen sowie doppelseitigem, druckempfindlichem Kleber.
Dieses Design ermoglicht eine kostengiinstige und unkomplizierte Herstellung, erlaubt
die Lagerung von Reagenzien auf dem Sensor und bewahrt den Ein-Schritt-Prozess, der
fur traditionelle LFAs charakteristisch ist.

Trotz des Bedarfs an zusatzlicher Hardware, wie einer Mikropumpe, hat dessen
Integration die Robustheit und Zuverldssigkeit der Tests im Anwendungsbereich
verbessert. Mit Nachweisgrenzen (LOD) von 56 pg-mL-! fiir den PEM-basierten LFA und
43,1 pg'mL-! fiir den MNP-basierten LFA in Plasma zeigen die Plattformen eine gleiche
oder sogar h6here Empfindlichkeit im Vergleich zu traditionellen LFA-Methoden.

Blutplasma-Trennung

Der vierte experimentelle Teil zeigt die Entwicklung eines integrierten
Sedimentationssystems zur Blutplasma-Trennung fiir eine vollstindig integrierte,
gebrauchsfertige POCT-Plattform zur Detektion von NT-proBNP in unverdiinntem
Vollblut. Um die gravitationsbasierte Sedimentation zu verbessern, wurde ein
Aggregationsmittel verwendet, das die Verklumpung der roten Blutkdérperchen zu

grofderen Clustern fordert. Zur effektiven Trennung innerhalb der POCT-Plattform
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wurde ein physischer Filtergraben in das System integriert. Dieser Filtergraben spielt
eine entscheidende Rolle im Prozess, indem er sicherstellt, dass die Trennung der
Blutkorperchen effizient und zuverlassig erfolgt. Die Einbindung dieses Filtergrabens
erleichtert nicht nur die Trennung der roten Blutkérperchen, sondern verbessert auch
die Gesamtleistung und Genauigkeit des Assays, indem Interferenzen mit der optischen
Auswertung verhindert werden. Das Gerat zeigte eine hohe Separationsleistung mit
einer Effizienz von 96,23 % und einer Ausbeute von 7,23 uL (entsprechen 71,9 %).
Dariiber hinaus wird die benutzerfreundliche Natur des Systems erldutert und das
Konzept anhand eines gebrauchsfertigen NT-proBNP-Lateral-Flow-Immunoassays mit

klinischen Blutproben demonstriert.
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Motivation and Structure of the Thesis

1 Motivation and Structure of the Thesis

The thesis focuses on the development of a fully integrated membrane and paper

material-free fluorescence biosensor for clinical and personal healthcare applications.

Membrane and paper-material-free lateral flow assays (LFAs) represent a significant
advancement in diagnostic testing, due to their ability to address several critical
limitations associated with traditional membrane-based assays. One major issue with
conventional LFAs is the batch-to-batch inconsistencies of membranes, which can lead
to variability in sensor performance. Additionally, any changes in the standard
operating procedures (SOPs) of membrane manufacturers may alter the pore
characteristics, further impacting the reliability of the assay. Traditional membranes
also have high sample and analyte absorbing properties, necessitating larger sample
volumes, which can be uncomfortable for patients. Moreover, the inconsistency in
sample transportation across the membrane can result in uneven flow rates and
analysis times. This variability is exacerbated by different hematocrit levels in blood
samples, which can affect the immunoreaction and compromise the assay’s accuracy. By
eliminating these membrane-related issues, membrane-free LFAs offer improved
control over sample transportation and immunoreaction conditions, enhancing overall
assay performance and patient comfort. One crucial aspect is preserving the one-step
detection principle of LFAs, enabling easy operation for patients or untrained
personnel. This simplicity is especially beneficial in resource-limited settings, such as
remote areas or low- to middle-income countries, where access to centralized
laboratories is often restricted.

Chapter 1 covers the motivation behind the thesis and outlines the structure of the
work.

Chapter 2 provides a comprehensive overview of one-step point-of-care testing (POCT)
platforms, emphasizing their significance in the early detection of diseases. It critically
discusses various applications, highlighting the versatility and potential of one-step

POCT in different settings. The chapter also addresses the challenges and limitations
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faced during the transition from research prototypes to market-ready products,
focusing on factors such as scalability, cost-effectiveness, and operational handling.
Chapter 3 focuses on the innovative conversion of a traditional lateral flow assay (LFA)
into a membrane-free LFA. The nitrocellulose membrane is replaced with a
polyelectrolyte multilayer capable of immobilizing high concentrations of streptavidin
for a biotin-streptavidin based immunoassay. Sample transportation is controlled by a
micropump, eliminating issues related to membrane inconsistencies. The sensor's
performance is evaluated by detecting the heart failure biomarker NT-proBNP and is
benchmarked against current LFAs available on the market, demonstrating its enhanced
reliability and precision.

Chapter 4 continues the exploration of membrane-free lateral flow assays (LFAs), this
time replacing the membrane with streptavidin-functionalized magnetic nanoparticles.
These nanoparticles have a high surface-to-volume ratio, facilitating excellent
interaction of reagents in the immunoassay within the diffusion-limited LFA. This
chapter delves into the benefits of using magnetic nanoparticles, highlighting their
potential to enhance assay sensitivity and reliability compared to traditional LFA
methods.

Chapter 5 focuses on integrating blood plasma separation into a fully integrated one-
step POCT platform and its application in real-life scenarios. Instead of the commonly
used filter membrane, which absorbs a significant amount of sample and analyte, a
simple gravitation-based sedimentation separation is employed. The sedimentation
process is enhanced using an agglutination agent that forms blood cell clusters,
reducing the separation time. This innovative platform is then compared to the
traditional bench-top centrifugation-based plasma separation method and is evaluated

in an immunoassay.
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Future of Healthcare

2 Innovations in One-Step Point-of-Care Testing within
Microfluidics and Lateral Flow Assays for Shaping the
Future of Healthcare

Abstract

Point-of-care testing (POCT) technology, using lateral flow assays and microfluidic
systems, facilitates cost-effective diagnosis, timely treatment, ongoing monitoring, and
prevention of life-threatening outcomes. Aside from significant advancements
demonstrated in academic research, implementation in real-world applications remains
frustratingly limited. The divergence between academic developments and practical
utility is often due to factors such as operational complexity, low sensitivity, bulky read-
out equipment and scale of production. Taking this into consideration, our objective is
to present a critical and objective overview of the latest advancements in fully
integrated one-step POCT assays for home-testing which would be commercially viable.
In particular, aspects of signal amplification, assay design modification, signal read-out,
sample preparation and scalable production are critically evaluated and their features
and medical applications along with future perspective and challenges with respect to

minimal user intervention and mass-production are summarized.

Keywords: one-step, POCT, lateral flow assay, microfluidic, signal amplification, scale-

up, fabrication, reader
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Future of Healthcare

2.1 Introduction

Lateral flow assays (LFA) and microfluidic assays are popular diagnostic systems [1, 2]
and should meet the seven World Health Organization (WHO) guidelines for a point-of-
care test (POCT) summarized in "ASSURED" (affordable, sensitive, specific, user-
friendly, rapid and robust, equipment-free, and deliverable to end users) [3] (Figure 1).
In general, the field of application of POCTs has significantly broadened to various
operational areas detecting a broad range of analytes. These can be mainly grouped into
biological analytes, such as nucleic acids, enzymes, antibodies, small molecules, cells and
tissues. With the continuing discovery of new biomarkers, biorecognition elements used
for the specific capture of the target marker have been continuously evolving [4].
Natural (antibodies [5], enzymes [6], nucleic acids [7]) and synthetic biorecognition
elements (molecularly imprinted polymers (MIPs) [8]) are frequently used in
biosensors. Typically, an optical or electrochemical label, that is connected with the
biorecognition element, provides a semi-quantitative or quantitative signal that can be
easily interpreted by the naked eye, a spectrometer, or electrochemically [9]. The
projected revenue for global POCT is anticipated to increase from $45.4 billion in 2022
to $75.5 billion by 2027, exhibiting a compound annual growth rate (CAGR) of 10.7 %
[10]. This growth can be attributed to various factors, including advanced technology,
heightened health awareness, and an increasing demand from developing countries
[11]. Despite their popularity, most commercial POCT systems often do not meet the
ASSURED criteria [12] and fail to fulfill requirements (1) in low-resource settings, (2) in
settings with shortage of skilled personnel and (3) in automation of operation steps to
eliminate user-associated inconstancy in the test results. Mostly, those tests are
typically operated in fully automated fashion within centralized health centers for
diagnosis. This presents a major challenge, especially in underdeveloped nations where
there is often a shortage of both the necessary instrumentation and skilled physicians to
conduct these tests, leading to limited diagnostic capabilities. To overcome this burden
miniaturization of the detection systems into portable and cost-effective devices or the
utilization of even a smartphone offer fast results on-site without the need for trained
personnel or complex sample preparation, making them a more convenient option

compared to larger and more complex instruments [13]. Most POCT platforms typically
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necessitate additional hands-on steps, such as sample preparation, washing, and the
introduction of additional solutions to provide sensitive testing. This can lead to
intricate operations for the user and increased susceptibility to errors in the detection
process [14]. Furthermore, it was noted that the test's performance saw a significant
decline attributed to the absence of user expertise, ultimately undermining the test's
accuracy [14]. Especially, with the current shortage of healthcare professionals and the
additional training and workload for complex POCT procedures may compromise the
care provision [15]. In order to enable the test procedure to be conducted by non-
specialized personnel or even patients themselves, the integration of sample processing
steps and detection into a fully automated one-step POCT platform is an essential
prerequisite. Following the sample introduction to the POCT device, amplification and
washing steps do not require any sample handling, allowing automated testing with
minimal manual interaction. This ensures the elimination of the risk of contamination
or user error, which could otherwise lead to inaccurate results [16]. Additionally, to
enhance the commercial adoption of one-step POCT systems, it is crucial to hermetically
store the immunoassay reagents, either in lyophilized or dried form on the test. This
safeguards against biodegradation, ensures the reliability of testing, and facilitates
shipping and storage at ambient temperatures [17]. Hence, the optimal POCT system
allows specific and sensitive analyte detection, yet eliminating the need for

cumbersome and complex equipment and ensuring easy operation for lay patients [18].
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Figure 1: An illustration of the ASSURED criteria for diagnostic platforms. Reproduced/adapted
from [19] (https://creativecommons.org/licenses/by/4.0/).
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2.2 Complementary recent reviews and focus of this article

In recent years, several notable reviews have emerged in the field of LFA and
microfluidics for POCT [9, 20-22]. While most of them, focus on specific disease
diagnostic such as COVID-19 [23, 24], hepatitis [25], reviewed specific detection
techniques such as nucleic acid detection [26, 27] or primarily emphasize the
development and incorporation of new technologies [28] and signal amplification
strategies [9] they have limited in-depth discussions on their translation into practical
applications and barely consider the operation experience by the end-user. A recent
review closely aligns with the content of our review. However, their focus is primarily
directed towards simplifying the incubation and washing steps in POCT [18]. Our
review instead concentrates on the advancement made in one essential area that is vital
to achieving the goal of producing high-performing immunological devices for on-site
use: the development of sensing strategies that allow one-step POCT systems with a
focus on minimizing user involvement by allowing only the sample to be applied to the
assay. At the same time, our review consistently focuses on the aspect of mass
production and the associated commercialization of the POCT product, aiming to bridge
the gap between research and industry. Moreover, most reviews address paper-based
LFAs and microfluidic assays individually [29-32]. Instead, we consolidate the latest
state-of-the-art one-step methodologies of both topics devised by the scientific
community over the past five years. It highlights strategies that can jointly facilitate the
development of one-step POCT platforms designed for home-testing, while addressing
the key challenges that lie between prototype creation and mass production. First, we
provide examples of one-step POCT devices that have made it to the market. Secondly,
our focus shifts to signal amplification advancements that can further enhance the
sensor performance and have been successfully integrated into one-step POCT devices.
Finally, we explore the effect of test design on the one-step assay and the integration of
sample preparation steps into POCT platforms. We also provide a critical analysis of
available readout devices and especially fabrication processes which are crucial for any
POCT to successfully reach the market. In the conclusion, we analyze and explore

prospects for the future.
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2.3 Commercial one-step POCT platforms

Although lab-on-chip systems have been in existence for several decades, most of them
have not yet been commercialized or regularly utilized as research-grade instruments
outside of specialized laboratories. For immunological devices to successfully enter and
thrive in the market, they must meet several crucial criteria that ensure their
practicality, accessibility, and efficiency. Firstly, they need to be simple to operate,
allowing users to perform tests with minimal effort and without specialized training
[33]. This leads to the second requirement: the devices must function effectively
without the involvement of trained professionals, making them ideal for widespread use
in various settings. Additionally, these devices must be cost-effective, ensuring they are
affordable for a broad audience, which is critical for large-scale adoption. The ease of
fabrication in bulk is another essential factor, as it guarantees that the devices can be
mass-produced efficiently, maintaining quality and availability [34]. Lastly, a rapid
turnaround time is vital, providing quick results that are necessary for timely decision-
making in clinical and on-site applications [22]. By fulfilling these requirements,
immunological devices beyond the LFA concept can overcome barriers to market entry
and achieve widespread adoption, ultimately advancing the field of Point-of-Care
Testing (POCT). To address the mentioned requirements in POCT and in response to the
growing trend of health-conscious behavior, commercially available fully-integrated
one-step POCT devices have been developed (Table 1) [29]. All devices have in common,
that signal generation and analysis are automatically initiated upon sample application
to the test and therefore, enable user-independent highly sensitive platforms. In
addition, a portable and handheld reader enables on-field analysis, and the proper
material and format decision of the sensor format allows profitable industrial scale up

production.
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Table 1. Examples for commercially available one-step POCT devices

Platform Reader Sensing strategy = Sample Volume Biomarkers Time Reference
(uL) (min)
iSTAT Handheld / electrochemical Whole blood 17 -40 lactate, cardiac, 2-15 [35]
portable hormones
Triage Small fluorescence Whole blood or plasma 175 - 250 cardiac 15-20 [36]
benchtop /
portable
Atellica Handheld / frustrated total Whole blood or plasma 30 cardiac 8 [37]
VTLi portbable internal
reflection
imaging
LumiraDx Handheld / fluorescence Whole blood or plasma 20 cardiac 12 [38]
portable
FREND Small fluorescence Serum or plasma, 35-70 cardiac, 3 [39]
benchtop / nasopharyngeal swab respiratory,
portable urology

2.4 Signal amplification for one-step POCT platforms

The WHO reports that nearly three-quarters of all deaths globally are caused by non-
communicable diseases (NCDs), with cardiovascular diseases being the leading cause of
NCD deaths annually, along with cancer, chronic respiratory illness, and diabetes [40].
Therefore, early detection of disease biomarkers through highly sensitive analytical
devices is crucial in reducing mortality rates. POCT is especially beneficial in low- to
middle-income countries where NCD deaths are more prevalent, as POCT is more
accessible and convenient compared to conventional laboratory analytical devices,
which are often expensive, labor-intensive, and cumbersome. However, the lack of
sensitivity and specificity has made POCT unreliable and susceptible to false negatives
and false positives [15]. Therefore, developmental focus in the scientific community has
been toward improving the assay performance and the pursuit of ever-lower detection
limits. While there have been numerous reported record-breaking limits of detection
(LODs) for specific analytes, there has unfortunately been an over-emphasis on
publications with limited consideration of practical applications, especially in resource
or personnel-limited settings. To enhance sensitivity, users often must add an additional

signal amplification solution or perform an extra washing step, both of which introduce
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additional operational complexities and may elevate the risk of errors [18] rendering
the gained LOD performance often times useless. In the following discussion, we will
concentrate on the most recent promising developments that demonstrate enhanced
sensitivity for one-step POCT platforms. This advancement aims to eliminate complex

operational procedures and, consequently, mitigate the potential for errors.

2.4.1 Optical POCT

Presently, most POCT utilize colorimetric signals that are created through colored
labels. Antibody-conjugated colloidal gold nanoparticles (AuNPs) are often the
preferred choice for quantification, as they have biocompatible properties, are easily
modified and functionalized, and exhibit surface plasmon resonance in the visible range.
This has made gold nanoparticles the benchmark in the field [41, 42]. Despite its
advantageous properties, AuNPs in LFA tests are not without drawbacks. These
drawbacks include low AuNP capture efficiency (<5 %) by the recognition elements,
speed of flow [43] and insufficient visual contrast detection, leading to subpar
sensitivity and detection limits [44]. To increase the color contrast, several novel
metallic [45] and non-metallic NPs [46] as well as well-known signal amplification
strategies through conjugation, aggregation and growth of nanoparticles have been
employed [47]. However, the latter typically require the manual addition of extra
amplification solutions [48, 49], introducing complexity and the potential for errors into
the assay, as the signal-enhancing reagent must be added at precise timing and
temperature conditions [50, 51]. To preserve the user-friendly nature typically
associated with LFAs, the integration of the signal amplification step within single-step
POCT systems has been crucial [52]. The growth of nanoparticles is accomplished by
storing the amplification solution in a dried form on the test and subsequently
delivering the reagent to the test zone through manipulation of the test structure or the
incorporation of solution-delivering polymers with a sensitivity enhancement of 5-fold
up to 543-fold (Figure 2a) [53, 54]. Another amplification approach is the accumulation
of multiple nanoparticles that are different in size, on the test line. By storing the NPs on
the test, the one-step mechanism is retained and demonstrated a 10-fold up to 30-fold
signal enhancement (Figure 2b) [55-57], compared to the traditional LFA. Recently,

loading of liposomes with sulforhodamine B (SRB) showed an improvement of the
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detection limit of interleukin-6 (IL-6) by an order of magnitude (7 pg'mL1) when
compared to the traditional AuNP based LFA (81 pg:mL-D (Figure 2c) [58]. Key to this
significant lowering of the LOD was the optimization of SRB loading and liposome size.
Additionally, enzymatic processes have been shown to increase the sensitivity of
immunoassays [59, 60]. However, the addition of the enzyme substrate requires an
additional operation step, making also this test procedure more complicated and prone
to manual errors [61]. To eliminate the extra addition of the enzyme’s substrate, one-
step strategies have been realized into POCT platforms [62-66], by implementing wax
structures [67, 68] and optimization of the channel geometry to achieve a simple one-
step enzyme amplified immunoassay [69]. Another group has demonstrated a fully
integrated POCT device for the health monitoring of astronauts through the
chemiluminescence process of horseradish peroxidase (HRP) and luminol. The device
consists of a disposable LFA cartridge, where the active reagents were stored in
reservoirs and a chemiluminescence reader.

The amplification solutions were manually activated through pressure-actuated
pouches and controlled through similar valves, thus the assay only requires the addition
of the sample [70]. A fully integrated and automated platform based on magnetic digital
microfluidic (MDM) technology was demonstrated by the group of [71] (Figure 3a). The
platform performs microbead-based ELISA in droplets using highly sensitive

biotinylated magnetic nanoparticles, as the mobile substrate.
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Figure 2: AuNP-based amplification strategies for one-step POCT. An illustration of the workflow of
a programmable fluid control for the signal amplification on a lateral flow assay with a dissolvable
PVA barrier. Reproduced/adapted from [53] (a). Network of gold nanoparticles. Reproduced from
[56] (https://creativecommons.org/licenses/by-nc/3.0/) (b). Loaded liposomes for signal
improvement. Reproduced/adapted from [58](https://creativecommons.org/licenses/by/4.0/) (c).
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These nanoparticles were controlled by an external magnet, allowing for automated
immunoreaction and enzymatic amplification with HRP. By adding sucrose-fixed
substrate loaded fibers (SCF) onto the LFA sample pad, automated substrate delivery
for the signal amplification with Au@Pt nanozyme at the test line was achieved. The LFA
demonstrated similar analytical performance for the detection of acetamiprid with a
simplified operation procedure. However it should be noted that the addition of an
extra fiber, with high absorbance capacity, may lead to an increase of required sample
volume (Figure 3b) [72]. Han et al. introduced a water-swellable polymer for the
automated substrate delivery and enabled a 595-fold higher detection limit for cTnl
than the gold standard (Figure 3c) [73]. When the immunoreaction is saturated, the
polymer releases the reagent solution for the signal amplification. Even though the
release of the substrate is automated, and the error susceptibility is reduced by the use

of the polymer, the reagent solution still needs to be applied manually to the test.

