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This flow chart outlines the structure of the thesis, aimed at addressing the limitations

of conventional detection platforms. It highlights NP-based assays as an improvement

and identifies key challenges. Chapter 2 focuses on the surface functionalization of

upconversion nanoparticles (UCNPs) to improve assay performance. Chapters 3 to 5

focus on addressing these challenges by applying functionalized UCNPs across

different diagnostic platforms, including lateral flow assays, Beads-on-a-Tip formats

for both single and multiple protein detection. Finally, the thesis concludes with overall

findings and future perspectives in Chapter 6.
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Abstract

Proteins serve as vital biomarkers across a wide range of applications, including
cancer diagnostics, treatment monitoring, infectious disease surveillance, and food
quality control. Sensitive and specific detection of low-abundance proteins, especially
in early-stage disease or complex matrices, is critical not only for clinical decision-
making and public health protection, but also for ensuring food safety and enabling
large-scale biosurveillance. However, conventional detection methods such as
enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR)
are often constrained by limited sensitivity, lengthy protocols, and reliance on bulky

laboratory instrumentation, making them unsuitable for rapid and decentralized testing.

To address these challenges, this thesis presents two point-of-care testing (POCT)
platforms based on a sandwich immunoassay format employing upconversion
nanoparticles (UCNPs) as optical reporters. UCNPs offer several advantages,
including minimized autofluorescence, low background noise, and exceptional
photostability, which enable high sensitivity for detecting trace levels of protein
biomarkers. As a foundational step, we functionalized the UCNPs to make them water-
dispersible and enable covalent antibody conjugation, ensuring their compatibility with
immunoassay systems. As a foundational step, we functionalized the UCNPs with the
innovated polymer to make them water-dispersible and amenable to covalent antibody
conjugation, ensuring their compatibility with aqueous immunoassay systems. We first
developed a lateral flow immunoassay (LFIA) employing polyclonal—polyclonal
antibody pairs for the rapid and quantitative detection of A1 B-casein in milk and infant
formula, using a portable reader. This platform demonstrates strong industrial potential
for quality control in the dairy industry, and its sensitivity was validated against LC-MS
analysis. Then, we extended the assay's applicability to a Beads-on-a-Tip platform
that integrates magnetic beads (MBs)-based sandwich immunoassay with UCNPs as
luminescent reporters for detecting the SARS-CoV-2 spike (S) protein. The
immunocomplexes were formed in a microcentrifuge tube, enabling active washing to
effectively remove unbound and non-specifically bound components, enabling active
washing to effectively remove unbound and non-specifically bound components.
Subsequent localized enrichment within the tip facilitates signal amplification and
significantly improves detection sensitivity. Furthermore, to validate the practical

X



applicability of the Beads-on-a-Tip platform for multiplexing detection, we
demonstrated a strategy employing spectrally distinct UCNP dopants, enabling the
simultaneous quantification of multiple analytes within a single assay. These
capabilities significantly expand the utility of the platforms for comprehensive

biomarker analysis in both clinical diagnostics and food safety applications.

Key Words: point-of-care, upconversion nanoparticle, lateral flow immunoassay,

magnetic beads, Beads-on-a-Tip, multiplexing
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Chapter 1. Introduction

1.1 The Significance of Protein detection

Proteins are essential macromolecules that perform a vast array of functions in
biological systems. As structural support, enzymes, transporters, and signalling
molecules, proteins play a central role in maintaining cellular function and organismal
health'2. Their expression levels and structural modifications often reflect
physiological or pathological changes, making them valuable biomarkers in numerous

scientific research, clinical diagnostics and industrial applications3+.