2.4.2 Photoluminescence

Fluorescence detection has gained widespread prominence in the field of biomedicine
and has been integrated into numerous one-step clinical diagnostic instruments,
prominently including fluorescent immunoassays. The gain in sensitivity and LOD
makes it highly appealing also for the POCT. A variety of fluorescent reporters, including
fluorescent dyes, quantum dots (QDs), carbon dots, and upconverting nanoparticles
(UCNPs), are employed as amplification signals, due to their enhanced fluorescence
output and stability [74, 75]. However, costly optical detection instruments are required
to achieve the desired dynamic range and detection limits, preventing its application in
low-resource settings and in the at home testing market [76]. In addition to improve
readers an abundance of amplification strategies have been proposed recently. Similar
to colorimetric approaches, the sheer number of fluorescent labels per binding site at
the detection area can be increased through nanocarriers. Nanocarriers pose flexible
structures housing a multitude of cavities, holes, or pores, making them suitable for the
encapsulation of a diverse range of materials [77]. Currently, the existing nanocarrier
options primarily include liposomes [78], mesoporous silica [79], as well as
nanomaterials based on polymers [80, 81], metal oxides [82], and carbon [83]. By

exploiting the electrostatic multilayer deposition of multiple QDs onto a graphene oxide
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nanosheet, a multilayered fluorescent nanofilm improved the sensitivity by 2-3 orders
of magnitude for the detection of Salmonella typhimurium, compared to the
conventional LFA [84]. Yang et al. demonstrated a rapid, on-site, and highly sensitive
detection of the MPXV antigen with multilayered SiO2-Au core dual-quantum dot shell
nanocomposite. The fluorescence can achieve a 238-fold improvement in sensitivity
compared with the AuNP-based LFA (Figure 4a) [85]. Additionally, the sensitivity of
fluorescence signals in POCT devices has been improved with the integration of metal-
enhanced fluorescence (MEF) technology [76, 86-88]. MEF works by dramatically
increasing the fluorescent signal when fluorophores and metallic nanostructures are
placed in close specific proximity, enabling the detection of lower concentrations of
biomarkers and earlier disease diagnosis through localized surface plasmon resonance
of the metal structure and the nanomaterial [89]. For example, a MEF-based
microfluidic chip for the detection of cardiac troponin I (cTnl) in spiked human serum
was developed. Dense arrays of Au nanorods deposited on the detection area of the
microfluidic channel onto which the antibodies were immobilized (Figure 4b) [90].
While MEF has gained much attention, especially for the POCT, a significant challenge
lies in attaining uniformity in the size, shape, structure, and morphology of the MEF
substrates at the nanoscale level [91]. Another major limitation of fluorescence
detection is the autofluorescence of the samples that hinder ultra-sensitive detection
[92]. Thus, an extra washing step is required which needs an additional handling
process. To circumvent this, a one-step fluorescence immunoassay has been developed
where the washing step was eliminated through the installation of switchable peptides
that enable fluorescence signal detection in the presence of the analyte (Figure 4c).
Thus, the total analysis time could be halved to less than 30 min [93, 94]. To further
reduce autofluorescence, lanthanide doped-NPs have been employed into POCT systems

due to their large stokes-shift [95, 96].
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Figure 3: Enzymatic amplification strategies in one-step POCT. Fully automated magnetic
microfluidic platform for the controlled reaction workflow. Reproduced/adapted from [71]
(https://creativecommons.org/licenses/by/4.0/) (a). Delayed substrate delivery on a paper-based
LFA through a dissolvable sucrose barrier. Reproduced/adapted from [72] with permission from
Elsevier (b). Time-programmable amplification part based on a water-swellable polymer.

Reproduced/adapted from [73] (c).

2.4.3 Surface-enhanced Raman spectroscopy (SERS)

Recently, there has been growing interest in combining POCT devices with surface-
enhanced Raman spectroscopy (SERS) [97-101], which allows for highly sensitive
detection in laboratory settings. Additionally, the high spatial resolution and narrow
Raman scattering bands of SERS make it a promising tool for multiplexing [102]. A few
examples have been published, such as the a SERS-based LFA for the detection SARS-
CoV-2 IgM/IgG [103].
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Figure 4: Fluorescence one-step POCT. Signal amplification by embedding multiple QDs into a
nanocarrier made out of SiO; nanoparticles. Reproduced/adapted from  [85]
(https://creativecommons.org/licenses/by/4.0/) (a). MEF-based microfluidic platform for highly
sensitive  detection.  Reproduced/adapted  from  [90]  (https://creativecommons.org
/licenses/by/4.0/) (b). One-step immunoassay with switching peptides to avoid an additional
washing step [93] (https://creativecommons.org/licenses/by/4.0/) (c).
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With that set up, the detection limit was improved by a factor of 800 compared to the
traditional LFA. Quantitative analysis was performed with a portable Raman reader that
houses a 785 nm laser for the excitation. To reduce the sample volume, Su et al. have
integrated SERS detection within a microfluidic platform. A microfluidic SERS platform
with integrated blood-plasma separation was able to detect creatinine with only 3 pL
whole blood within 2 minutes [104]. However, SERS detection has several limitations
that hinder its in-field application. Reproducibility is challenging due to the size
variation of metal colloids, uncontrollable aggregation of particles and the uneven
distribution of signaling molecules on particle surfaces. Additionally, the sensitivity of
SERS in POCT is relatively bad compared to conventional SERS, due to the reduced
resolution of portable readers. Further, the analyte is often affected by the POCT’s
material properties and the design of the platform that is known as “memory effect”
[105]. To realistically use SERS in real-world scenarios, further developments are
needed to address the mentioned limitations. If achieved, SERS could become a valuable
addition to the POCT portfolio.

Fluorescence, MEF, and SERS are innovative concepts with potential, but their
requirement for a reader limits their applicability in certain types of POCT, such as
home testing and resource-limited settings. However, they remain intriguing and
pertinent for POCT conducted in doctor's offices, analytical laboratories, and similar

settings.

2.4.4 Electrochemical sensors

Electrochemical methods hold significant potential for affordable, compact, user-
friendly portable devices suitable for various applications [106]. Their main advantages
over optical methods are the simplicity of the hardware needed and the ability to detect
in optically scattering and colored samples. Hence, electrochemical measurements can
be conducted on colored or turbid samples like whole blood, without being disrupted by
fat globules, red blood cells, hemoglobin, or bilirubin [107]. Wang et al. demonstrated
this nicely with a budget-friendly, and portable microfluidic paper-based
electrochemical apparatus, allowing for the immediate isolation of proteins and the
direct electrochemical identification of Pb(II) in protein-rich urine samples (Figure 5a)

[108]. Beck et al. proposed superior signal amplification with silver nanoparticles when
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compared to conventional gold nanoparticles in an one-step electrochemical flow
channel device (Figure 5b) [109, 110]. Here, all reagents were dried on the sensor,
preserving the one-step LFA methodology. Yakoh et al. created a device capable of
sequentially storing and transporting reagents to the detection channel autonomously,
without requiring external power (Figure 5c) [111]. This device consists of two main
parts: an origami folding paper (oPAD) and a mobile reagent-stored pad (rPAD). This
three-dimensional capillary-driven device streamlines the cumbersome process of
multi-step reagent manipulation in complex assays. Even though only buffers were
utilized in this scenario, and not actual human samples, the straightforward yet
adaptable design allowed for achieving good sensitivity while maintaining the one-step

approach.

2.4.5 Nucleic acid amplification

Complementary to the widespread nanomaterial-based amplification methods, nucleic
acid amplification techniques (NAATs) have been proved as reliable and strong
detection tool. Currently, the real-time polymerase chain reaction (RT-PCR), the gold
standard for virus infection detection, stands out due to its extraordinary sensitivity and
specificity. However, RT-PCR suffers from cumbersome machines and skilled
professionals and is therefore inapplicable in a POCT setting that does not rely on
laboratory-based devices [112]. Recently, isothermal nucleic acid amplification
strategies such as loop-mediated isothermal amplification (LAMP), strand-displacement
amplification (SDA), recombinase polymerase amplification (RPA), helicase dependent
amplification (HDA), and CRISPR/CAS have gained massive attention in diagnostic
testing as their isothermal character facilitates the integration in POCT devices and
ensures a cost- and time-effective approach [20, 113]. Especially, in the COVID-19
pandemic nucleic acid based detection methods ensured accurate and fast results [112].
The key advantage of nucleic acid amplification lies in the generation of a large number
of copies of the target and therefore, improving the sensor sensitivity [114]. The main
challenge for NAATSs is the integration of the multiple step process ((I) nucleic acid
purification, (II) amplification, (III) detection) of nucleic acid amplification methods in
the one-step POCT device to reduce the hands-on interference and potential

contamination [115, 116] Unfortunately, these steps still are often performed
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separately off-device and manual pipetting is required, but there is great potential for
integrating the entire handling into a POCT device, eliminating the need for human
intervention [117]. Recently, a range of fully integrated one-step platforms based on
NAATs have emerged, offering streamlined and user-friendly solutions [26, 118]. For
example, Seok et al. designed a reverse transcription LAMP (RT-LAMP)-based lab-on-
paper for molecular diagnostics of Zika, Dengue, and Chikungunya viruses from human
serum [119]. The entire nucleic acid testing process, encompassing sampling,
extraction, amplification, and detection, is seamlessly executed on a single paper chip
within 60 minutes at 65 °C. Utilizing the engineered structure of paper materials and
dried chemicals on the all-in-one chip, serum samples containing the target virus RNA
are effortlessly introduced via automatic flow from distilled water injection. An
autonomous and fully integrated sample-to-answer device, for the specific detection of
HIV-1 virus from human whole blood was developed to streamline the whole detection
process [120]. Following sample addition, the result can be observed within 90 minutes.
Additionally, users need to execute only four steps to commence testing: loading the
sample and rehydrating mixture, adding wash buffer, sealing the inlets with adhesive,
and activating the temperature control circuit by connecting to a power source like a
computer, cellphone, or portable battery. Focusing on multiplexing, Xie et al. developed
a magnetic-based all-in-one platform for the detection of foodborne pathogens [121].
Using this platform, the time required from sample collection to obtaining results was
approximately 60 minutes, and the entire process on the chip was completely

automated.
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A. FLOW-THROUGH DESIGN B. STOPPED-FLOW/DESIGN

Figure 5: Electrochemical one-step POCT. Microfluidic biosensor for the detection of NT-proBNP
via Ag- nanoparticles. Reproduced/adapted from [110] (a). Paper-based electrochemical sensor
with on-line isolation of proteins in urine for the detection of Pb. Reproduced/adapted from [108]
(b). An origami folding paper (0PAD) and a movable reagent-stored pad (rPAD) for the sequential
transport of reagents. Reproduced/adapted from [111] (c).

2.4.5.1 Commercial one-step NAAT devices

These advancements have resulted in the emergence of several scalable production
devices that have now entered the market (Figure 6) [26, 122]. USTAR has developed an
EC-certified COVID-19 RNA paper-based test that allows for PCR-quality detection at
home using a portable kit without the need for additional instruments. Results can be
observed within 35 minutes, and the product offers a sensitivity of 95.4 % and a
specificity of 99.8 %. However, it's worth noting that the user is required to add two
additional buffers to the assay, resulting in two additional steps for the user to complete
[123]. Visby Medical™ has launched a portable and fully integrated PCR-platform for the
simultaneously detection of three respiratory health biomarkers, such as COVID-19,
influenza A and influenza B. The device enables accurate testing with the results being
available under 30 minutes [124]. Similarly, Cue Health has released a handheld,
portable PCR platform capable of detecting COVID-19 in just 20 minutes. The test kit
includes a reader and an assay that can be inserted into the reader after sample addition
[125]. Detect® has introduced a fully integrated one-step POCT device, eliminating any
sample handling. The device consists of a heater and a lateral flow assay. After collecting
the sample through the nasal swab, the tube is closed with the provided detect cap that
contains the reagents for the NAT. The tube is then placed into the heater for
55 minutes for the reaction to take place. After that, the tube and an additional reagent
are transferred to the lateral flow assay where, the PCR-quality result can be observed

after 10 minutes [126]. A similar but much more convenient method to test for COVID-
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19 is introduced by the Lucira POCT device by Pfizer. This test is based on RT-LAMP and
is also able to detect 3 viruses with only one test within 30 min. The test is initiated with
the addition of the sample and no training is required, thus enabling home-testing
[127]. BIOPIX-T introduced the PEBBLE qcLAMP, a compact and lightweight diagnostic
system designed for rapid molecular detection of infectious diseases like COVID-19 and
Influenza A at the point of care or demand. The platform performs a real-time
quantitative colorimetric loop-mediated isothermal amplification (qcLAMP) within 30
minutes and the reader enables an innovative approach for heating the test vials and

interpreting the results [128].
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2.4.6 Design Modification and fluid control

Aside from tag-related amplification methods, recent research have focused on test
structure modifications for enhancing the sensitivity of conventional LFAs [129]. The
improvement is mainly attributed to the increase in kinetics of the immunoreaction. For
example, to slow down the flow in paper-based LFAs physical barriers such as wax
barriers (Figure 7a) [130-132], cotton thread [133-135], laser patterning [136, 137],

pressed NC membrane [138] have been reported. Modification of the size ratio of the
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test line and stacking the pads vertically have also shown positive impact on the sensor
performance [139, 140]. While nitrocellulose remains the predominant material for
capturing bioreceptors like antibodies in LFAs [141], it also bears some limitations such
as fluctuations in flow rate and analysis time due to differences in pore structure and
sample viscosity. Pore blockage caused by matrix components, the membrane’s innate
absorbent properties leading to a relatively high sample volume, and inconsistency in
dispersing the labeled sample across the membrane due to batch-to-batch variations
and buffer reagents [142]. Thus, there has been a notable trend in exploring alternative
membrane materials recently. For example, electrospun polymer nanofibers [143-145],
bombyx mori cocoons and electrospun silk fibroin [146], cotton thread [147]. Yet, an
extensive assessment of these alternative materials regarding the sensitivity, reliability
and long-term stability is necessary before considering them as dependable substrate
for immunoassays [129]. To overcome these limitations, other researchers have focused
their work on channel-based assays, where any membrane- and fleece material was
omitted. The most popular immunoassays are built in so-called microfluidics, where
microchannels simultaneously house sample processing and detection. This
technology's strengths lie in its cost-effective and scalable manufacturing, simple
adaptability for functionalization, faster reaction kinetics, and its flexibility in adjusting
flow rates by changing the geometry of the channel or external fluid flow control system
(Figure 7b/c) [148-153]. In a study by Strohmaier-Nguyen et al. sample-absorbing
fleece and membrane materials were eliminated for the detection of NT-proBNP in a
lateral flow channel assay [154]. By drying antibodies on the test and a multilayered
polymer film as the test line, the one-step characteristic has been preserved. Unlike
traditional lateral flow assays, the assay developed in this study requires only 20 pL of
sample volume (as opposed to 150 pL), easily obtained through a simple finger prick,
thereby making it suitable for home testing. Similarly, Hemming et al. transformed the
conventional LFA into a fluorescence-based capillary-driven microfluidic without any
fleece- and membrane materials [155]. Through a self-coalescence mechanism involving
rehydration of reagents to form a homogenous concentration profile and capturing
beads in the detection zone, a detection limit of 4 ng-mL-! cTnl was achieved using only

1 pL sample volume. The group of Kim et al. developed a microfluidic immunoassay
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with a fluid vent control to amplify the signal of the immunoassay by pausing the
sample flow [156]. All reagents were dried within the sensor, allowing the
immunoassay to be initiated upon sample introduction. In the developed platform,
meticulous fluid flow control ensured continuous delivery of reagents to the detection
area. This approach led to an improved immunoreaction and 10 times higher LOD than

the commercial LFA Kkit.

2.4.7 Sample preparation

Sample preparation, a crucial aspect of precise biomedical analysis, provides the
recovery and concentration of the desired biomarker from the sample through
purification of the sample and elimination of potential interferences (e.g., non-target
contaminants) [157]. Incorporating this step into one-step platforms is a must and
provides the opportunity for accurate and highly sensitive testing, however, is an
immensely challenging task. The complexity of preparing the sample varies typically
mainly based on the source of the sample (predominantly here whole blood, urine, or

saliva).

2.4.7.1 Blood

Whole blood stands as one of the most intricate body fluids utilized in clinical analyses
[158] and usually demands plasma separation from blood cells to prevent impediments
in the detection process and signal read-out such as high non-specific autofluorescence
signals [159] and colorimetric background signals. In traditional paper-based POCT
platforms, plasma separation is often accomplished using a porous filtration membrane.
This straightforward strategy is hampered by membrane clogging, increased blood
volume requirements due to dead volume in the membrane, and analyte loss caused by
non-specific adsorption. In recent years, there has been a rise in literature focused on
miniaturized methods for plasma extraction [160-163]. However, most of these
methods necessitate pre-dilution of the blood sample. While this reduces the
concentration of blood cells, it also decreases the concentration of the target analyte,

and it presents an extra sample processing step. It thus ultimately impairs the sensor
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Figure 7: Sensitivity enhancement through design modification and fluid flow control. LFA with
wax barriers. Reproduced/adapted from [130] (a). Programmable microfluidic with electro-
actuated  valves and  self-vented  channels.  Reproduced/adapted  from  [149]
(https://creativecommons.org/licenses/by-nc/2.0/) (b). Magnetic bead-based platform with
active  fluid control. Reproduced/adapted from [153] (https://creativecommons.org/

licenses/by/4.0/) (c).

performance and adds inconsistencies to the POCT platform. Thus recently researchers
focuses on integrated plasma separation techniques without the need for a blood
sample pre-dilution [104, 164-167]. The integration of an acoustic microstreaming into
a microfluidic device for the detection of HIV-1 p24 protein enabled the isolation of
plasma from undiluted whole blood and achieved approximately 31.8 % plasma yield
with 99.9 % plasma purity in a span of five minutes. They showcased a detection
threshold of 17 pg-mL-1, with the acoustic microstreaming also serving as both a
micropump and micromixer, facilitating controlled sample flow and enhanced kinetics
of the immunoreaction [168]. Lenz et al. have integrated centrifugal cross-flow filtration
to separate serum form whole blood with a purity of 99.99 % and showed higher
biomarker retention when compared to the serum that was separated with the
benchtop centrifugation [169]. A magnetic separation technique was devised to extract
plasma from whole blood. By coating magnetic nanoparticles with antibodies targeting
red blood cells, plasma with 99.9 % purity was obtained. In a ferritin test conducted on
the lateral flow assay, it exhibited a superior detection limit compared to the filtration
membrane [170]. A significant drawback of the setup is that the biomarker's bioanalysis
was conducted off-chip, rather than being integrated into the separation module. By
combining the commercially available filter membrane with a microfluidic device, the

researcher successfully extracted 20 pL plasma from 100 pL undiluted whole blood in
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16 min [171]. To actively pull the extracted plasma from the membrane, nano-sized
gaps were incorporated on both ends of the microchannel. Thus, the whole platform
enables powerless application. To overcome the inherent sample absorbing
characteristics of the filter membrane, a sedimentation-based plasma separation
enables efficient separation and sensitive detection with minimal sample volume was

developed for the detection of NT-proBNP in whole blood (Figure 8a) [172].