Protein detection serves as a fundamental analytical tool for monitoring physiological
states, diagnosing pathological conditions, verifying food safety standards, and
evaluating environmental quality. Highly Sensitive and specific detection methods
enable early intervention, quality control, and informed decision-making across a wide

range of applications (As shown in Figure 1), including:

1.1.1 Biomedical Science

Protein biomarkers play a pivotal role in disease diagnosis, enabling the detection of
infections®, cancer®, and metabolic disorders’. Biomarkers are not only used to
determine the type of disease, in fact, once a diagnosis is established, biomarkers can
provide valuable insights into the potential progression of the disease, including the
likelihood of recurrence and expected treatment outcomes. In addition, protein
biomarkers facilitate drug development, enabling the evaluation of therapeutic efficacy,
toxicity, and target engagement in preclinical and clinical studies. During anticancer
drug development, biomarkers are used as discovery tools in compound selection, as
pharmacodynamic markers of drug mechanism or efficacy in early-phase trials, or as

predictive indices of patient response in late-phase trials®.

1.1.2 Food Industry

Protein detection in the food industry is critical for identifying harmful proteins,
including allergens?®, toxins'?, and foodborne pathogens'". Allergenic proteins, such as
those from nuts, milk, or shellfish, can trigger severe reactions in sensitive individuals
even at low levels. Concurrently, monitoring protein-based toxins and pathogenic

proteins is essential to prevent foodborne illnesses. Rigorous protein detection



ensures compliance with food safety regulations, minimizes public health risks, and

maintains quality control throughout the supply chain.

1.1.3 Agriculture

In agriculture, protein detection supports both crop health management and livestock
farming. Specific protein-based biomarkers can indicate various physiological states,
such as stress responses triggered by drought, pests, or environmental toxins, as well
as nutrient deficiencies like nitrogen or phosphorus shortage'?'3. Similarly, in livestock
farming, monitoring protein expression in animals provides crucial insights into their
health status and metabolic conditions' because it could be influenced by the
environment, climate change and transportation stress'. Furthermore, protein
markers can be used to monitor growth performance and reproductive health,
optimizing feeding strategies and breeding programs for better productivity and

sustainability.

1.1.4 Environmental Science

Environmental monitoring frequently involves identifying proteins of microbial or
biochemical origin to evaluate water quality'® or conduct soil and sediment analysis'”.
Protein detection in these settings helps assess ecosystem health, detect pollution,
and guide environmental protection measures. For example, certain microbial proteins
can serve as biomarkers for contamination by heavy metals or organic pollutants,
while enzymatic activity in soil samples can indicate microbial biodiversity and soill
fertility'®. By tracking these protein indicators, researchers can monitor changes in

environmental conditions and support informed conservation and remediation efforts.

Across these fields, protein detection represents an indispensable approach for
diagnostics, monitoring, and quality assurance. Advances in detection technologies
can significantly enhance sensitivity, specificity, and usability. These innovations
enable broader, more precise, and impactful applications in healthcare, agriculture,

food safety, and environmental monitoring.
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Figure 1. Representative application fields of protein and biomarkers detection across

multiple sectors

1.2 The Traditional protein detection methods

The detection and quantification of proteins are fundamental to biological and
biomedical research, clinical diagnostics, and industrial applications. Traditional
protein detection methods encompass a broad range of biochemical, immunological,
and electrophoretic techniques developed to characterize protein presence,
abundance, size, and structure. While more advanced and miniaturized techniques
have emerged in recent decades, these classical approaches remain foundational,
serving as the basis for many modern analytical platforms (Table 1). It should be noted
that many traditional protein analysis techniques rely on a combination of molecular
recognition or physical separation, together with downstream signal transduction and
detection modules (e.g., absorbance, fluorescence, or mass spectrometry) for

quantitative readout.



Table 1. Overview of the traditional protein detection methods

Colorimetric

Coomassie Blue
(CB) G-250 dye-
binding

Category Method Principle
Bradford
BCA Protein-reagent interactions that induce
Lowry measurable color changes for concentration

estimation via absorbance

Densitometry

SDS-PAGE

Western blot

Optical density measurement of protein
bands following electrophoretic separation

and staining or immunodetection.

Specific antigen—antibody recognition with

protein quantification achieved through

Immunoassay ELISA _ _
enzyme-catalyzed optical signal readout
(e.g., absorbance or chemiluminescence)

Mass lonize protein or peptide fragments and

LC-MS/MS

Spectrometry measures their mass-to-charge ratio
Protein separation based on differential
interactions with stationary and mobile

Chromatographic | HPLC phases, with detection enabled by coupled

detectors such as UV absorbance or mass

spectrometry.

1.2.1 Colorimetric analysis

One of the earliest and most widely used methods is colorimetric protein quantification,

including the Bradford, Bicinchoninic Acid (BCA), and Lowry assay.'® These methods

rely on the colour change of specific reagents upon binding to protein molecules.

These assays are relatively simple, inexpensive, and compatible with microplate

readers, making them ideal for total protein estimation in purified samples or cell

lysates. However, they are generally non-specific and are susceptible to interference

from detergents and buffer components. Besides, it needs additional sample
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pretreatment steps to minimize the impact of interfering substances before performing

the measurement.?0

1.2.2 Densitometry analysis

Densitometry is a quantitative analysis method that measures the optical density
(intensity) of bands or spots on electrophoretic gels or membranes. Sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) is a basic tool for separating
proteins based on molecular weight. When combined with Western blotting, it enables
both separation and specific detection of target proteins using antibodies.?!?? In
Western blotting, proteins separated by SDS-PAGE are transferred to a membrane
and probed with a primary antibody specific to the target protein, followed by a labeled
secondary antibody for visualization. This technique provides qualitative and semi-
quantitative data, and it is invaluable for assessing protein size and expression levels
in complex mixtures. However, western blotting is time-consuming, semi-quantitative

at best, and dependent on antibody specificity.

1.2.3 Immunoassay

A major category of traditional method is immunoassays, and enzyme-linked
immunosorbent assay (ELISA) has become the most prominent example. ELISA can
be categorized by direct, indirect, or sandwich formats, depending on the target and
antibody availability.?® In particular, the sandwich ELISA offers high specificity and
sensitivity and has become a gold standard for protein detection in some research and
clinical diagnostics. The assay typically employs two antibodies, one for capturing the
target protein and the other is detection antibody, which often linked to enzymes such
as horseradish peroxidase (HRP). The enzyme catalyzes a reaction that generates a
detectable signal, which is usually colorimetric or chemiluminescent.?* Despite its
advantages, ELISA requires well-characterized antibodies and often involves multiple

washing and incubation steps.

1.2.4 Mass spectrometry

Mass spectrometry is a highly sensitive and specific analytical technique used for
protein identification, quantification, and characterization. In proteomic applications, it
often involves LC-MS/MS, where liquid chromatography (LC) separates the peptides,
and tandem mass spectrometry (MS) analyses their mass-to-charge ratios.?% 26 This

method enables the detection of proteins in complex mixtures, identification of post-
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translational modifications, and comparative quantification of protein abundance
across samples. While it offers high-throughput and label-free analysis, the technique
can be limited by its high cost, need for skilled operation, and susceptibility to sample
complexity and ion suppression effects, which may impact reproducibility and

quantitative accuracy in some settings.

1.2.5 Chromatographic analysis

High-Performance Liquid Chromatography (HPLC) is an analytical technique for
separating, identifying, and quantifying components in complex mixtures, including
proteins and peptides?’. It operates by passing a liquid sample through a column
packed with a stationary phase under high pressure, where analytes are separated
based on their differential interactions with the stationary and mobile phases. HPLC is
valued for its high resolution, reproducibility, and compatibility with a wide range of
detection systems, most commonly UV absorbance and mass spectrometry. However,
it often requires extensive sample preparation and careful method optimization, and it
may exhibit limited sensitivity for low-abundance proteins without prior enrichment or
coupling to highly sensitive detectors. Importantly, HPLC itself serves primarily as a
separation technique, while protein detection and quantification are achieved through

the integration of appropriate downstream detectors.