2.4.7.2 Saliva

The conventional collection of saliva is done off-chip and requires additional saliva
collector and running buffer in order to initiate the immunoassay on the POCT platform
[173]. This step is more cumbersome for the user as the saliva needs to be added to the
test separately. In order to achieve more effective regulation and ensure consistent
performance in saliva-based testing, it is essential to standardize collection methods,
facilitated by the use of standardized collection devices [174]. To overcome this burden,
the company inne.io has developed a fully integrated minilab for home-testing to track
fertility hormones in saliva. The saliva collector houses a sample absorbing pad that is
integrated into the LFA (Figure 8b) [175]. After sampling, the collector is folded onto
the LFA, thereby initiating the immunoassay. In combination with the reader, the results
are automatically sent to the smartphone. Vinoth et al. created a portable
electrochemical microfluidic device, featuring an integrated filtration membrane for the
electrochemical monitoring of various salivary biomarkers [177]. The samples are
gathered using a plastic dropper, then introduced into the device inlet and allowed to
traverse through the microfluidic channels. Another all-in-one electrochemical-based
platform for the detection of cotinine was developed by integrating the commercial
available cotton-swab-type collector with a 3D printed housing for seamlessness and

straightforward introduction of the sample to the assay [178].
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Figure 8: Integrated sample preparation. Sedimentation-based plasma separation in a microfluidic
platform. Reproduced/adapted from [172] (https://creativecommons.org/licenses/by/4.0/) (a).
Portable reader and integrated saliva collector and preconcentration step in a LFA.
Reproduced/adapted from (inne.io) (b). Integrated preconcentration for a urine-based assay.

Reproduced/adapted from [181] (https://creativecommons.org/licenses/by/4.0/) (c).

2.4.7.3 Urine

The preparation of urine for POCT analysis is simpler and does not require pre-
processing. However, there may be cases where the target analyte is present only in
very low concentration making a preconcentration step necessary [176, 179-181]. By
using gradients as the driving force for the preconcentration of proteins have been
successfully demonstrated. Specifically proteins were enriched 100-fold using both
electric field and pH gradient or by pressure gradients water and interferences were
filtered through membrane and the protein of interest was preconcentrated up to 100-
fold (Figure 8c) [181]. Most of the on-chip preconcentration steps are a good alternative
for the cumbersome bench-top instruments, however, they are still complex as they
require additional running or washing buffers, complex geometries or specific parts of
the platform need to be manually assembled afterwards. Thus, many further
improvements need to be made in order to fulfill the requirements of the one-step

POCT.

2.5 Reader

There is a substantial trend towards the migration of testing from the traditional
centralized laboratory setups, characterized by expensive instrumentation, intricate

sampling protocols, and highly trained technicians, to resource-constrained settings,
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including remote areas and households. In these settings, portable devices and readers
can be operated by individuals with minimal or no training to receive reliable test
results [182]. In LFAs or microfluidics-based immunoassays, a reader or analyzer is a
crucial instrument for obtaining quantitative results that are not subject to the error
tolerance or inaccuracy of subjective read-out. Traditional analytical systems are
typically expensive, large, complex, and demand highly regulated infrastructure and
skilled medical personnel. Technological advancements have led to the development
and commercialization of numerous miniaturized, compact, and even handheld readers
[183] [184]. However, many readers are not sufficiently portable or involve expensive
manufacturing processes, consequently raising the overall cost of POCT devices. This
makes them less accessible for rural settings or home testing. In 2021, the global mobile
user count reached 7.1 billion, with projections indicating a probable increase in this
number in the coming years [185]. Utilizing this globally accessible and connected
portable device offers a significant opportunity to harness the technology for the

development of POCT devices, promising user-oriented diagnostic testing [186-189].

2.5.1 Optical Reader

The cameras of smartphones, when used with specific casings to maintain the
appropriate camera-to-sensor distance or enable analysis without external light
interference, have been extensively employed in the evaluation of optical biosensors as
they can recognize subtle variations in color hue [190]. Additional devices, such as a
simple dark box made from black cardboard, can reduce interference from ambient
light [191], allow direct measurements on a microfluidic platform [192, 193], or even
connect to portable SPR attachments (Figure 9a) [194], facilitating on-field testing.

Fluorescence POCT systems have long been proposed as they offer significantly lower
LODs in comparison to colorimetric or reflectance approaches. However, the bulkiness
and costs of traditional readers have prevented wide-spread applicability in the POCT.
Thus, miniaturization of light source, camera, filters and electronics are crucial and are
nicely demonstrated recently [195]. Through Bluetooth connectivity fast and easy result
management could be done via smartphone [196] [197-199] as the display was
outsourced to the smartphone which ultimately lowered the price of the reader per

device. Main drawback of this setup is the extra costs in the production of the camera
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system and thus the increase of the burden of purchase for low-income facilities. Thus, a
more cost-efficient prototype for the fluorescence analysis was proposed using the
smartphone as reader [200-202]. However, considering the differences between phone
manufacturers, this approach has many regulatory hurdles though. Similarly, when
other functions are outsourced to the phone, such as fluid flow control in a microfluidic
platform [203], costs are reduced, but regulatory approval may become even more

difficult.

2.5.2 Nucleic Acid-based Reader

In the case of NAAT assays, portable readers include those additional functions needed
to run the assays, such as traditional heaters [204-206] or chemical heaters, thereby
reducing the complexity of the device [207, 208]. In fact, a platform with a chemical
heating process enabled instrument-free detection of HIN1 virus in low resource

settings, where no instrument for heating is necessary [209].

2.5.3 SERS Reader

With the increasing focus of SERS-based assays, the readout of the RAMAN signal
became more important. However, the main challenge with integrating SERS-POCT in
real-world scenarios is the long recording and integration time of the results [210]. To
overcome this limitation, a portable SERS reader for fast data acquisition by exploiting a
line illumination along the test line with a custom-designed fiber optical probe with a
line focus was developed (Figure 9b) [211]. Also multiplexing has been enabled by a
cost-efficient and automated set up [212]. Because portable Raman spectrometers have
lower sensitivity compared to laboratory-based confocal ones due to the
miniaturization process, sample pre-amplification is highly desirable before LFA
detection. For example, by combining SERS with the isothermal amplification catalytic
hairpin assembly (CHA), the detection limit was 3 orders of magnitude lower than the

SERS-LFA without amplification [213].
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Figure 9: POCT readers. Portable SPR-Reader. Reproduced/adapted from [194] (a). SERS-Reader
with line illumination. Reproduced/adapted from [211] (b). Smartphone-based reader.
Reproduced/adapted from [214] (c)

2.5.4 Electrochemical Reader

Electrochemical sensors utilize smartphones not only for their potentiometric
capabilities at the point of care and for signal processing, but also as the primary power
source for the entire biosensor platform [215, 216]. In general, the smartphone is
completed with an electrochemical workstation, that provides the connection to the
sensor (Figure9c) [214, 217-220]. Since the results are transmitted wirelessly to the
smartphone interface, this approach facilitates the separation of testing and readout
based on location, a crucial factor in rapidly communicable diseases. By integrating the
electrochemical readout of the smartphone with a miniaturized LED as the light source

photoelectrochemical biosensing is also possible [221].

2.5.5 Thermal Reader

Thermal sensing utilizes a heat transducer and a laser to generate heat when in contact
with the analyte. This allows the smartphone, acting as the thermal reader, to detect the
resulting thermal signal [222]. For example a thermal smartphone-based reader have
been developed for the sensitive detection of exosomes [223]. This set up consists of a
3D-printing strip holder, an excitation laser, and a smartphone-accessible thermal
detector.

The lasers for excitation and thermal detection were integrated together in the opposite
side mode. The dimensions of the smartphone-based thermal reader were 72 mm (L),
50 mm (W), and 60 mm (H), with a total weight of 56.4 g. A smartphone thermal

detector, in which the laser and the thermal detection was located on the same side
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[224]. The platform enabled rapid and low-cost detection of anti-SARS-CoV-2 antibody.
The size of the assembled reader is 80 mm by 110 mm by 100 mm.

2.6 Fabrication

Considering the vast number of publications, principles and platform technologies
offered the pace of expansion and commercial adoption of these technologies has
notably trailed behind dramatically. This delay can be attributed, at least in part, to the
challenges associated with transitioning from small-scale benchtop fabrication
techniques to large-scale mass production. Therefore, thinking about cost-effective and
scalable manufacturing processes are essential to facilitate the path to
commercialization ab initio should be an adopted strategy [225-227]. In general,
academically published microfluidics and LFAs are made three major groups:
polydimethylsiloxane (PDMS), thermoplastics, and paper materials. Unsurprisingly, not
every material platform lends itself easily to mass production. While industrial
processes often mandate roll-to-roll fabrication, it is worthwhile taking a deeper look
into the materials dominating the research space with respect to their use in

manufacturing processes.

2.6.1 Material

2.6.1.1 Paper

Paper-based systems have been investigated as costly material and are advantageous
due to their simplicity, accessibility, significantly low costs, high porosity, high physical
absorption, ease of manipulation and sterilization, potential for chemical or biological
modifications, bio-affinity, biocompatibility, light weights, and the ability to operate
without supporting equipment [228]. Yet, the limited mechanical stability and the
susceptibility to deterioration constrains its utility in high-pressure settings and severe
conditions [229]. Additionally, the non-uniform porosity of the paper may result in
variable fluid flow, thereby diminishing the precision of the acquired results [230]. To
circumvent this issue, there has been a recent trend towards the manufacturing and
development of POCT platforms, primarily composed of polymers, which provide
numerous benefits compared to conventional paper, such as enhanced uniformity,

preferable surface chemistry, and greater regulation of physical characteristics.
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2.6.1.2 Polymers

Polydimethylsiloxane (PDMS) is an inexpensive material that is easy to mold, making it
ideal for prototyping. [231]. However, PDMS possesses a porous structure, which allows
for the diffusion of a wide range of molecules, making it an adsorptive material and
incompatible with organic solvents. Additionally, the evaporation of water through
channel walls can lead to a change in the concentration of the solution, which presents
another issue. To overcome these problems, the focus shifted to the integration of
thermoplastics into the fabrication of POCT devices. Poly(methyl methacrylate)
(PMMA), polyethylene terephthalate (PET), poly carbonate (PC) and cyclic olefin
copolymer (COC) have been the typical examples for large-scale manufacturing
processes due to their cost-efficiency and biocompatibility. Thermoplastics are rigid
polymer substances characterized by robust mechanical stability, minimal water
absorption, and resistance to organic solvents, acids, and bases. These qualities are
pivotal in numerous bioanalytical microfluidic applications [232]. Typically, the
material choice dictates the manufacturing process. Sensor device fabrication methods

can be broadly categorized into small-scale and large-scale production.

2.6.2 Small-scale production

2.6.2.1 Softlithography

Soft lithography is a widely utilized method for fabricating microfluidic devices,
employing flexible and elastomeric materials like PDMS to produce microfluidic
patterns [231]. Typically, after mixing the PDMS polymer with the curing agent, the
liquid is poured on the SU-8 mold and cured at 40 - 80 °C for 1-2 h, following by peeling
of the elastomer for demolding [233]. However, due to the long fabrication steps, this
process is limited to laboratory settings. To overcome this, researchers have shown the
possibility for scaling-up PDMS sensor fabrication through roll-to-roll fabrication [234]
and flexographic printing plate [235].

2.6.2.2 Ablation techniques
Fast prototyping can be achieved through ablation techniques that can be grouped into
mechanical milling [236] and energy-based ablation [237]. After designing the sensor’s

structure, typically with CAD software, the design guides the laser in removing
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substrate material. Laser ablation presents numerous benefits such as its applicability
to a wide range of materials, cost-effectiveness and quick manufacturing process.
However, laser ablation processes suffer from poor optical quality of the
micromachined surface due to material melting, vaporization, and ejection induced by
laser irradiation. This leads to the formation of pores and material residue deposition,

resulting in high surface roughness and restricting the use of laser-cut devices [238].

2.6.2.3 3D printing

Over the past few years, there has been an increasing trend in using 3D printing to
manufacture microfluidic devices, primarily because of its ability to produce highly
accurate and complex structures [239]. While soft lithography is confined to planar 2-
dimensional complexities, 3D printing can rapidly produce "truly 3-dimensional”
features such as crossover (overhanging) features. 3D printing involves the creation of
three-dimensional objects through the layer-by-layer deposition of materials. Among all
3D printing methods [240-243], Fused Deposition Modeling (FDM) [244],
stereolithography (SLA), and Inkjet 3D printing (i3DP) stand out as the most widely

utilized.

2.6.3 Large-scale production

2.6.3.1 Hot Embossing and Imprinting

Replication methods, where masters and molds with defined nanostructures can be
utilized to replicate subsequent products can significantly lowered production time and
expenses [245]. Usually, during the hot embossing procedure, the features of a mold are
transferred onto a polymer substrate under high temperature and pressure conditions
[246]. All components are cooled to a temperature below the polymer's glass transition,
after which the processed polymer is removed from the mold. Since this step requires
the time-inefficient heating and cooling ramp, the imprinting technique has been
utilized at lower temperature by increasing the applied pressure in order to shorten the
fabrication time [247]. Nevertheless, hot embossing faces limitations, including
extended cycle durations, complexities in generating micro-patterns with significant
aspect ratios, and struggles in separating the mold from the substrate without causing

damage during the de-embossing phase [248].
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2.6.3.2 Injection Molding

Injection molding, presents a potentially more economically feasible option and has
demonstrated its capability to facilitate the mass production of microfluidic devices
across a diverse array of materials [249]. Typically, injection molding entails the
injection of liquefied plastic into a cavity shaped by two molds, typically composed of
metal [250], [251]. While injection molding offers swift and consistent production of
microstructures, it only yields individual chips through this sequential method.
Additionally, handling chips becomes intricate during each subsequent post-processing
step [252]. Moreover, the demolding stage represents a pivotal phase that significantly

impacts the quality of polymer microstructures [253].

2.6.3.3 Roll-to-Roll

Roll-to-roll (R2R) manufacturing encompasses a range of foil-based processes that
employ both additive and subtractive techniques to construct functional structured
devices for quick and cost-effective mass production [252, 254, 255]. R2R fabrication,
such as RZR hot embossing, featuring two rollers sandwiching a polymer film,
represents the ultimate goal for continuous and high-throughput production of
patterned polymeric films [256]. RZR manufacturing has been also implemented in the
fabrication of paper-based microfluidics for the direct transfer of wax from
commercially available wax ribbon to the surface of a paper substrate. In contrast to
traditional approaches for paper-based microfluidics this proposed fabrication
technique enables the batch production of paper-based microfluidic chips at a more
rapid pace [257]. Another group developed the first energy-efficient room-temperature
printing-imprinting integrated roll-to-roll manufacturing platform for mass production
of a polydimethylsiloxane (PDMS)-based platform [258]. Nonetheless, it is important to
note that PDMS as a substrate is still not ideal for scalable fabrication setups and
thermoplastics have gained significant attention in the development of current
biosensors.

In summary, the selection of material is critical in determining economic cost,
fabrication time, handling properties, reliability, bonding efficiency, and ease of use. In
addition to the established roll-to-roll (R2R) production process for the industrial

fabrication of biosensors, other scalable manufacturing techniques, such as 3D printing
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and laser processing, have recently gained importance. The current goal is to further
develop these methods and potentially combine them with R2R processes to enhance

flexibility in meeting individual requirements.

2.6.4 Perspective

Before a commercial POCT system can be produced through mass fabrication,
manufacturers must overcome several challenges, including material selection, meeting
sensor performance criteria, ensuring ease of production, simplifying test operation,
and developing integration solutions. They are accountable for maintaining product
quality, especially for medical devices, while also focusing on minimizing costs and
boosting profit margins [34]. It cannot be emphasized enough that changes in material,
process, and production techniques all influence the performance of a test system, in
part dramatically. Finely tuned optimized assays may result in bad performing assays
when production techniques are altered. It is therefore of utmost importance for novel
POCT concepts to consider mass producibility already while inventing new assays,
without which these may never be of help to the society at large.

(I) Material and geometric structure for ease of production

The development of POCT devices involves a complex chain of processes, requiring
various manufacturing techniques like ablation tools, hot embossing, and roll-to-roll
integration. An effective design can significantly reduce effort. Rectangular channels are
preferable due to the challenges of achieving rounded structures when using methods
like laser ablation or micromilling. Larger channels can simplify tooling, replication, and
integration.

A thorough understanding of the assays being performed on a chip and their material
requirements is also important in selecting the appropriate material for production. It is
crucial to fully understand the surface properties (e.g, hydrophobicity), light
absorbance, mechanical characteristics, and manufacturability (e.g., replication fidelity,
surface treatment, bonding methods) of a material used to minimize the potential costs
associated with redevelopment. For example, while PDMS is commonly used in lab
settings, thermoplastics are generally preferred for industrial scale-up. By addressing

these material and design considerations during the design and prototyping stages,
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while keeping potential scale-up challenges in mind, setbacks can be mitigated, and
costs saved.

Manufacturing feasibility should be considered from the start of product development,
with expert advice to streamline the process and reduce scale-up failures, especially in
academic projects that have application in mind and are not only seeking basic
understanding or the innovation of new principles. In fact, early involvement of
professionals experienced in manufacturing and scale-up would be desirable, as this can
save time and effort in converting prototypes into commercial products and assess early
on, whether a new assay system has the possibility to be more than a proof-of-principle.
(I1) Performance and complexity of POCT device and its operation

For successful commercialization, factors such as performance, system complexity and
ease of use of the test must be considered. POCTs with low system requirements,
allowing for the miniaturization of necessary hardware, offer broader application
possibilities and can be used in low-resource settings [259]. High accuracy, sensitivity
and specificity in combination with easy test handling, where the sample is simply
applied to the test—ideally non- or minimally invasive samples—does not require
trained personnel for execution or sampling [260]. This is particularly advantageous

given the current shortage of skilled personnel in medical facilities.

2.7 Conclusion

Currently, most of the POCT devices remain bulky bench-top instruments or require
skilled personnel to operate multiple handling steps. This is because innovations in
POCT primarily prioritize cost reduction and sensitivity improvement, which often
necessitate multiple operational steps and complex manufacturing. However, there is a
growing post-pandemic trend toward developing compact, portable and user-friendly
devices, signifying a shift away from complex platforms to on-site, and home-based
testing settings. This transformation suggests a positive outlook for accessibility and
ease of use, minimizing the need for highly skilled personnel to operate multiple
handling steps. Recent research has narrowed the gap between the complexity of
devices demonstrated in one-step assay systems and that of bench-top assays. The

advancements attained in academic research are now ready to be seamlessly integrated
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with commercially viable options and gain more and more importance. New sensing
technologies, including new labels, test structure and miniaturized read-out systems
have overcome the limitations of conventional assays and enable highly sensitive one-
step POCT platforms. Furthermore, advancements in materials and technical equipment
facilitate commercialization in the market. Another crucial factor for the successful
marketing and sustainability of one-step POCT devices is to mitigate the risk of sample
contamination by untrained personnel. The scale down of all analytical steps such as
sample preparation, reagent mixing, separation, chemical reaction and signal detection
into a POCT system, eliminate any manual operation and enable reliable testing in rural

areas or in home settings.
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3 Membrane-free lateral flow assay with active control of
fluid transport for ultrasensitive cardiac biomarker
detection

Abstract

Membrane-based lateral flow immunoassays (LFA) have been employed as early point-
of-care (POC) testing tools in clinical settings. However, the varying membrane
properties, uncontrollable sample transport in LFAs, visual readout and required large
sample volumes have been major limiting factors in realizing needed sensitivity and
desirable precise quantification. Addressing these challenges, we designed a membrane-
free system in which the desirable 3D structure of the detection zone is imitated, used a
small pump for fluid flow and fluorescence as read-out, all while maintaining a one-step
assay protocol. A hydrogel-like protein-polyelectrolyte complex (PPC) within a
polyelectrolyte multilayer (PEM) was developed as the test line by complexing
polystreptavidin (pSA) with polydiallyldimethylammonium chloride (PDDA) which in
turn was layered with polyacrylic acid (PAA) resulting in a superior 3D streptavidin-
rich test line. Since the remainder of the microchannel remains material-free good flow
control is achieved and with 20 pL total volume, 7.5 less sample volumes can be used in
comparison to conventional LFAs. High sensitivity with desirable reproducibility and a
20-minute total assay time were achieved for the detection of NT-proBNP in plasma
with a dynamic range of 60 pg'mL-1- 9000 pg-mL-! and a limit of detection of 56 pg-mL-1
using probe antibody-modified fluorescence nanoparticles. While instrument-free
visual detection is no longer possible, the developed lateral flow channel platform has
the potential to dramatically expand the LFA applicability, as it overcomes the
limitations of membrane-based immunoassays, ultimately improving the accuracy and
reducing the sample volume, so that finger prick analyses can easily be done in a one-

step assay for analytes present at very low concentrations.

59



Membrane-free lateral flow assay with active control of fluid transport for ultrasensitive cardiac biomarker

detection

Graphical Abstract

membrane-free LFA

fluorescence NP

This chapter has been published.

Strohmaier-Nguyen, D., Horn, C., & Baeumner, A. ]J. (2024). Membrane-Free Lateral Flow
Assay with the Active Control of Fluid Transport for Ultrasensitive Cardiac Biomarker
Detection. Analytical Chemistry, 96(18), 7014-7021.
https://doi.org/10.1021/acs.analchem.4c00142

Author contributions: AJB, CH and DSN developed the concept for this work. DSN
planned the experiments, did the experimental work and wrote the first draft of the

manuscript. A]B revised the manuscript and is corresponding author.

60



Membrane-free lateral flow assay with active control of fluid transport for ultrasensitive cardiac biomarker

detection

3.1 Introduction

Recently, with the continuous process in point-of-care testing (POCT), fast and ultra-
sensitive detection is accomplished by lateral flow immunoassays (LFAs) [1, 2]. The
simple, affordable, and user-friendly setup makes the LFA a relevant and efficient
diagnostic tool where high-tech infrastructure may not be met. The fundamental part of
the LFA is the porous membrane that enables passive sample migration through
capillary forces and straightforward immobilization of proteins necessary for detection
such as antibodies and streptavidin [3, 4]. However, the LFA also bears some major
drawbacks and limitations such as variation of flow rate and analysis time due to
varying pore structure and sample viscosity, obstruction of pores by matrix
components, reasonably high sample volume due to its inherent absorbing properties,
and inconsistency in the dispersion of the labeled sample to the membrane due to
batch-to-batch variations of the membrane [5, 6]. In addition, as the LFA performance
strongly depends on the properties of the membrane material, a change of the
production line by the supplier results in changes in the membrane properties due to
modifications of production parameters such as drying temperature and line speed,
requiring re-optimization of an already finalized assay. In addition, Mosley et al.
demonstrated that the membrane and analyte interaction hinders the forward binding
event of the antibody, negatively affecting the sensor performance [7]. To address these
challenges, number of researchers explored replacing the conventional membrane with
other material [8, 9] or shifted its focus towards polymer-based channel systems,
eliminating the need for membrane materials [10], thereby improving the assay
sensitivity by one order of magnitude [11]. To replace the membrane, the transport of
the fluid and immobilization of biorecognition elements must be reassessed. Fluid can
be managed passively, utilizing capillary forces, or actively, necessitating external forces
[12]. Regarding the substrate for immobilization, several polymers such as polyethylene
terephthalate (PET), poly(methyl methacrylate) (PMMA) and cyclic olefin copolymer
(COC) were used in biosensors due to their low cost [13] with planar (2D) or three
dimensional (3D) immobilization strategies [14]. 2D approaches typically employ
adsorption or covalent immobilization where the density and amount of the

biorecognition molecules is limited to the active sites on the polymer surface itself [15].
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In some instances, the polymers’ hydrophobicity can lead to partial denaturing of
proteins so that tethers or spacers need to be employed [16]. In contrast, 3D
immobilization in a polymer matrix such as a hydrogel by encapsulation,
copolymerization, electrostatic capture or covalent linking enables higher
immobilization rates within a protective protein surrounding [17]. Here, the intrinsic
swelling behavior of the hydrogel requires an additional washing step to prevent non-
specific signals [18], and the overall chemistry involved may be more complex than for
simple adsorptive strategies. To overcome these limitations, recent studies have
demonstrated high efficiency of protein immobilization wusing polyelectrolyte
multilayers (PEM) as the immobilization matrix [19]. To accomplish this,
polyelectrolytes with opposite charges are alternately deposited onto the desired
substrate through dip coating, spraying, spinning, and microfluidics [20] demonstrating
high functionality of proteins within such layers such as the immobilization of a
polyelectrolyte-protein complex (PPC), where the lysozyme retained all of its enzymatic
activity [21]. Here, we studied and developed a novel, membrane-free LFA concept with
3D streptavidin multilayers as the detection zone and fluorescence nanoparticles as
labels. An external pump was employed to control the immunoreaction, while
fluorescence microscopy was utilized for POCT detection and quantification of NT-
proBNP. This biomarker is associated with heart failure (HF) [22], which stands as the
cardiovascular disorder with the highest mortality, morbidity, and healthcare costs [23].
NT-proBNP is considered the gold standard biomarker, attributed to its longer half-life
of 120 minutes, in contrast to BNP with a half-life of 20 minutes. This leads to roughly
six times higher concentrations of NT-proBNP in serum, making it more easily
detectable [24]. With a minimal sample volume of just 15 pL, a rapid detection time of
only 20 minutes, and the ability to integrate a pump and fluorescence detection into a
compact and portable support device, this innovative concept successfully addresses
the limitations associated with membrane-based lateral flow assays. Additionally, it
offers a convenient alternative for finger-prick testing, suitable for both home use and

low-resource settings.
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3.2 Material and Methods

The biotinylated capture antibody (polyclonal NT-proBNP sheep-IgG-biotin, cAb),
antigen (NT-proBNP (1-76) amid) in buffer or human serum, probe antibody
(monoclonal NT-proBNP mouse-IgG), probe antibody-modified fluorescence
nanoparticles (Ab-fluorescence NPs), and polystreptavidin (pSA) were provided by
Roche Diagnostics GmbH (Mannheim, Germany). Hydrochloric acid (HC], 0.1 M, 1 M),
sodium chloride (NaCl, p.a.), bovine serum albumin (BSA, >96 %),
poly(diallyldimethylammonium chloride) (PDDA, Mw 200,000 - 350,000, 20 wt. % in
H20), poly(acrylic acid, sodium salt) solution (average Mw 15,000, 35 wt. % in H20),
ethylenediaminetetraacetic acid (EDTA, = 98.5 %), sodium hydroxide (NaOH, 1 M),
poly(ethylene  glycol)-block-poly(propylene  glycol)-block-poly(ethylene  glycol)
(Synperonic® PE/P84), sodium azide, Tween 20 (>97 %) and biotinylated Rhodamine
6G (Rh-6G, 0.05 mg-mL-1) were supplied from Sigma-Aldrich (www.sigmaaldrich.com).
Sucrose was purchased from Serva (www.serva.de). NT-proBNP hs cobas 232 was
provided by Roche Diagnostics (Mannheim, Germany).

The LFA consists of the substrate and spacer Melinex®329 (175 um and 250 um) which
was purchased from Dupont Teijin Films (www.dupontteijinfilms.com), the cover foil
Hostaphan RN 100 was purchased from Mitsubishi Polyester Film (www.m-petfilm.de)
and double-sided adhesive tape was supplied from Henkel-Adhesives (www.henkel-
adhesives.com).

HEPES-buffered saline (HBS) consisted of 50 mM HEPES, 150 mM NaCl, 3 mM EDTA,
and 0.05 % (w/v) Tween 20 and was adjusted to pH 7.4. HEPES dispensing buffer was
prepared with 50 mM HEPES, 1 % (w/v) albumin, 1 % (w/v) sucrose, 0.15 % (w/v)
synperonic PE/P84, and 0.024 % (w/v) sodium azide and was adjusted to pH 7.4.

For particle characterization, the Zetasizer Ultra Pro (www.malvernpanalytical.com)
was used. All drying procedures were done with the drying cabinet at 50 °C (FED 400
E2, www.binder-world.com). For plasma treatment, the plasma oven (www.gs-

technologie.de) was used.
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3.2.1 Pretreatment of substrate and blocking of non-specific adsorption

First, the substrate (MELINEX®329 175 pm) was pre-treated with oxygen plasma for
2 min, 100 W to increase the hydrophilicity and thus, enhance the polyelectrolyte
multilayer attachment. For blocking non-specific adsorption, a thin polyacrylic acid
(PAA) layer was used. Therefore, the base of the microfluidic sensor was dip-coated
with PAA (0.2 % (w/v), 150 mM NaCl, pH 7.4) for 60 seconds, washed with distilled
water, and dried at 50 °C and was then utilized for polyelectrolyte streptavidin

multilayer deposition.

3.2.2 Polyelectrolyte-protein complex (PPC) fabrication

For the fabrication of the PPCs, a modified procedure of vander Straeten et al. is
utilized.[21] PPCs were fabricated by mixing polydiallyldimethylammonium chloride
(PDDA) with polystreptavidin (pSA). First, a PDDA solution was prepared in 150 mM
NaCl and polystreptavidin was dissolved in water to reach an end concentration of
0.5 % (w/v) and 10 mg-mL-1, respectively, and were adjusted to pH 7.4. Then, 500 pL
PDDA was mixed with 500 pL pSA to generate the functionalized particles. The PPCs

were stored at 4 °C until further use.

3.2.3 Fluidic-assisted PPC multilayer lane assembly and antibody dispensing

PPC multilayer lanes were deposited onto the base of the microfluidic using a fluidic
immobilization channel. To assemble the polyelectrolyte multilayer (PEM) the PPC
solution and polyacrylic acid (PAA) solution were alternate deposited onto the base by
filling the immobilization channel by solely capillary forces. PAA was dissolved in
150 mM NaCl to a concentration of 0.5 % (w/v) and was adjusted to pH 4.55. The fluidic
deposition channel with double-sided adhesive tape was bonded onto the PET substrate
and was used as a shaping lane mold. By using a stop-flow approach, the channel was
filled with the PPC solution and was deposited for 60 seconds. After the deposition time,
the capillary was emptied and filled with the PAA solution for 60 seconds. This alternate
coating process was repeated for a given number of cycles for the preparation of the
PEMs. Afterwards, the channel mold was relieved from the substrate and the (PPC/PAA)

multilayer was dried at 50 °C for 5 min. In the next step, 1.5 uL of each antibody was
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dispensed onto the PET substrate and were dried at 40 °C for 3 minutes. The substrate
with the streptavidin lane and probe antibodies was then adhered to the spacer and
cover foil to finish the membrane-free LFA. The ready-to-use LFAs were stored at 4 °C
until further use. Details of the fabrication process were provided in the Supporting

Information (SI).
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Figure 1: Schematic (not to scale) illustration of the membrane-free POCT device. Fabrication of
the detection zone consists of two steps (a): Fabrication of the protein-polyelectrolyte complex
(PPC) by complexation of pSA and PDDA at pH 7.5, 150 mM NaCl (1) and subsequently, layer-by-
layer deposition of poly acrylic acid (PAA) and PPCs on the PET substrate of the sensor (2-4). The
sensor was then annealed with the spacer and cover foil (5). The final lateral flow channel (6).
Schematic (not to scale) illustration of the sensing principle (b). Ab-fluorescence NPs - probe
antibody-modified fluorescence nanoparticles, cAb - biotinylated capture antibody. Adapted from
“PDMS  Microfluidic Chip Fabrication”, by BioRender.com (2023). Retrieved from

https://app.biorender.com/biorender-templates
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3.2.4 Biofunctionality of PPCs

To investigate the biofunctionality of polystreptavidin within the prepared PPCs in the
multilayer, the streptavidin multilayer was tested with the biotinylated Rhodamine 6G
(Rh-6G, Aex= 525 nm, Aem = 548 nm). Rh-6G was pre- pared in a 0.05 mg-mL-1 stock
solution with distilled water. 20 pL Rh-6G solution were injected into the LFA and were
actively transported over the streptavidin multilayer for 5 minutes. The unbound
solution was removed, and the streptavidin multilayer was then analyzed with the

fluorescence microscopy.

3.2.5 Assay equipment

The customized fluid control equipment and fluorescence microscopy were provided by
Roche Diagnostics GmbH (Mannheim, Germany) (Figure S2). Details of the fluid control

and fluorescence microscopy were provided in the SI.

3.2.6 Performance of the bioassay

A sandwich immunoassay with both buffer and plasma samples were carried out to
investigate the assay performance of the bioassay. The analyte target was N-terminal
prohormone of brain natriuretic peptide (NT-proBNP), which is a biomarker for heart
failure. NT-proBNP biomarker samples were prepared in HBS buffer and human plasma
through dilution of a stock solution to produce concentrations of 7.5, 15, 30, 60, 125,
250,500, 1000, 2000, 4000, 6000 and 9000 pg-mL-1, for analysis. The immunoassay was
performed at room temperature. For the calculation of the limit of detection (LOD) the
logistic fit parameter for the lower curve asymptote A and the standard deviation of the

blank SD (blank):

LOD = A + 3.3 * SD(blank) (1)

3.3 Results and Discussion

Main goal of this study was the design of a POCT device that does not require
membranes and can hence function with very small sample volumes (finger-prick

sampling) while maintaining the simplicity of use and sensitivity afforded by current
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LFAs (Figure 1). The detection is accomplished using fluorescent immunobeads as
described previously by Lutz et al. [25]. The immobilization of the biorecognition
elements in a test line was achieved by designing protein-polyelectrolyte complexes
(PPC) consisting of polystreptavidin - poly(diallyldimethylammonium chloride)
composite microparticles, which were then integrated into a charged polymer
multilayer. Fluid transport and the overall assay protocol were finally optimized for a

sensitive detection of NT-proBNP (Figure S3).

3.3.1 Characterization of PPCs

PPCs were studied to develop a novel, sensitive POCT immunoassay. More specifically,
we utilized the cationic polydiallyldimethylammonium chloride (PDDA) and the
negatively charged polystreptavidin (pSA) for the synthesis of biofunctional
microparticles. The characteristics of the protein-polyelectrolyte complex, especially the
size and the charge of the complex depend on the nature and intensity of the
polyelectrolyte protein interactions and on the environment [26]. Hence, we explored
the impact of the polyelectrolyte-to-protein ratio and the pH on the complexation
process. The latter has a major effect on the ionization of the materials used. Whereas
PDDA, as a strong cationic polyelectrolyte, has a positive charge over a wide pH range
(pH 2-13) and is stable to pH shifts, the amphoteric polystreptavidin with the isoelectric
point (IEP) of 5 - 6 [27] is notably influenced by the pH of its environment. To ensure
complexation of PDDA and pSA, both materials were mixed in different ratios at pH 7.4
and 150 mM NaCl (Figure S4). This pH level is slightly higher than pSA's isoelectric
point (IEP), ensuring the overall negative charge of pSA, which in turn facilitates the
electrostatic complexation with PDDA. Considering the physiological environment of
the envisioned assay, pH of 7.4 and ionic strength of 150 mM NaCl were hence kept
constant in all subsequent experiments. Directly after the mixing process, highly turbid
samples were obtained immediately. DLS analysis and zeta potential measurements
proved the complexation process [28]. The size and polydispersity index (PdI) of the
resulting composite particles were dependent on the PDDA:pSA ratio (Figure S4a). In
particular, an excess of pSA led to the attainment of maximum size with a minimal Pd],
indicative of an intricate mesh-like network wherein streptavidin serves as a bridge

connecting two or more PDDA chains. In this context, there are segments on the PDDA
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chain without attached streptavidin. These unbound portions generate electrostatic
repulsion, effectively preventing aggregation and complete collapse [29]. However, an
excess of PDDA led to the formation of small particles characterized by relatively high
PdI values. This suggested that the limited amount of streptavidin is bound in a densely
compacted manner, effectively covered and regulated by PDDA. The high PdI can be
explained by the fact that some parts of the PDDA stick out at the surface, like a core
corona structure [30]. Regarding the zeta potential of the resulting composite material,
it is evident that it naturally becomes increasingly positive as the PDDA:pSA ratio rises
(Figure S4b). In this context, it is likely that PDDA completely envelops the particles. All
of these were used in subsequent studies of the novel LFA concept.

3.3.2 Formation of the 3D test line and assessing the biofunctionality of the
embedded PPCs

On the PET substrate, the 3D test line was generated in a layer-by-layer approach of the
composite PPCs and polyacrylic acid (PAA). The PET substrate underwent oxygen
plasma treatment to enhance its hydrophilic properties, a crucial step for facilitating the
adhesion of bioactive coatings. Specifically, the plasma treatment induces increased
surface roughness, thereby expanding the number of available attachment sites [31]. In
general, a simple dip coating process in which the substrate is alternate dipped into the
polyelectrolyte solutions is used to generate multilayers. The average dip coating time
of each layer is 15 min in order to guarantee the PAA adsorption and charge
overcompensation in the multilayer assembly [20]. Moreover, a washing step is
necessary between each layer deposition to wash away unbound protein or PAA,
resulting in a time-consuming and material-wasting procedure. Here, for the layer-by-
layer process, a fluidic immobilization channel was used as lane shaping mold that was
attached to the PET foil [32]. First, the positively charged PPCs were deposited onto the
negatively charged PET substrate by capillary-driven filling of the channel
Subsequently, the anionic PAA was applied through the same process. By alternating
these two steps, multilayers of 2 to 12 layers were created. It was determined that the
deposition time of PAA and PPCs affected the multilayer performance. The deposition is
hereby solely dependent on the Brownian diffusion to the bottom layer of the

multilayer. Through the utilization of a material-efficient fluidic-assisted stop-flow
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multilayer deposition method, we achieved a more economical and time-efficient
procedure, eliminating the need for a washing step [33, 34]. Due to the geometry of the
immobilization channel, the (PPC/PAA) multilayer assembly was completed within only
8 minutes. To assess the biofunctionality of pSA when inside the PPC/PAA multilayer
lane, the binding efficiency of a biotinylated Rhodamine 6G (Rh-6G, Aex= 525 nm, Aem =
548 nm) to pSA within the multilayer was investigated. Subsequently, the
immobilization channel was removed and the actual LFA assembled (Figure 1). The
20 pL Rh-6G solution was transported to the test line and incubated for 10 min. After
that the channel was emptied to remove unbound dye molecules and then the
fluorescence quantified using a fluorescence microscopy and Image]. Binding of the dye
by streptavidin within the multilayer was investigated depending on the PDDA:pSA
ratio (Figure S5). The lowest fluorescence signals were found at low and high PDDA
concentrations. At low PDDA concentrations large PPCs with low positive charges were
generated which represented a loose network. It is assumed that this may encourage
streptavidin leaching as it is insufficiently bound by PDDA. In addition, the particles only
show a slightly positive charge (Figure S4b), which results in reduced electrostatic
interactions with PAA during the multilayer deposition process. Conversely, an excess
of PDDA can lead to a competition between PDDA and PPCs for the available
electrostatic binding sites with PAA during the multilayer formation, resulting in a
reduced amount of streptavidin within the multilayer. Overall, the maximum
fluorescence intensity was found at PDDA:pSA ratio of 0.5 and 1 suggesting that the
highest amount of streptavidin could be securely immobilized within the multilayer.

Due to economic reasons, the PDDA:pSA ratio of 0.5 was used for further experiments.
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Figure 2: Plot of fluorescence intensity of the bioassay using a constant antigen concentration of
1 ng-mL-1in buffer against the number of layer-by-layer cycles (a). Plot of the fluorescence
intensity of the bioassay using a constant antigen concentration of 1 ng-mL-1in buffer against the
flow rate (b). Error bars represent mean values +10 and were calculated based on three parallel

measurements on three different LFAs (n = 3).