Traditional methods for protein analysis have provided a reliable foundation, offering
performance in sensitivity, specificity, and throughput. However, each technique has
inherent limitations, particularly in handling complex biological samples and in
operational requirements. However, each technique has inherent limitations,
particularly in handling complex biological samples and in operational requirements,
as they often demand fully equipped facilities, lengthy protocols, skilled personnel, and
costly instruments, despite these methods remain indispensable in laboratory settings
and serve as benchmarks for new technologies. These limitations show the significant
challenges when timely decision-making is required, such as isolated areas, settings
with limited infrastructure or infectious disease outbreaks. Consequently, there is an
increasing demand for portable, rapid and user-friendly alternatives that maintain

analytical reliability while enabling on-site applications. This has driven the



development and widespread adoption of point-of-care testing technologies, which

bring diagnostic capabilities directly to the patient or field setting.

1.3 Point-of-care testing (POCT)

Point-of-care testing (POCT) refers to diagnostic testing performed at or near the site
of patient care, enabling rapid clinical decisions without the need for centralized
laboratory infrastructure.?® It aligns with the World Health Organization’s ASSURED
criteria (Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-
free, and Deliverable to end users).?° POCT is designed to deliver immediate results,
often within minutes. This capability significantly enhances patient management,
particularly in time-sensitive situations such as emergency care, infectious disease

outbreaks, and rural or resource-limited environments.

POCT is applicable to a wide range of user groups, from clinical professionals in
hospital, trained but non-professional healthcare workers in community or even to
unskilled individuals performing self-testing at home (Figure 2). The complexity of the
technology typically decreases as the range of users broadens. For example, hospital-
based systems often involve sophisticated instruments and require the involvement of
trained professionals, whereas self-testing kits are designed to be as simple and user-
friendly as possible. This wide applicability significantly extends the scope of POCT,

making it a powerful tool in medical diagnostics.

()
W/

i

User Clinical Staff Trained Healthcare Unskilled Person
Unprofessionals

Purpose Diagnosis and Treatment Diagnosis and Treatment Self Testing

Complex Technology Simplest

Figure 2. POCT platform: From skilled clinical staff to untrained person



1.3.1 POCT biosensors

Point-of-care testing (POCT) biosensors can be systematically classified based on the
materials employed in their fabrication. The properties of these materials play a critical
role in determining the device’s performance, manufacturing cost, flexibility, and
suitability for application in various environments. Depending on their format, they can
be categorized as chip-based, paper-based, or film-based platforms. To provide a
concise overview, Table 2 summarizes representative POCT biosensors based on

device format and working principles.

Table 2. Overview of POCT biosensors platforms and their corresponding working

principles.

Category Method Working principle

Chip-based Microfluidic chip-based Target proteins are
biosensors detected through specific
biomolecular recognition
with signal transduction
via electrochemical or

optical readouts

Film-based Film-based biosensors Target binding on
functionalized thin-film
substrates is converted
into measurable optical or

electrical signals

Paper-based Lateral flow immunoassay | Capillary-driven antigen—
(LFIA) antibody interactions
generate visible or

fluorescent signals on

porous membranes

1.3.1.1 Chip-based biosensors
Chip-based biosensors typically integrate microfluidic technology, miniaturized

electronics, and bioanalytical elements onto a small substrate, which is commonly
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fabricated from materials such as glass, silicon, polymers, hydrogel, paper®. These
platforms allow precise manipulation of small amount of fluid, enabling the
development of highly automated and multiplexed detection systems3'. The primary
advantages of chip-based biosensors include automated operation, reduced reagent
consumption, minimized human error, and significantly enhanced analytical
throughput. The integration of microvalves, mixers, and reaction chambers facilitates
complex workflows such as sample preparation, incubation, washing, and detection in
a fully enclosed, contamination-free environment.3? Various signal transduction
mechanisms have been implemented in chip-based biosensors for protein detection,
including electrochemical, fluorescent, chemiluminescent, and surface plasmon
resonance (SPR)-based readouts.®® For example, digital microfluidics has been
employed in platforms such as Simoa (single molecule array), which achieves ultra-
sensitive detection of protein biomarkers like interleukins or cardiac troponins at
femtomolar or even attomolar levels.* Similarly, droplet-based microfluidics can
encapsulate single immunoreactions in picoliter droplets, significantly enhancing
sensitivity and reaction speed, as demonstrated in rapid assays for C-reactive protein
(CRP).%®

1.3.1.2 Film-based biosensors

Film-based biosensors utilize thin films composed of functionalized polymers or
nanomaterials as platforms for the selective detection of proteins. These films serve
as solid-phase substrates that can be easily modified with biological recognition
elements such as antibodies, aptamers3®, or molecularly imprinted polymers (MIPs)’.
For example, transparent polyester films have been used as substrates in film-based
biosensors for Zika viral pathogen detection, owing to their ability to endure thermal
cycling and amplification conditions required during the assay process.®® The
simplicity of their structure and compatibility with various signal transduction methods

make film-based biosensors highly versatile for diagnostic applications.

1.3.1.3 Paper-based biosensors

Paper-based biosensors are widely used due to their low cost, portability, and user-
friendly design, making them ideal for on-site and self-testing applications, particularly
in resource-limited settings.3® Most notably represented by lateral flow immunoassays
(LFI1As), these sensors utilize porous materials such as filter paper or nitrocellulose

membranes, which facilitate sample transport through capillary action without the need
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for external pumps or power sources. Their simplicity allows for rapid, qualitative
results often visible to the naked eye, and increasingly, smartphones can be used to
capture and quantify signals for semi-quantitative or quantitative analysis. Paper-
based biosensors are widely employed in infectious disease screening (e.g., COVID-
19 and influenza), clinical diagnostics (e.g., pregnancy testing), and food safety
monitoring (e.g., allergen detection), particularly in resource-limited or at-home

settings.40:41

Among the aforementioned biosensor platforms, paper-based LFIA has become a tool
for protein analysis and attracted increasing attention.*? 43 44 Compared with the
detection methods mentioned above, LFIA has the advantage of achieving convenient,
rapid, low-cost analysis without the requirement for skilled personnel or professional
training.*> 46 One of the most widely used and effective formats is the sandwich
immunoassay, which provides high sensitivity and specificity for protein detection

across various point-of-care applications.

1.4 Lateral Flow Immunoassay (LFIA) Process via Sandwich Format

In a LFIA, the sample is first applied to the sample pad, from which it flows forward
driven by capillary force. There, it encounters detection probes that specifically bind to
the target analyte (Figure 3). These nanoparticles act as visible or fluorescent signal
reporters, including gold (Au)¥’, silver (Ag)*®, lanthanide-doped nanoparticles*** and
quantum dots (QDs)>"%2. These probes bind specifically to the target analyte, forming
the immunocomplexes. The resulting complexes then migrate toward the test line,
which is coated with capture antibodies that recognize a different epitope on the same
analyte. This interaction forms a sandwich structure, where the analyte is bound
between the detection and capture antibodies. Subsequently, excess reporter-
antibody conjugates, regardless of whether they are bound to the target analyte,
continue to migrate to the control line®. The control line is coated with secondary
antibodies (e.g., anti-species antibodies) that recognize the detection antibodies,
thereby capturing the labeled probes and generating a signal to confirm proper fluid

flow and assay validity. The remaining fluid is finally absorbed by the absorption pad.

This sandwich format significantly enhances assay specificity by utilizing dual-

antibody recognition of the analyte, effectively minimizing non-specific binding.
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Furthermore, the integration of nanoparticle-based detection probes enables signal

amplification, thereby enhancing sensitivity and lowering the limit of detection (LOD).
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Figure 3. Schematic illustration of LFIA principle and sandwich format formation

1.5 The probes for sandwich format in LFIA

To provide a representative overview of the analytical performance of LFIAs across
different diagnostic scenarios, two model protein biomarkers are selected: prostate-
specific antigen (PSA) for clinical diagnostics and SARS-CoV-2 antigens for infectious
disease testing. These two biomarkers represent distinct but complementary
application contexts, that are low-abundance cancer biomarkers and rapidly emerging
infectious disease targets, therefore widely used to benchmark the performance of

LFIA-based detection strategies in the literature.