3.3.3 Development and optimization of the novel LFA concept

After the initial proof-of-principle multilayer formation, we further optimized its
performance in an antibody-based sandwich LFA. First, the number of (PPC/PAA)x
layers was investigated using a sandwich assay of biotinylated capture antibodies (cAb),
fluorescent reporter antibodies (Ab-fluorescence NPs) and NT-proBNP as analyte
(Figure 2a). It was found that fluorescence signals increased significantly up to the first
(PPC/PAA)4+ multilayers, which suggests that the immobilized pSA concentration
increased initially with the number of layers [35]. Additional layers did not lead to
further signal increase. Furthermore, the need for the composite PPC in contrast to
mere polystreptavidin in the multilayer build-up was studied (Figure S6). It was found
that even high concentration of pSA (15 mg'mL-1) yielded in only low fluorescence
signals. It is assumed that the strong and homogeneous positive charge of the PPCs
leads to a stronger interaction with the PAA polyelectrolyte layers, potentially leading to
an increased concentration of streptavidin within the multilayer. These findings were in
accordance with the work of vander Straeten et al. who showed higher immobilization
rate of the complexed protein than the pure protein itself in the multilayer [21].
Secondly, the impact of the flow rate on the assay was assessed. As the flow rate has

influence on the immunoreaction and on the rehydration characteristics of dried
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reagents, we initially dried biotinylated cAbs and Ab-fluorescence NPs on the PET
substrate. The 20 pL sample volume was transported with a flow rate of 8, 4, 2.7, 2 and
1.6 pL'min-l. It was found that high flow rates resulted in low fluorescence signals
(Figure 2b) most likely due to less efficient capturing of the immune sandwich and
insufficient rehydration of the dried reagents. In contrast, at flow rates < 2 pL-min-! high
fluorescence signals were obtained reaching a plateau. Therefore, a flow rate of
2 uL'min! was chosen for further experiments. Decreasing non-specific binding of
sample matrix components onto the PET substrate was studied using BSA as a
commonly used blocking agent in bioassays [36] and PAA, a highly hydrophilic
polyelectrolyte (Figure S7) [37]. First, the channel was filled with 40 pL of the blocking
solution, containing either BSA or PAA and then incubated for 10 min. After draining the
channel, the LFAs were dried in an oven at 50 °C. Subsequently, an immunoassay was
performed by applying 20 pL of the sample to the assay. High non-specific signals were
found when no blocking was performed and when BSA acted as blocking agent. In the
case of no blocking, it can be assumed that plasma proteins deposit on the channel
surface which then further promote non-specific binding of the fluorescence
nanoparticles. Similarly, when the channel surface is blocked with BSA, it is assumed
that BSA molecules will adsorb on the channel surface and interact with the
fluorescence latex beads. In contrary, when the hydrophilic PAA is used as a blocking
agent, non-specific signals could be significantly decreased. Therefore, the channel
surface was treated with PAA for subsequent experiments. Eventually, the
concentration of the cAb and Ab-fluorescence NPs were optimized with respect to the
strongest fluorescence intensity for a constant analyte concentration (Figure S8). For
the maximum fluorescence signal, the cAb was prepared at a concentration of
2.5 pg-mL-1 and the Ab-fluorescence NPs were prepared at a concentration of 2 % (w/v)

in the HEPES dispensing buffer.
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Figure 3: Stability of the fluorescence signal of the bioassay using a constant antigen concentration
of 1 ng-mL-1 over 8 weeks. The LFA were stored in an airtight capsule with a drying agent at 4 °C.
Error bars represent mean values +10 and were calculated based on three parallel measurements

on three different LFAs (n = 3).

3.3.4 Investigating storage stability of the novel LFA approach

The overall stability of the assembled LFA was investigated. While the antibodies and
polystyrene Ab-fluorescence NPs are known to be stable when stored in dry stage
through a fleece-based system [2], their storage within a non-fleece POCT immunoassay
is not yet known. Antibodies have been successfully stored in dry stage on a plastic
support within a sugar-based matrix and showed stable functionality over long time
period [38]. Thus, the capture antibodies and polystyrene Ab-fluorescence NPs were
dried in a sucrose matrix supporting the stability maintenance of both reagents in the
dried state. Over a period of 8 weeks, no loss in activity could be observed (Figure 3). In
addition, we assume that complexation of streptavidin and the incorporation of the
PPCs in a multilayer also contributed to stable and reproducible signal values. This
effect is linked to the additional hydrated state of the assemble, having a protective
effect on the immobilized protein [21]. The signal's overall variability can be attributed
to variations in multilayer formation, as the manual fabrication process may lead to
differences in multilayer thickness, impacting the immobilized streptavidin
concentration. We assume that an automated process for building up the multilayer

would result in a more constant multilayer thickness, potentially reducing signal
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variability. The elevated relative errors, approximately 20 %, could be justified by

handling inaccuracies and the limited number of replicates in the handmade LFAs

utilized.
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Figure 4: Plot of fluorescence intensity against logarithm of antigen concentration in spiked HBS
buffer (a) and in spiked human serum samples (b) with logistic fit (red line), confidence interval
95 % (shaded red curve) and corresponding parameters. Fluorescence images of the detection
zone illustrating the antigen concentration (c). Standard deviation was calculated based on 6
parallel measurements on 6 different LFAs, while outliers were removed after Q-test (confidence

interval 95 %). Error bars represent mean values 10 (n = 4).

3.3.5 Detection of NT-proBNP quantification in buffer and serum with the novel
LFA system

To demonstrate the applicability of the LFA in a complex biological matrix, the bioassay
was performed with both buffer and human serum samples that were spiked with
different amounts of NT-proBNP (Figure 4). In the plot of the fluorescence intensities
against logarithm NT-proBNP concentration, the typical sigmoidal curve for sandwich
immunoassays is obtained. Based on the logistic fit for the assay with spiked buffer a
LOD of 27 pg'mL-1 was calculated. The assay with human plasma showed a LOD of
56 pg'mL-1. The slight decrease of the LOD is attributed to the higher blank value due to
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the higher background signal originating from non-specific binding of the nanoparticles
and autofluorescence of the plasma [39]. Additionally, we observed irreversible
adsorption of the sample and antibodies on the channel sides when the sensor was not
bonded appropriately, due to manual inaccuracies in the fabrication process. This led to
increased variability in the signal, particularly noticeable when the analyte was present
in low concentrations. This is also reflected by the mean coefficient of variation (CV) of
the assay with buffer and plasma that were calculated to be 14 % and 19 %,
respectively. The dynamic range of both assays are similar and extend as expected for
an immunoassay over nearly two orders of magnitude. Most importantly, the new LFA
compared very well to the current commercial LFA, the optical NT-proBNP cardiac
POCT-system (hs cobas 232) from Roche Diagnostics, which showed a LOD of
60 pg'mL1 and a dynamic range of 60 - 9000 pg'mL-1.[40] A NT-proBNP value of
greater than 100 pg-mL-1 is abnormal in patients and is used to assess the severity of
heart failure. Thus, this study shows that the membrane-free LFA can be used for the
diagnosis and prognosis of heart failure and furthermore that no membrane is needed
to achieve the same assay performance as the hs cobas 232 NT-proBNP. In addition,
only 20 pL of plasma are needed for the new LFA, which suggests that it can in fact be

used as a POCT assay with samples derived from a finger prick sampling.
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Table 1. Determination of NT-proBNP.

Ccv
NT-proBNP amount spiked (pg-mL-1) buffer (%) plasma (%)
60 18 22
125 16 21
250 19 19
500 13 22
2000 11 21
6000 8 14
9000 9 11

Note: 20 pL of sample volume was used for each test. Samples were run in sextuplicates and the

mean is reported. (n=6)

3.4 Conclusion

In summary, we introduce an innovative membrane-free and pump-driven fluorescence
lateral flow assay (LFA) ready to meet the demands of one-step POCT applications. By
utilizing composite polystreptavidin-polyelectrolyte multilayers as the detection zone
and adopting a dry-storage approach for antibodies and fluorescence labels in our
platform, the test not only simplifies assembly and reduces production costs but also
achieves high sensitivity. Furthermore, our platform overcomes the typical limitations
of traditional membrane-based LFAs, such as variations in membrane fabrication,
limited control over immunoreactions, and the need for large sample volumes.
Healthcare of the future will require reliable tests that can be conducted without the
need for medical personnel, while still offering the quantitative and highly sensitive
features of standard laboratory tests. The membrane-based LFA concept currently
dominating the market can provide rapid answers with reasonable limits of detection
but without reliable quantification and not at often-needed low analyte concentrations.
The developed test homes in on the need for less sample volume and on a quantitative,
sensitive and reliable measurement at the POCT. The design allows the usage of a 7.5-

fold less volume of sample when compared to the conventional LFA format to achieve
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the same assay performance, without sampling trough the vein and the need for
intricate washing procedures. This allows straightforward testing without trained
personnel and significantly improves patient comfort, especially when a finger-prick
sample volume is sufficient. Active sample transport delivers the precise control
necessary for immunoreaction and when combined with a fluorescence imaging system,
enables highly sensitive detection, even if instrument-free visual detection is no longer
possible. With the goal of increasing the simplification of the developed LFA, future
improvements may include the introduction of a handheld device that combines a
fluorescence detection camera, a pump system, and relevant software/apps for
automated analysis that can be easily installed into POCT devices. With the ongoing
trend of miniaturization and the rise of Internet of medical things (IoMT) the hardware
has become cheap and allows straightforward testing and decision-making at home and
in resource-limited settings [41]. Moreover, we will focus on expanding the variety of
analytical targets that can be detected and quantified using the developed multilayer
platform. Multiplexing can be readily achieved by establishing separate channels where
precise control of the sample is maintained for each analyte. In addition, future work
will seek to implement a blood-plasma separation mechanism to promote the practical
applications in low-resource areas. Hence, this work may provide a new strategy to
produce sensitive quantitation of HF biomarkers. We therefore, demonstrated that our
membrane-free platform provides the quantitative and highly sensitive characteristics

for the HF biomarker NT-proBNP.
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3.6 Supporting Information
3.6.1 Lateral flow immunoassay materials and fabrication

LFAs were built up from four components: 1) a PET foil as substrate, 2) a spacer with
laser cut capillaries, 3) a cover foil with sample port and outlet port and 4) pressure
sensitive double sided adhesive tape. The spacer (MELINEX®329 250um) was coated
with double sided adhesive tape on both sides and then capillaries (dimension: 90 mm x
1.5 mm x 0.28 mm) were cut with the laser MicroLine 6000 P (www.lpkf.com) at a
frequency of 30 kHz and 3 W. The second laser-cutting step was used to generate the
sample inlet and outlet in the cover foil. The spacer and cover foil were then stuck
together as depicted in the ESM (Figure S1) and finally joined on top of the base,
orthogonal to the streptavidin multilayer, to get the ready to use microfluidic sensor.
The fluidic immobilization channel (dimension: 90 mm x 1.5 mm x 0.28 mm) for the
deposition of the streptavidin multilayer was similarly prepared with the exception that

it only consists of the spacer and the cover foil

3.6.2 Principle of the LFA

Upon adding the sample, the dried antibodies dissolve, initiating the immunoreaction.
The pump regulates the sample flow, directing it through the mixing area, thereby
enhancing the diffusion-based formation of the immunocomplex. The immunocomplex,
owing to robust biotin-streptavidin binding, gets captured in the detection zone,

allowing analysis of the fluorescence signal using a fluorescence microscope.

3.6.3 Assay equipment

The fluid control consisted of a metal housing that houses 1) a LFA mold, 2) an Arduino
Due board, 3) and a miniaturized vacuum pump. The fluid control system was linked to
a computer via USB and managed using an Arduino code. To initiate the immunoassay
fhe fluid control was mounted on top of the outlet port of the LFA. All fluorescence
images were acquired wusing a fluorescence microscope, LINOS lens
(www.excelitas.com), HTC camera with a Sony CCD sensor [CX285AL (www.sony.com),
XENON XBO R 100W/45 OFR lamp (www.osram.com), 633nm excitation filter and

685nm detection filter (www.semrock.com). The fluorescence images were taken with
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an exposure time of 25 ms. Image processing and data analyses were carried out with

Image] and Origin 2021.
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Figure S1: Buildup of the LFA in the side view (left) and in the top view (right). Single LFA with

corresponding dimensions (bottom). cAb - capture antibody and dAb - detection antibody.
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a)

Figure S2: Photographs of the assay equipment. Fluid control system (a) and fluorescence
microscopy (b).
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4 NT-proBNP Detection with a One-Step Magnetic Lateral
Flow Channel Assay

Abstract

Point-of-care sensors targeting blood marker analysis must be designed to function
with very small volumes since acquiring a blood sample through a simple, mostly pain-
free finger prick dramatically limits the sample size and comforts the patient. Therefore,
we explored the potential of converting a conventional lateral flow assay (LFA) for a
significant biomarker into a self-contained and compact polymer channel-based LFA to
minimize the sample volume, while maintaining the analytical merits. Our primary
objective was to eliminate the use of sample-absorbing fleece and membrane materials
commonly present in LFAs. Simultaneously, we concentrated on developing a ready-to-
deploy one-step LFA format, characterized by dried reagents, facilitating automation
and precise sample transport through a pump control system. We targeted the detection
of the heart failure biomarker NT-proBNP in only 15 pL human whole blood and
therefore implemented strategies that ensure highly sensitive detection. The biosensor
combines streptavidin-functionalized magnetic beads (MNPs) as a 3D detection zone
and fluorescence nanoparticles as signal labels in a sandwich-based immunoassay.
Compared to the currently commercialized LFA, our biosensor demonstrates
comparable analytical performance with only a tenth of the sample volume. With a
detection limit of 43.1 pg-mL-! and a mean error of 18 % (n = 3), the biosensor offers
high sensitivity and accuracy. The integration of all-dried long-term stable reagents
further enhances the convenience and stability of the biosensor. This lateral flow
channel platform represents a promising advancement in point-of-care diagnostics for
heart failure biomarkers, offering a user-friendly and sensitive platform for rapid and

reliable testing with low finger-prick blood sample volumes.

Keywords: magnetic bead, lateral flow assay, immunoassay, cardiac, one-step, point-of-

care
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4.1 Introduction

According to the World Health Organization (WHO) cardiovascular diseases (CVDs)
remain the most frequent cause of death globally [1]. Among all cardiovascular
disorders of the heart and blood vessels, heart failure (HF) leads to the highest rate of
mortality, morbidity and health care costs [2]. HF represents the condition when the
heart insufficiently provide blood and oxygen to the body organs and thus cannot meet
the demands of the organs [3]. It describes a progressive condition and is grouped into
four stages based on the magnitude and progression of the disease. HF starts with
cardiovascular risk factors for left ventricular systolic followed by structural and
functional changes of the cardiac system such as left ventricular hypertrophy and
eventually leads to observable HF, dysfunction and death [4]. Therefore, detection and
intervention in early phases can prevent or decelerate disease progression and is of

primary importance for the patient.

N-terminal prohormone of BNP (NT-proBNP) is one of the major biomarkers in HF due
to its significance in diagnosis and treatment [5-7]. Abnormal levels of NT-proBNP are
released in response to myocyte enlargement following left ventricle hypertrophy [8].
Early detection and monitoring of NT-proBNP level can diagnose and prevent the risk of
LVH, LVSD, and HF and thus, can protect the cardiovascular function and clarify the
treatment strategy for the physician [9, 10]. The age-independent NT-proBNP value of
300 pg'mL-1 is recommended as cut-off value for HF diagnosis, which had a sensitivity of
99 % and a specificity of 68 % [11]. Fast and reliable diagnosis of HF has been
accomplished by commercially viable lateral flow assays (LFAs) in point-of-care testing
(POCT). For example, the cobas h 232 NT-proBNP from Roche Diagnostics GmbH
provides a sensitive platform that detects NT-proBNP in 150 pL whole blood with a
detection limit of 60 pg-mL-! and a detection range of 60 - 9000 pg-mL-1[12]. In general,
the LFAs consist of fleece-fiber and membrane components, often employed as the
drying substrate for probe-specific antibodies and the sample transport [13]. Both come
with an innate high analyte and sample adsorption capacity, resulting in a notable
requirement for sample volume, a relatively substantial dead volume, and an
impairment of the sensor performance [14]. Therefore, the requirement of relatively

large blood sample volume, attributed to sample-adsorbing materials like fleece and
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membrane, compromises the test's performance and patient convenience. In addition, it
necessitates the presence of skilled personnel to obtain blood from veins in a clinical
setting, increasing the risk of complications and infection and reducing patient comfort
and safety. Hence, the field of POCT is characterized by intense competition, driving a
continuous demand for the rapid, cost-effective development of precise tests with low
sample volumes. Developing POCT into minimally invasive finger-prick blood tests has
presented challenges due to technological limitations. The primary hurdle in working
with finger-prick volumes is that the target analyte for detection exists in lower
concentrations compared to venous blood samples, which poses a difficulty in
accurately detecting such minimal analyte levels. Predominantly, the challenge of
maintaining assay performance has impeded the widespread commercial operation.
However, this aspiration must remain a priority driven by the potential to offer
techniques enabling ultrasensitive detection with just finger-prick volumes that reduce
the invasiveness and simplify the sample processing. As a result, this comforts the
patient and enables diagnostics through lay personnel, thereby expanding medical care

into rural areas and homecare.

Microfluidic platforms, in POCT, have gained a lot of attention due to their benefits,
including the ability to work with small volumes of samples and reagents, seamless
integration of multiple components, and fast reaction kinetics [15-17]. In addition, it is
commonly acknowledged that microfluidic channels offer superior surface area to
volume ratios [18, 19]. However, it should be noted that the detection area is often
restricted to the miniaturized geometric structure of the channel, where the antibodies
or other recognition molecules are fixed. Thus, due to the slow diffusion in the laminar
flow only a limited part of the sample can be captured, reducing the sensor’s
performance [20]. To enhance the surface area and reduce the diffusion distance for
binding, particles labeled with recognition elements can be introduced into the
channels. This significantly reduces the diffusion distance and increases the surface area
available for binding relative to the sample volume in the detection zone, increasing the
assay signal [20, 21]. Especially, the inclusion of magnetic nanoparticles in LFAs and
microfluidic systems plays a crucial role in performing biochemical assays for

healthcare and diagnosis [20, 22-25]. MNPs contribute to the enhancement of various
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biosensing applications due to their distinctive superparamagnetic properties since
they can function as both mobile substrates and detection markers simultaneously [26,
27]. The simple bio-functionalization with a variety of molecules makes them an ideal
option for capturing and signaling label in immunoassays [28-30]. Here, we developed a
novel LFA concept using an external suction pump for sample transportation, and
streptavidin functionalized magnetic particles (MNPs) for the POC detection and
quantification of NT-proBNP in whole blood. Since the assay requires only 15 uL whole
blood and the pump can be included in a simple, portable support device, this new
concept offers an alternative to membrane-based LFAs as it requires less sample

volume and can thus easily be used for finger-prick analyses.

4.1.1 Theory and operating principle

When particles move within a Newtonian flow of a microchannel, they are subjected to
forces such as inertia lift and hydrodynamic drag [31]. The inertial lift force can be

calculated by [32]:

prUra* (1)
o fu(Rec, o)
h

Fl=

while py, ys, and Um represent the density, dynamic viscosity, and mean flow velocity of
the fluid transporting the particles, respectively. The diameter of the spherical

microparticle is denoted by a, and Dn refers to the hydraulic diameter of the flow

2wh

(w+h)

height and w is the width of the channel. fi represents the lift coefficient and is a

channel, which can be expressed as D, = for a rectangular channel, where h is the

function of the Reynolds number Rec and the normalized cross-sectional position of the
particle within the channel xc. The hydrodynamic drag force can be expressed by the

following [33]:

Fy = 3nus a(vy — vy)fp ~ 3mps a(vy — vp) (2)
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In this context, the velocities of the fluid and microparticles are represented by vrand vp,
respectively. The coefficient for hydrodynamic drag force, denoted as fp, is dependent
on the hydraulic diameter of the channel and the diameter of the particles, as well as the
distance between the particle and the closest channel wall. For low concentrations of
ferrofluid, such as those studied in this study, fp can be considered equal to 1, since the

magneto-viscous effect can be disregarded [34].

The MNPs were captured from the sample by applying an external magnetic field, using
a circular permanent magnet. In this case, the particles are exposed to the

magnetophoresis force [35, 36]:

AL+ V,

Ho

(3)

E, = * (VB) * B

In the given equation, B represents the magnetic flux density, B denotes the gradient of
the externally applied magnetic field, po refers to free space permeability, and 4A
represents the difference in susceptibility between the particle and the fluid. In general,
the deflection process of the MNPs in the microchannel is the total of three forces: the
magnetically induced force on the particle, Fm, the hydrodynamic drag force Fq and the

lift force F1[37]:

Foepr = Fn + Fg + F (4)

In this study, streptavidin magnetic nanoparticles were utilized as mobile capturing
particles for the detection of NT-proBNP in a sandwich-based fluorescence lateral flow
channel assay (Figure 1). The MNPs were able to capture the analyte in a sandwich
complex in undiluted blood samples through streptavidin-biotin interaction. The
immunoassay utilizes a magnetic separation where the MNPs are pulled from the
sample stream to the detection zone by a stationary external magnet, whereas the

unbound sample solution flows further into the waste outlet. Subsequently, the
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sandwich complex captured in the detection zone was quantitatively analyzed using

fluorescence microscopy.