1.5.1 PSA detection

Prostate-specific antigen (PSA) is a glycoprotein secreted by epithelial cells of the
prostate gland, which recognized as a clinically relevant biomarker for prostate cancer
screening, diagnosis, and monitoring. PSA levels in blood can reflect both benign and
malignant conditions, but elevated PSA concentrations, especially above 4 ng/mL are

commonly associated with early-stage prostate cancer.?* Due to its well-characterized
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clinical relevance, ease of measurement, and established diagnostic thresholds, PSA

becomes one of the most routinely studied protein biomarkers in clinical practice.

PSA is widely recognized as a model biomarker for assessing the analytical
performance of sandwich-format lateral flow immunoassays (LFIAs), owing to its
clinical relevance and inherently low physiological concentration. In healthy individuals,
PSA levels are typically below 1 ng/mL, particularly in the early stages of disease
progression. This low abundance poses a considerable analytical challenge, thereby
rendering the LOD a key metric for evaluating the sensitivity of LFIA-based diagnostic
platforms. Table 3 provides a comparative overview of representative nanomaterial-
based probes and detection strategies employed in sandwich-format LFIAs for PSA
detection. A variety of nanoparticle systems, including gold nanoparticles (AuNPs),
silver nanoparticles (AgNPs), quantum dots (QDs), and core-shell structures such as
Au@Ag, have been integrated with diverse readout modalities, ranging from
conventional colorimetric detection to smartphone-assisted platforms. These assays
exhibit varied analytical performance, with reported LODs ranging from approximately
0.1 ng/mL to 1.1 ng/mL and linear dynamic ranges typically spanning from 0.1 to
100 ng/mL.

Table 3. The Probes for sandwich format LFIA in PSA detection

LOD Linear range
Probe Detector Ref
(ng/mL) (ng/mL)
Colorimetric
SiO2@Au 0.12 - 55
detector
AuNPs AuNPs Portable reader 0.17 1-128 56
Electrochemical
AuNPs 0.15 0.011-20 57
detector
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Silica
AgNPs Visual 1.1 0.1-100 58
NPs@Ag

Silica Smartphone-
NPs@QDs | based reader

0.138 0.1-100 %9

QDs
Portable
QD@SIO, | fluorescence 1.0754 - 60
reader
Dual Commercialized
Au@Ag 0.1 0.1-100 61
Detection reader

1.5.2 SARS-CoV-2 antigen detection
Beyond PSA, LFIAs have been widely developed for the detection of SARS-CoV-2

antigens. Key viral proteins, particularly the nucleocapsid (N) and spike (S) proteins,
serve as optimal diagnostic targets owing to their high expression levels and strong
immunogenicity during the early stages of infection. As summarized in Table 4, a wide
range of nanoparticle-based probes have been integrated with diverse signal readout
platforms to enhance assay sensitivity and usability. Nevertheless, the LODs reported
by many current LFIA systems, typically in the range of 0.1 to 1ng/mL, remain
inadequate for the reliable identification of low viral load specimens, particularly in

asymptomatic or early-stage cases.

Table 4. The Probes for sandwich format LFIA in SARS-CoV-2 protein detection

Linear

LOD

Probe Target Detector range Ref

(ng/mL)

(ng/mL)
. Colorimetric
AuNPs AuNPs N protein 0.038 0.03-1000 | 62
detector
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Smartphone-
S1 protein 0.63 0.05-200 | ©3
based reader

808 nm laser

Ag@Au N protein | and a thermal 1 0.05-100 | &
Dual camera
Detection
Portable Raman
AgVBA@AuU | S protein 1 0.001-10 | 5
spectrometer
Portable
QD . . 0.005-
QDs N protein | fluorescent strip | 0.01 66
nanobeads 100
reader

Despite significant improvements in assay design and signal amplification strategies,
the current LODs achieved by many nanoparticle-enhanced LFIA systems remain
relatively high when benchmarked against the ultra-low concentrations of biomarkers
typically present during the early stages of disease. For instance, while LODs in the
range of 0.01-1 ng/mL may be sufficient for mid-to-late-stage detection, they often fall
short of the picogram per millilitre sensitivity required for reliable early diagnosis,
especially in asymptomatic or low viral load COVID-19 cases and in the initial onset of
prostate cancer. This limitation can be attributed to several factors, most notably
elevated background noise arising from the intrinsic optical properties of the above
NPs themselves. Moreover, many conventional LFIA platforms rely on visual readout,
which inherently limits sensitivity due to the relatively high detection threshold of the
human eye and the inability to distinguish subtle signal differences at low analyte
concentrations. This limitation underscores the pressing need for further optimization
in multiple aspects of assay design, including the sensitivity of nanoparticle probes,
the efficiency of signal transduction mechanisms, and the suppression of nonspecific
background signals, to achieve the ultra-low LODs necessary for accurate and reliable

early-stage diagnostics in clinical settings.
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1.6 Lanthanide-doped upconversion nanoparticle (UCNP)

To overcome the sensitivity limitations inherent in conventional fluorescence assays
and address the increasing need for detecting low-abundance biomarkers, UCNPs
have been introduced as novel signal reporters. UCNPs are lanthanide-doped
crystalline nanomaterials capable of converting near-infrared (NIR) excitation photons
into higher-energy visible emissions via a nonlinear optical process known as the anti-
Stokes shift (Figure 4)%768_ This unique upconversion mechanism is mediated through
energy transfer between sensitizer ions (commonly Yb3*) and activator ions (such as
Er¥* or Tm3®) embedded within a low-phonon host matrix, typically NaYFs. The
activators undergo stepwise excitation to higher electronic states (e.g., *l11/2, *Fal2,
4S3/2, 2H11/2) followed by radiative relaxation, emitting photons in the visible range
(green or red, depending on the activator). Lanthanide ions possess multiple
metastable energy states, making them highly suitable for photon upconversion
processes. Originally developed for applications in solid-state lasers and photonics,
the unique ability of UCNPs to convert deeply penetrating NIR excitation into visible
light has spurred their adaptation for biomedical applications, especially in vitro
diagnostics (IVD) ° . Their excitation in the NIR window circumvents interference from
endogenous  biological fluorophores, substantially reducing background
autofluorescence and nonspecific signals, thereby improving assay sensitivity and

specificity.”% 71

To function reliably as luminescent probes in immunoassays, UCNPs must not only
exhibit favorable optical properties but also possess well-defined structural features
and stable colloidal behaviour in aqueous environments. Accordingly, characterization
techniques such as transmission electron microscopy (TEM) and dynamic light
scattering (DLS) are employed in this work to assess nanoparticle morphology, size
distribution, and dispersion stability, providing essential validation of UCNP synthesis

and surface modification prior to their application in biosensing systems.
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Figure 4. The structure and energy transfer of UCNPs

UCNPs offer several additional benefits that make them ideal fluorescent probes for
bioanalytical applications. These include outstanding photostability, chemical
resistance, and thermal robustness. Unlike conventional organic dyes, which are
prone to rapid photobleaching, UCNPs maintain fluorescence over prolonged storage
and extended illumination periods.”? Moreover, unlike quantum dots, UCNPs do not
exhibit photo-blinking behaviour, which can otherwise lead to intermittent signal loss
during imaging or detection. The emission properties of UCNPs can also be precisely
tuned by modifying the host crystal lattice, selecting appropriate lanthanide dopants,
and adjusting their concentrations. This enables the generation of multiple discrete
emission wavelengths from a single excitation source (Figure 5). Multicolour UCNPs
can therefore be applied in multiplexed detection assays, where multiple analytes are
simultaneously identified by encoding each target with a uniquely emissive
nanoparticle.”® Such capabilities underscore the strong potential of UCNPs in
advanced bioassays and point-of-care diagnostics that demand high sensitivity,

excellent stability, and robust multiplexing performance.
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Figure 5. UCNPs doped with different concentrations of Yb3*, Er3*, and Tm3* showing

multicolour emissions. Reproduced from ref.”3.