~ Collect and
introduce sample

Fluorescence- |

based |
detection U"'

Compact pump

Figure 1: Schematic (not-to-scale) illustration of the sandwich-based fluorescence assay in a
lateral flow channel with MNPs as capturing particles, an external magnet for fixing the MNPs in
the detection zone, fluorescence nanoparticles as label and a fluid control system for sample
transportation. Upon sample application (15 ul) at the inlet (1), the dried reagents undergo
rehydration and subsequent transport through the mixing area, initiating the immunoreaction
process (2). Positioned within the detection zone, an external magnet captures the MNP-
immunosandwich complex (3), enabling the quantification of analyte-dependent fluorescence.
Adapted from  “Microfluidic  Device”, by BioRender.com (2023). Retrieved from
https://app.biorender.com/biorender-templates

4.2 Materials and Methods

For the NT-proBNP immunoassay all reagents unless stated otherwise were provided
by Roche Diagnostics GmbH (Mannheim, Germany) and Sigma-Aldrich. Mouse anti-
human NT-proBNP antibodies were used as biotinylated capture antibody (capture Ab)
and the detection antibody for the formation of the sandwich complex were identical to
the antibodies in the 5t generation hs-BNP assay in the Elecsys®/cobas e™ platform.

NT-proBNP antibody-modified fluorescence nanoparticles (Ab-fluorescent NPs) were
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used for fluorescence signal generation. For this reason, latex particles (200 nm,
Thermo Fisher Scientific) were dyed with squaraine (Aex= 652 nm, Aem= 665 nm) and
coupled with the detection antibody via EDC and sulfo-NHS chemistry. For capturing the
biotinylated sandwich complex, streptavidin-conjugated magnetic particles (MNPs)
(diameter (d) = 0.3 pm, 3 um; 10 % (w/v)) in combination of a round external magnet (r

= 6 mm) were used.

HEPES-buffered saline (HBS) consisted of 50 mM HEPES, 150 mM NacCl, 3 mM EDTA and
0.05 % (w/v) Tween 20 and was adjusted to pH 7.4. The dispensing buffer was
prepared with 50 mM HEPES, 1 % (w/v) BSA, 8 % (w/v) sucrose, 0.15 % (w/v)
synperonic PE/P84 and 0.024 % (w/v) sodium azide and was adjusted to pH 7.4. The
dextran dispensing buffer was prepared with 50 mM HEPES, 1 % (w/v) BSA, 8 % (w/v)
dextran, 0.15 % (w/v) synperonic PE/P84 and 0.024 % (w/v) sodium azide and was
adjusted to pH 7.4. HEPES blocking buffer was prepared with 50 mM HEPES, 2.5 %
(w/v) BSA, 0.15 % (w/v) synperonic PE/P84 and was adjusted to pH 7.4.

4.2.1 Fabrication of lateral flow channel immunoassay and drying of reactive

reagents

The LFA consists of a three-layer built-up: 1) The support foil (Melinex® 329 foil,
175 pm (Dupont Teijin Films, www.dupontteijinfilms.com)), 2) the spacer foil
(Melinex®329 foil, 250 pm, with double-sided adhesive tape (Henkel Adhesives,
www.henkel-adhesives.com) on both sides) and 3) the cover foil (Hostaphan RN 100,
125 pm (Mitsubishi Polyester Film, www.m-petfilm.de)) (see Supporting Information
(SI) Figure S1). The capillary (dimension: 90 mm x 1.5 mm x 0.28 mm) were cut in the
spacer foil and the inlet and outlet (r = 0.5 mm) were cut in the cover foil with the laser

MicroLine 6000 P (www.Ipkf.com) at a frequency of 30 kHz and 3W.

To prepare the ready-to-go, one-step immunoassay, the reactive reagents capture Ab
and detection Ab-fluorescence NP were mixed with the dispensing buffer to give a
2.5 pg'mL1 and 2 % (w/v) solution, respectively and a sucrose concentration of 6 %
(w/v). For the MNPs the dispensing buffer was adjusted through replacing sucrose by
additives such as trehalose, dextran, Tween 20, Tween 80, and polyethylene glycol. The
drying and the additives’ content were optimized with respect to prevention of

aggregation and high assay signal. The MNPs were mixed with the adjusted dispensing
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buffer to give a 2 % (w/v) MNP solution. Capture Abs, Ab-fluorescent NPs and MNPs
were applied separately (2 pL each) onto the support of the immunoassay and dried in a
drying cabinet at 50 °C for 10 min (FED 400 E2, www.binder-world.com). The support,

spacer and cover foil were then bonded together as depicted in the SI (Figure S1).

4.2.2 Analysis of the capturing efficiency of the applied magnetic field

To investigate the capture efficiency of the small and large MNPs by the magnet, 200 pl
of MNPs 2 % (w/v) in HEPES buffer were transported in different flow rates to the
magnet in the detection zone of the lateral flow channel. The magnet is placed at a
distance of 175 pum from the bottom wall of the channel and at a distance of 6.5 cm from
the application zone to mitigate the impact of initial forces that may arise upon applying
the sample to the sensor. After capturing the MNPs, the downstream sample was

collected, and its transmittance was analyzed in the photometer.

4.2.3 Analysis of the biotin-binding capacity of the MNPs

A biotin-5-fluorescein working solution (1 umol-L-1) was prepared in HEPES buffer.
500 pl of the biotin-5-fluorescein working solution was mixed with 50 pl of MNPs
(0.3 um, 2 % (w/v)) and 50 pl of MNPs (3 um, 2 % (w/v)) and incubated in the dark at
room temperature for 15 min. Afterwards the MNPs were pelleted by centrifugation
(5000 x g for 10 min) and the fluorescence of the supernatant was measured (Aex=
490 nm, Aem = 524 nm). The biotin-binding capacity (pmol biotin/mg MNP) was then
calculated from the difference of the fluorescence intensity in the presence and absence

of the MNPs.

4.2.4 Sample preparation

Human blood samples were drawn by venipuncture from volunteers and provided by
Roche Diagnostics GmbH in compliance with safety and ethical regulations. The
hematocrit was obtained by micro-hematocrit capillary tubes. The blood samples were

collected in EDTA-K3 vacutainer tubes and were used within a day.
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4.2.5 NT-proBNP assay

A sandwich immunoassay with spiked samples was conducted to investigate the assay
performance of the bioassay. For analysis, NT-proBNP biomarker samples were
prepared in HBS buffer, human plasma, and human whole blood through dilution of a
stock solution to produce concentrations of 7.5, 15, 30, 60, 125, 250, 500, 1000, 2000,
4000, 6000 and 9000 pg'mL-L. A volume of 15 pL of the spiked sample was applied on
the sample application area. The sample was transported with a flow rate of 2 pL/min
by the external vent control. The immunoassay was performed at room temperature
and fluorescence signals could be obtained after 10 min. For the calculation of the limit
of detection (LOD) the logistic fit parameter for the lower curve asymptote A and the

standard deviation of the blank SD (blank) was used:

LOD = A + 3.3 * SD(blank) (5)

The concentration of NT-proBNP in the sample is determined by correlating the
fluorescence intensity to a calibration curve constructed using known concentration

standards.

The functionality of the dried reagents was assessed by replicating the bioassay over a
8-week period. To conduct these measurements, the sucrose-based dispensing buffer
was utilized to dry the capture Ab, Ab-fluorescent NPs and the dextran-based
dispensing buffer was utilized to dry the MNPs for 10 min at 50 °C. The one-step LFA

was stored at 4 °C in an airtight capsule.

4.2.6 Supporting instrumentation

For any of these applications, the microfluidic assay will require supporting
instrumentation to control reagent and sample transport, along with fluorescence
detection. The embodiment includes a customized fluid control equipment (suction
pump system) that is controlled by a program code, provided by Roche Diagnostics
GmbH (Mannheim, Germany). The fluid vent control was mounted on top of the outlet

port. All fluorescence images were acquired using a fluorescence microscope, LINOS
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lens (www.excelitas.com), HTC camera with a Sony CCD sensor ICX285AL
(www.sony.com), XENON XBO R 100W/45 OFR lamp (www.osram.com), 633 nm
excitation filter and 685 nm detection filter (www.semrock.com) and an image
processing software provided by Roche Diagnostics (Mannheim, Germany). The
fluorescence images were taken with an exposure time of 25 ms. Data was analyzed

with Origin 2021.

4.3 Results and Discussion

Finger-prick blood tests hold significant promise as POCTs due to their convenience in
sample collection and the minimal sample volume needed. This not only enhances
patient comfort but also eliminates the need for trained personnel for venous blood
withdrawal. The fleece-fibers in conjugate pads, commonly used as a drying matrix for
probe-specific antibodies in traditional LFAs has an inherent high analyte and sample
adsorptive capacity, which leads to a significant demand for sample volume, a relatively
large dead volume and a reduction of the sensor performance. The same principle
applies to membrane materials, which enable the sample transport and the
immobilization of capture ligands for proteins. Considering the commercial application
of a finger-prick blood test without sample-adsorbing components we studied the
analyte capture efficiency and flow behavior of MNPs in a straight channel for a
fluorescence-based immunoassay. The conjugate pad was replaced by dry-spotted Abs,
whereas streptavidin magnetic nanoparticles and the pump system replaced the

membrane’s function.
4.3.1 Biotin-binding capacity

We examined the impact of different sizes and surface areas (sa) of MNPs on their
ability to improve diffusion-limited interactions in polymer channel lateral flow assays.
First, we compared the biotin-binding capacity for biotin-5-fluorescein between small
MNPs (d = 0.3 um, sa = 4.57 x 10 m?-mg'1) and large MNPs (d = 3 um, sa = 3.81 x 10~
8 m2-mg1) (SI, Figure S2, dark blue). Interestingly, both MNPs provided similar biotin-
binding capacity of 2600 pumol-g MNP-1 and 2400 umol-g MNP-1, respectively. Despite
smaller MNPs having a larger surface area, they may exhibit a lower streptavidin

coverage density compared to their larger counterparts, suggesting that, in this case, the
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size of the MNPs does not affect the binding capacity. In addition, to account for the
factor of steric hindrance of antibodies the fluorescence signal of the immunoassay in
the LFA was investigated (Figure S2, light blue). Similar fluorescence signals were
obtained for both MNPs for a given analyte concentration, using the same MNP
concentration. These findings suggest that interestingly the size of the particles and
surface area do not significantly affect factors such as biotin-binding capacity and steric

hindrance during the immunoreaction.
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Figure 2: Optimization of the capture efficiency by the external magnetic field in the lateral flow
channel in dependency of the particle size and flow rate. Plot of the transmittance of the sample
against the flow rate and particle size (a). 200 ul of MNP (2 % (w/v) in HEPES buffer was
transported with different flow rates through the channel and the transmittance of the sample was
then analyzed in the photometer. Plot of the assay signal against the rehydration time of the dried
reagents (b). Control - ¢ - represents the assay signal with Ab-fluorescent NPs, capture Ab and
MNPs in solution. Standard deviations were calculated based on three parallel measurements on
three different lateral flow channels (n=3)

4.3.2 Capture efficiency by external magnet

The primary goals of the magnetophoretic capture process are to decrease the count of
untrapped particles and to ensure that the flow rate is adequate for achieving optimal
capture efficiency and collection quality during magnetic separation. The capture
efficiency of the MNPs was determined by measuring the transmittance of the
supernatant after the capture process in the lateral flow channel, taking into account the
particle size and flow rate (Figure 2a). A 100 % transmittance of the supernatant is

defined as the state where all MNPs have been captured by the magnet, resulting in a
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maximum capture efficiency and a MNP-free supernatant. Conversely, if MNPs are not
adequately captured by the magnet, the supernatant will contain MNPs, leading to a
decrease in transmittance. As expected, for both MNPs the capture efficiency decreased
with an increasing flow rate. Moreover, at the lowest flow rate both MNP samples
demonstrated full capturing. Interestingly, at higher flow rates, differences between
nanoparticles and microparticles were observed. The transmittance of the small MNPs
strongly decreased with an increasing flow rate, while the transmittance of the large
MNPs decreased only slightly. The optimal flow rate for the 0.3 pum particles (1 ul-ml-1)
was generally lower than that for the 3 um magnetic particles (3 pl'ml1). The larger
particles with greater susceptibility experienced a greater magnetic attraction and
therefore endured higher flow velocities. This correlates to earlier findings indicating a
dependency of particle size or magnetic core size of coated particles on flow behavior
under flow conditions [35, 37]. As a result, the selection of larger MNPs for subsequent
experiments was driven by the potential to apply a wider range of flow rates in the
assay. Furthermore, we enhanced the slightly lower specific surface area of these larger

MNPs and their increased steric hindrance by augmenting the particle count.

4.3.3 Development of a dry-reagent lateral flow channel immunoassay

The biotinylated polyclonal capture antibodies and monoclonal probe antibodies
employed in this study were identical to the antibodies of Roche’s 5th generation hs-
BNP assay in the Elecsys®/cobas e™ platform. Hence, the antibodies’ selectivity and
specificity were presumed to be adequate without conducting additional tests. The
initial experiments aimed to assess the viability of drying probe antibodies, probe
antibodies labeled fluorescent NPs and MNPs. Since Lutz et al. demonstrated that the
functionality of the antibodies could be effectively preserved after the drying and
rehydration process [38], here only the effect of drying on MNPs was investigated.
Nanoparticles are known to easily adsorb or aggregate irreversibly due to the reduced
spacing and the compromised electrostatic repulsion between the nanoparticles during
the drying process. This impairs the biological functionality of the particles [39-41].
Thus, to prevent aggregation and maintain long-term functionality, various additives
such as polyethylene glycol (PEG), surfactants such as Tween 20 and Tween 80 and

various sugars were included in the dispensing matrix (Figure S3). After drying 2 pL of
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MNPs (2 % (w/v)) in the dispensing buffer on the PET support and rehydration with
15 puL of NT-proBNP-spiked HEPES (c[analyte] = 1 ng-mL-1), we observed the formation of
aggregates and significant irreversible adsorption of MNPs onto the PET support with
all additives except of dextran. Drying the MNPs in only HEPES buffer (blank)
diminished the signal to only 5 %. In all other drying buffers, the fluorescence signal
dropped to only 55 % of the original signal. The drying of MNPs in the dextran-based
matrix resulted in the most favorable fluorescence signals, indicated by a signal drop to
only 92 % in comparison to the control. This observation suggests that dextran
successfully prevented the irreversible adsorption of MNPs on the support and
minimized aggregation, indicating its efficacy in maintaining the integrity of the MNPs
during the drying process. Subsequently, the rehydration time of the dried reagents was
assessed by exposing them to different durations of rehydration in the channel. Here,
we determined the optimal condition with respect to the reagent’s effective
functionality and fluorescence signal in the immunoassay (Figure 2b). The most
favorable signal was obtained by rehydrating the dried reagents with 15 pL. NT-proBNP-
spiked HEPES-buffer (cfanaiyte] = 1 ng'mL-1) for 3 min. In fact, the fluorescence signal was
minimally affected by drying when compared to the control, which represents Ab-
fluorescent NPs, capture Abs, and MNPs in solution. This suggests that the rehydrated
probe antibodies retain their biological function and that the Ab-fluorescent NPs do not

form aggregates that would hinder their fluorescence quantification.

4.3.4 Optimization of analyte-capture antibody interactions

It is known that heterogeneous immunoassays can have lengthy detection times due to
the duration required for analytes to reach surface-bound receptors [42-44].
Harnessing the advantage of MNPs, these were spotted in the beginning of the channel,
hence allowing analyte-antibody interactions throughout the flow through the channel.
This was compared to MPNs spotted in the detection zone to demonstrate the
advantage of prolonged incubation and diffusional access between capture antibody
and analyte (SI, Figure S4). The concentration of capture Abs, Ab-fluorescent NPs and
MNPs strongly influenced the sensitivity of the immunoassay. For a 15 pl NT-proBNP-
spiked HEPES buffer (1 ng'ml-1) we found optimal concentrations of 2.5 pg'ml1, 2 %

(w/v) and 3 pg, respectively (Figure 3a-c). It is worth noting that as the concentration of
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MNPs increases, the fluorescence intensity also increases. This is due to the increased
density of streptavidin recognition sites for the specific binding of the biotinylated
sandwich complex, which leads to an improvement in the detection sensitivity. To
further optimize the diffusional transport to the reactive sites, the duration for which
the MNPs are in contact with the sample was modified by changing the flow rate as this
influences capture efficiency, analyte-antibody interaction, and shear forces [45]. Thus,
the fluorescence signal after the immunoreaction for a given analyte concentration at
different flow rates were investigated (Figure 3d). First, 15 pl of NT-proBNP-spiked
HEPES buffer (1 ng'ml-1) was applied on the ready-to-go lateral flow channel, which
subsequently initiated the rehydration of the dried reagents. The sample was
transported with flow rates of 4, 3, 2 and 1 pL-min-! and the fluorescence intensity was
measured at the detection zone. It was found that lower flow rates resulted in overall
more favorable conditions combining superior capture efficiency and increased
interaction time. Furthermore, the rehydration ability of the dried reagents such as
capture Abs, Ab-fluorescent NPs, MNPs was visually observed to be better at lower flow
rates due to the longer rehydration times. In general, the highest fluorescence signal

was obtained with the optimal flow rate of 2 pl-min-1.

4.3.5 Performance of the lateral flow channel assay

Finally, the previously optimized conditions were transferred to generate dose-
response curves for NT-proBNP in buffer and undiluted human blood. The spiked buffer
measurements yielded a LOD of 26.7 pg'mL-1 with an error of only 11 % (n=4) (data not
shown). In spiked human blood, a LOD of 43.1 pg-mL-! and a mean standard deviation of
18 % (n=4) was obtained (Figure 4). As anticipated, the sensitivity and standard
deviation were slightly affected due to the partial blocking of MNPs by adsorbed serum
proteins and an increased background signal originating from these proteins. Notably,
the mean error of the proposed assay is expected to benefit from enhanced fabrication
processes when specifically tailored for large-scale production. In contrast to the
established POCT assays presently employed in clinical environments, like the
commercially accessible NT-proBNP tests developed by Roche Diagnostics [46], one of
the key benefits of our assay is its ability to deliver similar results (detection range: 60 -

9000 pg-mL-1) using a minimal sample volume of just 15 pL.
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Figure 3: Optimization of the immunoassay by varying the concentration of the dried reagents and
the flow rate. Plot of the assay signal against the capture antibody (cAb) concentration (a), plot of
the assay signal against the Ab-fluorescent NP (dAb) concentration (b), plot of the assay signal
against the MNP concentration (c), and plot of the assay signal against the flow rate (d). Error
bars represent mean values #1 o (n=5)

This is a remarkable improvement compared to the Roche Cobas h 232 that requires up
to 10 times more sample volume (15 pL vs. 150 pL). While experiments revealed that
the limit of detection decreases with higher volume input, the primary objective was to
showcase the viability of using small volumes. Specifically, our sensor can detect 0.076
fmol of NT-proBNP, whereas the Roche Cobas h 232 detects 1.06 fmol. To facilitate
accurate addition of 15 pL by the patient, the implementation of capillary tubes, a

conventional method for precise measurement of sample volumes, is also envisioned for

the diagnostic test. This advancement not only preserves high sample volumes but also
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simplifies the sampling process, making it more convenient for both medical assistants
and patients. Additionally, the utilization of a bead-based immunoassay in this lateral
flow channel overcomes the limitations associated with diffusion in traditional
microfluidic sensors. By leveraging the unique properties of magnetic nanoparticles, the
assay enables efficient and targeted analyte capture and enhancing sensitivity. Recently,
a newly commercially available MNP-based NT-proBNP assay has been demonstrated,
that is technologically the closest to our lateral flow channel assay [47]. This
microfluidic chip enables NT-proBNP detection from 20 pL blood within 12 min with a
range of 50 - 9000 pg'mL-1. The assay demonstrated an average error of 4.1 % within
the NT-proBNP range of 59 - 4559 pg:mL-], indicating its superior analytical precision.
However, the testing protocol relies on additional washing steps, which in turn raises
the complexity and expenses associated with the assay. Another similar MNP-based
system is the well-established Cobas Elecsys® for the ultra-sensitive detection of NT-
proBNP [48]. The platform provides a superior detection range of 5 - 35000 pg-mL-!
with only 15 pL sample and an assay time of 9 - 18 min. Nevertheless, this system
operates within a laboratory setting, being costly, necessitating sample preparation, and
unsuitable for point-of-care implementation. The materials utilized in LFAs, such as
fleece-fiber and membrane materials, often exhibit variations and inconsistencies in
fabrication processes. These variations can impact factors such as sample flow rate and
the release of dried reagents, ultimately affecting sensor performance. Thus, the
incorporation of a compact pump system for controlled and automated fluid transport
in this assay provides a crucial advantage in terms of precise sample transportation.
Despite the need for an additional handheld device, this controlled flow system ensures
consistent and uniform sample movement, reducing the impact of sample variability
and improving the reliability of results. This feature is particularly important in

applications where accurate and reproducible measurements are paramount.
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Figure 4: Dose response curve of NT-proBNP concentration in undiluted whole blood with logistic

fit (blue line), 95 % confidence interval (shaded blue curve) (a) and fluorescence images
representing NT-proBNP concentration (b). Standard deviations were calculated based on three
parallel measurements using four flow channels, while outliers were removed after Q-test
(confidence interval 95 %). Error bars represent mean values + 1 o (n = 3)

4.3.6 Signal stability

Furthermore, the signal stability of the one-step NT-proBNP immunoassay was assessed
over a period of 8 weeks, using all the required reagents stored in a dry state. It is well-
established that storing the reagents in the conjugate pad within a storage buffer,
composed of stabilizers like trehalose or sucrose, preserves the biological activity of
antibodies and ensures colloidal stability [49, 50]. In our assay, the reagents were dried
on the sensor support, in direct contact to the PET surface. Within this hydrophobic
environment, proteins might experience unfavorable conformational changes or
irreversible adsorption, leading to compromised protein functionality and,
consequently, hindering the overall sensor performance [51-53]. Moreover, it was
crucial to enable fast rehydration and maintain the colloidal stability of the
fluorescence-polystyrene nanoparticles and the MNPs. Particularly, MNPs have a

tendency to create permanent aggregates when there is a transition in the medium
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composition, for instance, from liquid to dry [54]. Thus, the study was essential for
evaluating the storage stability of the utilized reagents after drying on the sensor
surface. Therefore, the capture Abs and the fluorescence-NPs were dried in 6 % (w/v)
sucrose and the MNPs were dried in 6 % (w/v) dextran at 50 °C for 10 min for the long-
term storage. The LFA was stored airtight at 4 °C, and an immunoassay was performed
weekly throughout the duration of the study (Figure 5). During the observation period,
the fluorescence signal remains consistent with a mean relative error of 12 %. This
finding holds significant importance as it validates the overall viability of storing the
reagents in a dry state in ambient conditions. In addition to the small number of
replicates the manual fabrication inaccuracies of the lateral flow channel assay have

contributed to the overall high error bars.
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Figure 5: Performance stability of the bioassay with dried capture Abs, Ab-fluorescent NPs in 6 %
(w/v) sucrose and MNPs in 6 % (w/v) dextran at 50 °C, stored at 4 °C over 8 weeks. Standard
deviations were calculated based on three parallel measurements on three different LFAs, while
outliers were removed after Q-test (confidence interval 95 %). Error bars represent mean values
+1 o (n = 3). In all measurements, the immunoassay was performed in the lateral flow channel
with a constant analyte concentration of 1 ng-mL-and signal stability means were normalized to
the signal right after drying (storage time = 0)

4.4 Conclusion

In the future of medical care an increasing need for reliable tests performed without
medical personnel yet providing the quantitative and highly sensitive characteristics of

standard laboratory tests is predicted not necessarily limited to rural areas and
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homecare. To fully support this need with POCTs, it is essential to switch from a venous
blood draw to a small finger-prick blood sample. This change reduces invasiveness,
ensures patient comfort and streamlines sample handling. Thus, future tests must be as
easy-to-use as the one-step LFA, yet provide better analytical figures of merit,
considering patient comfort. The test system proposed here suggests that through small
associated hardware such analytical features are achievable. The combination of
nanotechnology and active fluid control along with fluorescence detection has created
new possibilities for achieving highly sensitive and reliable point-of-care diagnostics,
even if instrument-free visual detection is here no longer possible. Yet, improved
surface-to-volume ratios, enhanced reaction kinetics, precise fluid control, and
amplified detection have collectively enabled a user-friendly, one-step automated POCT
system. Future improvements encompass expanding the scope of detectable analytes,
integrating multiplexing capabilities, and developing a cost-effective handheld and
portable analytical device that combines fluorescence detection, flow control, and
automated analysis. This will allow for easy and efficient testing for both clinical and

home use.
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4.6 Supporting Information
4.6.1 Fluid control system

The fluid control consisted of a metal housing that includes 1) a LFA mold, 2) an
Arduino Due board, 3) and a miniaturized vacuum pump. The fluid control system was
linked to a computer via USB and managed using an Arduino code. To initiate the
immunoassay the fluid control was mounted on top of the outlet port of the LFA. The
piezo effect- based micropump, mechanically positioned on the test strip using a suction
cup. Specifically, two piezoceramics in a pump deform when a voltage is applied,

allowing the transportation of liquid into a specific direction.
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Figure S1: Schematic representation of the three-layered lateral flow channel with Melinex® 329
foil 175 um as the support layer (dark grey), Melinex®329 foil 250 um with double-sided adhesive
tape as spacer foil (light grey) and Hostaphan RN 100, 125 um as the cover foil (transparent)
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Figure S2: Biotin-binding capacity of large MNPs (3 um, 2% (w/v)) and small MNPs (0.3 um, 2 %
(w/v)) (dark blue) and assay signal for constant MNP concentration (2 % (w/v)) for a given
analyte concentration (c(analyte)=1 ng-mL-1) (light blue). Standard deviations were calculated

based on three parallel measurements on three different lateral flow channels (n=3)
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Figure §3: Optimization of drying MNPs with different additives in the dispensing buffer. Plot of the
assay signal against the additives. Blank represents dried MNPs in HEPES buffer only, control
represents MNPs not dried. 2 uL of MNPs (2 % (w/v) were dried in HEPES dispensing buffer on the
sensor support at 50 °C for 10 min with the additives PEG 8000 (5 % (w/v)), Tween 20 (2 % (w/v),
Tween 80 (2 % (w/v)), sucrose (20 % (w/v), trehalose (20 % (w/v), dextran (6 % (w/v),
respectively. Rehydration was performed with 15 uL BNP-spiked HEPES buffer (1 ng-mL-1) with
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cAb (2.5 ug-mL-1) and dAb-FNPs (2 % (w/v)) for 5 min. Standard deviations were calculated based

on three parallel measurements on three different lateral flow channels (n=3)
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Figure $4: Influence of the deposition area of MNPs (2 % (w/v)) on the immunoreaction (Cpnaiyte] =
1 ng-mlL1, time = 10 min). MNPs deposited and dried in the detection zone have short
immunoreaction time and low capture efficiency, resulting in low signal intensities. MNPs
deposited upstream next to the sample application area have longer immunoreaction time and
higher capture efficiency, resulting in higher signal intensities. Standard deviations were

calculated based on three parallel measurements on three different lateral flow channels (n=3)
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5 Sample-to-answer lateral flow assay with integrated
plasma separation and NT-proBNP detection

Abstract

Through enabling whole blood detection in point-of-care testing (POCT) sedimentation-
based plasma separation promises to enhance the functionality and extend the
application range of lateral-flow assays (LFAs). To streamline the entire process from
the introduction of the blood sample to the generation of quantitative immune-
fluorescence results, we combined a simple plasma separation technique, an
immunoreaction, and a micropump-driven external suction control system in a polymer
channel-based LFA. Our primary objective was to eliminate the reliance on sample-
absorbing separation membranes, the use of active separation forces commonly found
in POCT, and ultimately allowing finger-prick testing. Combining the principle of
agglutination of red blood cells with an on-device sedimentation-based separation, our
device allows for the efficient and fast separation of plasma from a 25 pL blood volume
within a mere 10 minutes and overcomes limitations such as clogging, analyte
adsorption, and blood pre-dilution. To simplify this process, we stored the agglutination
agent in a dried state on the test and incorporated a filter trench to initiate
sedimentation-based separation. The separated plasma was then moved to the
integrated mixing area, initiating the immunoreaction by rehydration of probe-specific
fluorophore-conjugated antibodies. The biotinylated immune complex was
subsequently trapped in the streptavidin-rich detection zone and quantitatively
analyzed using a fluorescence microscope. Normalized to the centrifugation-based
separation, our device demonstrated high separation efficiency of 96 % and a yield of
7.23 pL (=72 %). Furthermore, we elaborate on its user-friendly nature and
demonstrate its proof-of-concept through an all-dried ready-to-go NT-proBNP lateral

flow immunoassay with clinical blood samples.
Keywords:

Lateral flow assay, Blood plasma separation, Sedimentation, Point-of-care diagnostics,

Sample-to-answer
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5.1 Introduction

Medical professionals commonly employ blood tests as a primary diagnostic method to
detect various conditions. This procedure entails examining a small blood sample for
any deviations or abnormalities in the individual's biochemical profile, which may
indicate the presence of a pathological disorder [1]. Whole blood is one of the most
complex and relevant body fluids that is used in clinical analysis [2]. Its analysis
typically requires costly bench-top instruments and skilled personnel, making it
unsuitable in resource-limited surroundings [3]. Moreover, conventional blood tests are
relatively complex and time cumbersome (>1 h) requiring large sample volumes [4, 5].
The utilization of POCT technology has exhibited the ability to scale down the size of
laboratory instruments and assays, resulting in economically favored, reproducible, and
faster detection systems. The success of POCT systems lies in the integrated separation
mechanism in order to circumvent bulky bench-top centrifuges to generate human
plasma, removing the necessity for sample handling, transport, and storage. The plasma
extraction through a patented separation membrane such as “Asymmetric Polysulfone
Membrane (APM), Fusion 5, and others” is the gold standard. Its well-defined pore size
retains the blood cells in the membrane while the plasma can be further analyzed.
Especially, in low-setting surroundings the separation membrane has been shown
advantageous. Previous studies have indicated that the accuracy of testing results
heavily relies on the quality of plasma, which can be negatively impacted by blood cell-
related issues like hemolysis and leukolysis [6, 7]. The separation of blood cells is
primarily aimed at achieving a reproducible detection read-out as the presence of red
blood cells and their lysed fragments can obstruct the visibility of test and control lines,
leading to inaccurate results [8]. Nonetheless, employing the separation membrane also
brings about limitations, including blood clogging [9], potential interactions with
analytes [10], as well as relatively high sample volumes, caused by the membrane’s high
dead volume. This, in turn, might cause discomfort for the patient, as the blood needs to
be drawn from a vein rather than through a finger prick. Therefore, recent studies have
concentrated on plasma separation techniques suitable for small finger prick sample

volumes [11-13], which can generally be categorized into active and passive methods

117



Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP detection

[14]. Active separation includes external fluid control forces, whereas, in passive
separation, no external forces are required for the separation process, making the
system more suitable for the POCT environment. Most of the reported separation
techniques, however, come with three major disadvantages. Firstly, expensive and
cumbersome bench-top instruments are required, hindering the application in low-
resource settings [15]. Secondly, the device involves sophisticated geometric structures
[16], posing a challenge in achieving consistent fabrication and hindering the scalability
process [17]. Thirdly, these techniques exhibit limited efficiency in separating plasma
from high hematocrit samples, necessitating off-chip dilution of whole blood before
analysis, thereby introducing cost and complexity to the procedure and diluting the
target analyte, which presents a challenge in precisely detecting such minimal levels of
analytes, especially when working with small finger prick volumes [18-20]. Affordable
technologies capable of achieving efficient blood-plasma separation at the point of need,
while ensuring reliability and effectiveness, are in demand. Plasma separation by
sedimentation has been used for decades and relies on the gravitational density
disparities between plasma and blood cells (precs=1100 kg/m3, pwscs= 1050-
1090 kg/m?3 and pplasma=1030 kg/m3) [14]. Blood cells in whole blood tend to sediment
based on their differing densities, allowing the plasma to remain on top as a result of
this separation process [21]. Sedimentation offers advantages as it eliminates the need
for expensive equipment and highly trained personnel. One major limitation of this
process, however, is the time it takes for blood cells to settle toward the bottom. Scaling
down the dimension and integrating the process into a microfluidic system shortens the
sedimentation time as the blood cells are effectively separated within shorter distances.
Dimov et al.,, for example, observed that the gravitational force acting on blood cells is
considerably greater than that on plasma within a filter trench, which allows the plasma
and blood cells to segregate into an upper and a lower layer [22]. However, the self-
contained system exhibited an unstable separation rate, and it necessitated relatively
low flow rates to achieve 100 % filtration efficiency. Such low flow rates are impractical
when dealing with larger blood volumes. Yang et al. further developed the integration of
gravitational separation mechanism in a microfluidic design [23]. The device requires a

heater to create a vacuum or a low-pressure environment for fluid transportation, but
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this introduces considerable variability and can be further affected by temperature
fluctuations from the external environment. Additionally, only 2 pL of plasma could be
separated from 10 uL whole blood. Therefore, we proceeded to explore the filter trench
while considering the impact of an aggregation agent that facilitates the clustering of
red blood cells during the sedimentation phase, thereby enhancing the sedimentation
rate. Consequently, we designed a lateral flow channel assay including a sedimentation-
based erythrocyte separator that separates red blood cells (RBCs) from plasma in only
10 min. A filter trench not only acts as a physical barrier for the blood cells but also
enables the RBCs to sediment, leading to high separation efficiency with low-cost
ingredients. By improving the filter trench depth and sedimentation time the separation
efficiency can be increased. Eventually, the assessment of the practicality of utilizing our
device for the separation of clinical blood samples in the context of an immunochemical
test was conducted. By controlling the fluid movement via a micropump the separated
plasma passes through the trench and is analyzed in a fluorescence sandwich-based

immunoreaction.

5.2 Materials and Methods

The biotinylated capture antibody (polyclonal NT-proBNP sheep-IgG-biotin, cAb),
antigen (NT-proBNP (1-76) amid) in whole blood, probe antibody (monoclonal NT-
proBNP mouse-IgG), probe antibody-modified fluorescence nanoparticles (Ab-
fluorescence NPs), albumin (97 %) and poly streptavidin (pSA) were provided by Roche
Diagnostics GmbH (Mannheim, Germany). Hydrochloric acid (HCl, 0.1 M, 1 M), sodium
chloride (Nacl, p.a), bovine serum  albumin (BSA, >96 %),
poly(diallyldimethylammonium chloride) (PDDA, Mw 200,000 - 350,000, 20 wt. % in
H20), poly(acrylic acid, sodium salt) solution (average Mw 15,000, 35 wt. % in H20),
ethylenediaminetetraacetic acid (EDTA, 2 98.5 %), sodium hydroxide (NaOH, 1M),
poly(ethylene  glycol)-block-poly(propylene glycol)-block-poly(ethylene  glycol)
(Synperonic® PE/P84), sodium azide and Tween 20 (>97 %) were supplied from
Sigma-Aldrich (www.sigmaaldrich.com). HetaSep™ (www.stemcell.com) was utilized as

agglutination agent.
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5.2.1 Lateral flow channel fabrication with filter trench

The lateral flow channel was composed of an inlet, a channel, a filter trench, a detection
zone, and an outlet that was connected to the micropump (Figure S1). For the
construction of the lateral flow channel a slightly modified procedure of Yang et al. was
used [23]. The platform is built-up out of four layers: 1) the substrate (Melinex®329,
175 um), 2) a capillary-given spacer (Melinex®329, 250 pm), both were purchased
from Dupont Teijin Films (www.dupontteijinfilms.com), 3) the filter trench-given foam
spacer was customized by ATP Adhesive Systems (atp-ag.com) and 4) the cover foil
Hostaphan RN 100 was purchased from Mitsubishi Polyester Film (www.m-petfilm.de).
The capillary-given spacer and the filter-trench-given spacer were coated with double-
sided adhesive tape on both sides, which was supplied by Henkel-Adhesives
(www.henkel-adhesives.com). The channel (dimension: 90 mm x 1.5 mm x 0.28 mm),
filter trench (dimension: 10 mm x 1.5 mm x 3 mm), the inlet (dimension: 4.5 mm x
3 mm x 0.28 mm) and outlet (dimension: @ 1.5 mm) were designed by using the
CorelDraw 2016 software and were then engraved.

To create the all-in-one, single-step immunoassay, the bio-recognition line on the
substrate (Melinex®329, 175 pum) was patterned perpendicular to the flow direction
with 1 mm wide lines of a polyelectrolyte-poly streptavidin multilayer using the layer-
by-layer approach before assembling the device. Briefly, poly streptavidin (500 pL,
10 mg'mL1) and polydiallyldimethylammonium chloride (500 pL, 0.5 % (w/v)) was
mixed at pH 7.4 and 150 mM NaCl to produce PDDA-poly streptavidin complexes. To
assemble the detection zone, the PDDA-poly streptavidin complexes and polyacrylic
acid (0.5 % (w/v), pH 4.55, PAA) were alternately deposited for 60 seconds onto the
plastic slide through a shape-giving mold. The repetition of this alternative coating
procedure was carried out for four cycles to create the detection zone. Capture Abs at a
concentration of 2.5 pg'mL- and the Ab-fluorescence NPs at a concentration of 2 %
(w/v) were individually dispensed onto the immunoassay support, with 2 pL of each
reagent. For the plasma separation, 6 pL of the aggregation agent was dispensed in the
sample application zone. The dispensed reagents were then dried using a drying cabinet

at a temperature of 50 °C for a duration of 10 minutes. Following the drying process, the

120


http://www.dupontteijinfilms.com/
http://www.m-petfilm.de/
http://www.henkel-adhesives.com/

Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP detection

support, spacer, and cover foil were assembled as shown in Figure S1 of the Supporting

Information (SI).

5.2.2 Human blood sample

Samples of human blood from healthy donors were provided from Roche Diagnostics
(Mannheim, Germany) in vacutainers with 7.2 mg K2 Ethylene diamine tetraacetic acid

(EDTA).
5.2.3 Quantification of the plasma purity

For the quantification of the plasma purity, we followed the procedure of Sneha Maria et
al. with slight changes [25]. Briefly, the plasma purity was examined in the lateral flow
channel by comparing the grey scale intensities of the plasma obtained by the proposed
device (Igtrench) and the plasma obtained from the centrifuge (Igcentrifuge). As RBCs are
darker in color than plasma, their presence in the sample can reduce the grayscale

intensity of the channel. Hence, the plasma purity was expressed as followed:

1 1
PUritypiasma = 100 % * __g-trench @
g_centrifuge

5.2.4 Quantification of the recovered plasma volume

The volumes of the plasma present in the channel and the volume of the plasma in
whole blood after centrifuge were measured, by comparing the distance of transported
plasma in the channel, and the following formula was applied:

vOIumeplasma = hchannel * Wehannel * dplasma (2)

, Where Achanne, Wenanne, and dpiasma represent the channel height, channel width, and traveled

distance of plasma, respectively.
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5.2.5 Performance of the bioassay

A sandwich immunoassay with spiked blood samples was carried out to investigate the
assay performance of the lateral flow channel assay. The samples were prepared in
human whole blood through dilution of an AG stock solution (0-9000 pg-mL-1) for
analysis. For the immunoassay 25 pL of the spiked sample were applied on the sample
application area. The sample was immediately transported to the filter trench with a
flow rate of 60 pL-min! by the external vent control. After the separation time of
10 min, the separated plasma was further transported to the outlet with a flow rate of
2 pL-min’l, crossing the detection zone. The immunoassay was performed at room
temperature and fluorescence signals could be obtained after 35 min. For the
calculation of the limit of detection (LOD) the logistic fit parameter for the lower curve

asymptote A and the standard deviation of the blank SD (blank):

LOD = A + 3.3 * SD(blank) (3)

The concentration of the antigen in the sample is determined by correlating the
fluorescence intensity to a calibration curve constructed using known antigen

concentration standards.

5.2.6 Supporting instruments

The drying processes were carried out using a drying cabinet set at a temperature of
50 °C (FED 400 E2, www.binder-world.com). The fluid control equipment and software
used in this study were custom-made and supplied by Roche Diagnostics GmbH
(Mannheim, Germany) (Figure S2a). The fluorescence images were captured using a
fluorescence microscope equipped with a LINOS lens (www.excelitas.com) and an HTC
camera featuring a Sony CCD sensor ICX285AL (www.sony.com) (Figure S2b).
[llumination was provided by a XENON XBO R 100W /45 OFR lamp (www.osram.com),
and specific excitation and detection filters (633 nm excitation and 685 nm detection)
were utilized (www.semrock.com). The imaging software used for data acquisition was

provided by Roche Diagnostics (Mannheim, Germany). The fluorescence images were
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taken with an exposure time of 25 ms. Image processing and data analysis were carried

out with Image] and Origin 2021.

Sedimentation-
based
Separation

W0
4

Detection

Zone

Fluid control
system

Figure 1: Schematic (not to scale) of the lateral flow channel assay with integrated plasma
separation. After introducing the sample to the inlet (1), the sample is transported to the filter
trench by the fluid control system. In the filter trench, the RBCs are aggregated and separated from
the plasma through sedimentation (2). The separated plasma is then moved from the plasma
separation module towards the reaction zone, reconstituting the probe antibodies and initiating
the immunoreaction. In the detection zone, streptavidin is immobilized on the bottom of the
channel for capturing the biotinylated sandwich complex (3). Adapted from “PDMS Microfluidic
Chip Fabrication”, by BioRender.com (2023). Retrieved from
https://app.biorender.com/biorender-templates.

5.3 Results and Discussion

5.3.1 Design and operational principle behind the lateral flow channel assay
device

The integrated blood-plasma separation biosensing system should exhibit reproducible
functionality, fast and high separation efficiency, and compatibility with finger-prick

sample volumes. Our setup enables sensitive analyte detection within ~20 minutes with
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minimal user intervention. The proposed device includes the sample application port,
the filter trench, the straight capillary channel with a mixing zone, the detection zone,
and the outlet valve that is connected to the micropump (Figure 1). After applying the
blood sample at the inlet, the micro pump controls the fluid movement, guiding the
sample towards the filter trench. Within the filter trench, the agglutination agent
prompts the red blood cells to aggregate. Subsequently, the sample was halted for a
specified duration to ensure stable sedimentation of the blood cells. Finally, the
microprocessor selectively activated the pump to sequentially move the sample from
the plasma separation module towards the reaction zone, reconstituting the probe
antibodies and initiating the immunoreaction. In the detection zone, streptavidin is
immobilized on the bottom of the channel for capturing the biotinylated sandwich
complex. Through the process of blood cell separation, we aim to minimize the
impairment of the fluorescence signal and reduce any potential obstructions caused by
the presence of hemoglobin in red blood cells. In our device, the separated plasma is
further transported to the outlet and then the detection zone is fluorescently analyzed

for quantitative signals (Figure S3).

5.3.2 Plasma separation efficiency

For the separation process to work efficiently, the time that blood cells remain in the
trench must be long enough to cause sedimentation and entrapment within the trench.
Therefore, the impact of various parameters including trench depth and separation time
on the efficacy of plasma separation to enhance the effectiveness of the trench filter
were studied (Figure 2a). Specifically, a volume of 25 pL undiluted whole blood was
introduced into the platform and subsequently transported to the filter trench for
varying durations of separation. The experimental results confirmed that longer
sedimentation times led to an increase in the volume of obtained plasma. This outcome
was in line with expectations, as the extended sedimentation period allowed the blood
cells more time to settle, resulting in a greater volume of separated plasma.
Additionally, increasing the depth of the trench also led to an increase in plasma
volume. In fact, increasing the depth of the filter trench was found to enhance the
sedimentation effect, as gravity had a significant impact on blood cells in the trench

[22]. Insufficient or no separation of blood was observed in cases of shorter
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sedimentation times (1-2 min) and shallow trenches (1-2 mm). For the sedimentation
time of 10 min the trench depth of 2.5 mm and 3 mm yielded the highest plasma
volumes, measuring 7.23 pL and 7.29 plL, respectively. This corresponds to a plasma
yield of 72 % and 73 % compared to that achieved through centrifugal separation (=
10.05 pL). This suggests that increasing the trench depth at this dimension does not
lead to an enhancement in plasma yield. The overall observed decrease in relative
plasma volume can be attributed to the presence of minor volumes of plasma that
remain in the filter as dead volume, which cannot be effectively separated. This
phenomenon accounts for the reduced overall plasma volume obtained in the process.
Additionally, it was noted that a minor fraction of whole blood experienced non-specific
adsorption at the device inlet, resulting in a decrease in the overall plasma volume
obtained. This also highlights the discrepancy in plasma volume between the proposed
separation method and the centrifugal separation process. Given the relatively
comparable obtained plasma volumes for both trench depths, the choice for further
experimentation was at 2.5 mm due to the potential reduction in material costs
associated with this specific trench depth. All-in-all, these findings contribute to the
understanding of key factors influencing plasma separation in the proposed system and
offer guidance for optimizing the design and operation parameters of the lateral flow

channel.

5.3.3 Plasma purity

The evaluation of plasma purity was performed by analyzing the variation in grayscale
intensity within a defined section of the channel containing the separated plasma [24].
This analysis aimed to assess the effectiveness of plasma purification in both the
proposed approaches and the conventional centrifugation process. By comparing the
grayscale intensities, we were able to quantify the level of impurities present in the
obtained plasma and determine the efficiency of the separation methods. Due to the
darker color of RBCs, the grayscale intensities in the presence of RBCs will be
significantly lower compared to a sample without RBCs. The grayscale intensities of the
separated plasma showed that the purity of the plasma obtained from the proposed

approaches is similar to the plasma obtained using centrifugation (Figure 2b).
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Figure 2: Optimization of the separated plasma volume (a) and optimization of the plasma purity
(b) with respect to the trench depth and the time for separation. C - represents the plasma
separation through centrifugation. The lateral flow channel was loaded with 25 uL of whole blood
(hematocrit: 44 %), and the purity as well as the volume of plasma obtained was measured. Error

bars representing the standard deviation (n=4).

Furthermore, since photometric absorption was not applicable with the tested volume,
visual inspection of the separated plasma samples showed no visible signs of hemolysis,
such as discoloration or the presence of red blood cell remnants [25]. This provided
additional evidence supporting the absence of hemolysis during the plasma separation
process, further ensuring the integrity and quality of the obtained plasma samples.
However, it should be noted that platelets, which have lower sedimentation rates due to
its smaller size (diameter ~ 2 pm) [26], may be present in the extracted plasma. It is
worth mentioning that the presence of platelets does not notably interfere with the
fluorescence read-out, consistent with existing findings [22, 27]. Nonetheless, should
there be a requirement to identify platelets within the sample, a range of imaging
techniques can be employed [28]. Overall, the findings demonstrate the effectiveness of
the proposed approach in achieving high-quality plasma separation [11, 12, 23] and
shows its potential for various biomedical applications.

Table 1 provides a comprehensive summary and comparison of the performance
characteristics of the proposed device for blood separation in contrast to the
conventional centrifuge-based method, highlighting its potential for practical and
efficient blood separation applications. Included are key parameters such as separation

efficiency, plasma volume yield, processing time, and equipment requirements, which
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demonstrate that the proposed device achieved comparable performance. The device
demonstrated high separation efficiency and yields a substantial volume of plasma with
minimal loss. Additionally, the processing time was significantly reduced, offering a
time-efficient alternative. Furthermore, the proposed device required minimal
equipment, making it a cost-effective and accessible solution. However, it should be
noted that the overall higher mean error in the separation efficiency and the separation

yield may arise from variations in the manual fabrication of the test.

5.3.4 Combination of on-device plasma separation with analyte detection

Following the proof-of-principle and optimization of the blood separation, the proposed
separation mechanism was implemented into a sandwich-based lateral flow assay. The
platform was tested with real human blood samples, spiked with different
concentrations of NT-proBNP (Figure 3). The 25 pL undiluted whole blood is introduced
to the sensor and guided toward the filter trench. Along the way, the dry-spotted
biotinylated capture Abs are resolubilized, initiating the immunoreaction. After 10
minutes of sedimentation time in the filter trench, the separated plasma is further
transported to the dry-spotted Ab-fluorescence NPs, initiating the formation of the
sandwich complex. The sample is then transported to the detection site where the
channel’s bottom is immobilized with streptavidin. Finally, the presence of the
biotinylated sandwich complex can be detected at the detection zone, resulting in highly
sensitive and specific detection of the target analyte. The immunoassay without blood
separation and the proposed on-chip plasma separation showed similar curve shapes,
suggesting comparable dynamic ranges. For the measurements with integrated blood
separation, a limit of detection (LOD) of 365 pg:mL-1with a mean error of 18 % was
calculated in comparison to 283 pg'mL-! and 14 % mean error for the centrifugation-
based plasma preparation. Sample adsorption at the sample application zone and in the
filter trench, resulting from manual fabrication variations are likely to be the reason for
the higher LOD for our platform. But may also be caused by the lower plasma separation
yield (Table 1). At the same time, the assay without blood separation demonstrated
inferior signal responses in the analyte concentration range above 500 pg-mL-l and
below 9000 pg-mL-L. Moreover, the biosensor would provide a LOD of 1680 pg-mL-1, and

a mean error of 26 %, hence, resulting in an about 5-fold higher LOD for whole blood
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on-chip analysis. This discrepancy can be attributed to the adsorption of blood cells,
particularly RBCs, onto the test line, leading to the absorption of the fluorescence signal
due to their broad absorption spectra [30]. In addition, higher background signals were
observed at low analyte concentrations (< 500 pg-mL-1), resulting in the data points to

not be statistically significantly different with the sample size of n=4 used.

Table 1. Comparison of performance characteristics of the separation techniques

Separation technique

Filter trench Centrifuge
Performance characteristics mean sd mean sd
Plasma purity 96 % 6 % Setto 100 % 2%
Plasma Volume Obtained 7.23 uL 0.74 uL 10.05 pL 0.63 uL
Separation yield 72 % 7% Setto 100% 6 %
Time for Extraction 10 min 15 min
Required equipment Portable pump Bench-top centrifuge

Note: 25 pL undiluted whole blood (hct 44 %) was used for each test. Samples were run in triplicates and the mean and the standard
deviation are reported. Results were normalized to the average volume of plasma and purity obtained from centrifugation

(10.05 uL, 100 %) (n=3).

Still, the achieved LOD value and the statistically significant data falls within the
threshold range used to evaluate heart failure severity and the risk of hospitalization
[31]. The improved detection limit was expected due to the prevention of blood cell
adsorption in the detection zone and the interaction with the read-out. Thus, the on-
strip blood separation drastically improves the detection capabilities. Currently,
commercially available NT-proBNP tests, such as the Cobas h 232 provided by Roche
Diagnostics demonstrate superior temporal and analytical performance with a LOD of
60 pg'mL-1 and a detection time of only 12 minutes. This suggests that there is still
potential for enhancement in our developed platform. Nonetheless, the assay showcase
in this study presents a notable benefit by demanding a notably smaller blood volume
(25 pL compared to 150 pL). This reduction is attributed to the diminished dead volume
stemming from the unused filtration membrane and nitrocellulose membrane. This not
only increases convenience for the patient but also allows for sample collection via a

simple finger prick, eliminating the necessity for skilled personnel and significantly

128



Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP

cutting down costs for testing. As a result, our platform is well suited for home-testing

and point-of-care applications in low-resource settings.
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Figure 3: Plot of fluorescence intensity against logarithm of antigen concentration. Fluorescent
read-out of the analyte in 25 uL whole blood with logistic fit (black line) and using the integrated
plasma separation with logistic fit (blue line). Standard deviations were calculated based on four
parallel measurements on four different LFAs, while outliers were removed after Q-test (confidence

interval 95 %). Error bars represent mean values 10 (n=4).

5.4 Conclusion

In summary, we proposed a self-contained lateral flow channel assay with an integrated
sedimentation-based separation of red blood cells from plasma, enabling sensitive
quantification of the HF biomarker NT-proBNP in undiluted whole blood. The platform
relies on the gravity-based sedimentation of agglutinated RBCs in a filter trench
allowing for the subsequent immunoreaction to take place without blood cell
interference and also demonstrates resilience against potential clogging that can arise
in pore-based filtration mechanisms. The proposed biosensor is capable not only of
handling small quantities of undiluted whole blood (25 pL), which improves the
patients’ comfort as the sample volume can be conveniently obtained via a finger prick,
but also possesses a cost-effective production approach since no complex geometric

um-structures are required. This facilitates consistent manufacturing and seamless
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scalability of production. Utilizing minimal hardware, including a portable pump and a
fluorescence detection camera, the platform demonstrated the desired control over the
flow rate and compatibility with a fluorescence immunoassay, while retaining the
straightforward one-step detection feature found in conventional LFAs. Consequently,
this uncomplicated plasma separation method can easily be applied to the POCT in
clinical and home testing settings. Future enhancements will focus on further reducing
sample volume requirements by avoiding analyte loss in both the inlet and the filter
trench through an optimization of the test design’s geometric structure. Furthermore,
moving toward real-world application, an evaluation of the separation efficiency with
varying hematocrit levels in blood samples will be essential. In the end, the system's
applicability extends beyond NT-proBNP detection and can be applied to a broader

range of clinically relevant blood biomarkers.
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5.6 Supporting Information

5.6.1 Fluid control system

The fluid control consisted of a metal housing that houses 1) a LFA mold, 2) an Arduino
Due board, 3) and a miniaturized vacuum pump. The fluid control system was linked to
a computer via USB and managed using an Arduino code. To initiate the immunoassay
the fluid control was mounted on top of the outlet port of the LFA. The setup consists of
a micropump that is mechanically positioned on the test strip using a suction cup. The
pump works on the basis of the piezo effect. There are two piezoceramics in a pump
that deform when a voltage is applied, allowing the transportation of liquid. These piezo

actuators enable the pumping of liquid in a specific direction.

cover (75 pm)
capillary (250 pym)

trench (2500 um)
substrate (125 um)

agglutination  filter trench 30mm  1mm
agent: i ;

i '|'|'|'|'|=:':?'"“"E | | 0 10 mm

Figure S1: Lateral flow build-up. The lateral flow channel consists of four layers: (1) the substrate,
(2) the trench, (3) the capillary and (4) the cover. Purple shape represents the detection zone,
brown shape represents the agglutination agent, gray and blue shapes represent probe capture
and probe detection antibody labeled fluorescence NP.
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Filte

trench

Figure S2: Snapshots showing plasma extraction along the plasma separation channel within 10
minutes. Agglutinated red blood cells are trapped inside the filter trench, eventually resulting in
separation of plasma (a). The separated plasma is routed to the mixing area (b). Mixing of plasma
and rehydrated probe-specific fluorescent-labeled antibodies, result in the formation of immune-
complexes (c). The biotinylated immune-complex is captured in the streptavidin-rich detection
zone for the fluorescence read-out (d).
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6 Conclusion and Future Perspectives

POCT has gained significant importance during the COVID-19 pandemic. Beyond the
pandemic, POCT continues to be a critical component in clinical analysis, particularly in
the early diagnosis of diseases. The LFA is the most widely used format for self-testing
and facilitates straightforward one-step assays, including optical detection. LFAs easy
working mechanism is usually based on membrane and fleece materials for reagent
storage, protein immobilization, and sample transportation. However, these materials
are prone to inevitable inconsistency in the fabrication process. Additionally, the high
inherent sample absorption properties necessitate extra-large sample volumes or
additional operational steps, thereby excluding finger prick sampling and compromising
failure-safe operation. Therefore, alternative test formats, such as the membrane-free
LFA approach presented here, are now being employed. Simple execution of the testing
procedure is crucial, especially for untrained personnel or home-testing. In addition, the
development of miniaturized pumps and additional equipment facilitates their use in
resource-limited settings. Storing the reagents in dry form on the test allows for simple
initiation upon sample application, eliminating additional operational steps, such as
reagent application or an extra washing step. To address these limitations, a LFA was
developed by replacing the membrane's functionalities, such as protein immobilization
and sample transportation. This design incorporates a streptavidin-functionalized PEM
and streptavidin-functionalized MNPs, in combination with a micropump. This
approach, with its straightforward fabrication, ease of handling, and high stability, is
ideally suited for home-testing.

To further improves the on-field application, especially in low-resource settings, where
skilled personnel or laboratory equipment is limited, the integration of a blood-plasma
separation module was required. Since sample preparation plays a pivotal role in blood
analysis, the here developed platform integrates an efficient and straightforward
method for blood plasma separation. By leveraging a gravity-based sedimentation
approach, it eliminates the need for complex and bulky equipment like centrifuges. This
not only simplifies the procedure but also makes it more accessible for POCT in remote

or resource-limited settings. Furthermore, the use of an agglutination agent accelerates
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the sedimentation process by forming blood cell clusters, enhancing the overall
efficiency of plasma separation. This method maintains high performance while
ensuring patient comfort, crucial for practical and effective on-field diagnostics.

The fully integrated membrane-free LFA shows great promise for enhancing POCT with
its simplified fabrication and operational advantages. However, to realize its full
potential, significant improvements are needed to address the high standard deviations
observed in current approaches. One major contributing factor is the manual assembly
of the platform and the manual pipetting of reagents, both of which introduce variability
and affect the consistency of results.

To overcome these challenges, a shift towards automated roll-to-roll fabrication
processes is essential. This method can provide a more consistent and scalable
production of membrane-free LFAs. Automated reagent application within this process
can ensure precise and uniform distribution, significantly reducing variability and
improving the reliability of the assays.

Further miniaturization of hardware, such as fluorescence camera and analysis
software, is also crucial to fully exploit the potential of this setup. Although adding extra
hardware may initially raise the platform's costs, advancements in the Internet of
Things (IoT) could make these integrations more cost-effective over time. Enhanced
sensor performance and objective read-out capabilities would reduce the likelihood of
misinterpretation, thereby increasing the overall accuracy and dependability of the
tests.

The ability to measure multiple substances simultaneously from a single sample has
gained increasing importance in POCT, recently. Measuring multiple specific biomarkers
helps to gain a better understanding and diagnosis of the patient's condition. By
dividing the main channel of the developed LFA into multiple smaller channels, it is
possible to integrate analyte-specific antibodies in each channel, enabling the
simultaneous detection of various biomarkers. This approach enhances the diagnostic
capability and provides a more comprehensive analysis of the sample. Implementing
these advancements allows membrane-free LFAs to achieve the robustness and

reproducibility required for widespread clinical and home-testing applications. This will

137



Conclusion and Future Perspectives

not only enhance patient comfort and ease of use but also pave the way for more

accurate and dependable POCT solutions in diverse healthcare settings.

138



Eidesstattliche Erklarung

Eidesstattliche Erkldrung

Ich erkldre hiermit an Eides statt, dass ich die vorliegende Arbeit ohne unzulassige Hilfe
Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe;
die aus anderen Quellen direkt oder indirekt iibernommenen Daten und Konzepte sind

unter Angabe des Literaturzitats gekennzeichnet.

Weitere Personen waren an der inhaltlich-materiellen Herstellung der vorliegenden

Arbeit nicht beteiligt. Insbesondere habe ich hierfiir nicht die entgeltliche Hilfe eines
Promotionsberaters oder anderer Personen in Anspruch genommen. Niemand hat von
mir weder unmittelbar noch mittelbar geldwerte Leistungen fiir Arbeiten erhalten, die

im Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im In- noch im Ausland in gleicher oder dhnlicher Form

einer anderen Prifungsbehorde vorgelegt.

Ort, Datum Unterschrift

139



140



141



142



143



144