1.6.1 Low doping UCNP

In typical UCNPs systems, the doping concentrations of lanthanide ions are
intentionally kept at relatively low levels to mitigate luminescence quenching effects.
Specifically, sensitizer ions such as Yb3* are generally introduced at concentrations
below 20 mol%, while activator ions (e.g., Er¥*, Tm3*, Ho®") are doped at levels
typically below 2 mol%. This conservative doping approach is primarily driven by the
phenomenon of concentration quenching; wherein excessive dopant concentrations
promote non-radiative energy losses through intensified cross-relaxation and inter-
ionic interactions. These effects result in a substantial reduction in upconversion

luminescence efficiency.

The challenge posed by concentration quenching is particularly pronounced in
nanoscale luminescent materials (Figure 6a). As illustrated in Figures 7b and 7c, high
doping concentrations reduce the spatial distance between dopant ions, significantly
increasing the likelihood of energy transfer events. This facilitates two major
quenching pathways: (i) energy migration within the sensitizer-sensitizer network that
funnels excitation energy to the nanoparticle surface, where a high density of surface
quenching sites exists (Figure 6b), and (ii) cross-relaxation between activator ions,
which causes stepwise emission loss during radiative transitions (Figure 6c¢). The

combined effects of these pathways lead to a marked decrease in luminescent output.

To minimize parasitic interactions such as non-radiative energy transfer and
concentration quenching, doping concentrations in UCNPs are limited to maintain

sufficient spatial separation between lanthanide ions. This strategy effectively
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suppresses non-radiative decay pathways and preserves emission efficiency. The
critical inter-ionic distance, commonly characterized by the Forster critical radius, is
typically estimated to fall within the range of 2 to 6 nm. Correspondingly, optimal
dopant concentrations are generally maintained below ~10-3 M for organic dye-doped
silica systems and around ~102 M for UCNPs. Correspondingly, optimal dopant
concentrations are generally maintained below ~10-3 M for organic dye-doped silica
systems and around ~10% M for UCNPs. Specifically, B-phase alkaline rare-earth
fluorides (B-NaREF4), which serve as efficient host lattices for upconversion,
commonly incorporate sensitizers (e.g., Yb3*) at approximately 20 mol% and activators

(e.g., Er¥*, Tm3*) at concentrations below 2 mol%.
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Figure 6. Concentration quenching in UCNPs. a, Increasing lanthanide doping raises
sensitizer and emitter numbers and shortens their distance, enhancing emission
brightness. However, exceeding an optimal doping level leads to concentration
quenching, which reduces energy transfer efficiency. This quenching mainly arises
from (b) non-radiative energy migration to surface quenchers and (c) cross-relaxation

non-radiative losses. Reproduced from ref.”4.

Table 5. Application of low-doping UCNPs in sandwich-format LFIAs for the detection

of various biomarkers
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LOD
Doping Target Detector Ref
(ng/mL)
Commercialized
18% Yb, 2% Er PSA _ 0.24 75
strip reader
Optical density
20%Yb, 2%Er Dexamethasone 0.1 76
scanner
o Smartphone-
18% Yb, 2% Er Tumorigenicity 2 1 77
based reader
Commercialized
25% Yb, 2% Er Zearalenone 0.1 8
spectrometer
Portable
20%Yb, 2%Er C-reactive protein | fluorescence 0.05 &
sensor
Although low doping concentrations are traditionally employed to suppress

concentration quenching and maintain upconversion efficiency, this strategy inherently

limits the number of active dopant ions, thereby reducing the overall absorption cross-

section and photon emission. Consequently, the achievable signal strength is

compromised, restricting the assay’s detection sensitivity. As summarized in Table 5,

reported LODs for existing UCNP-based assays generally fall within the hundreds of

picograms to nanograms range, indicating that doping concentration critically affects

upconversion emission efficiency and overall luminescence intensity. Therefore,

further optimization of doping levels is necessary to enhance signal output and meet

the requirements for ultrasensitive detection, especially for early-stage disease

biomarkers.
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1.6.2 Highly doped UCNPs

One of the promising strategies to overcome the traditional limitations of concentration
quenching is to increase the excitation power density. Recent studies have
demonstrated that under sufficiently high excitation conditions, the luminescence
efficiency of heavily doped UCNPs can be significantly enhanced, challenging the
conventional view that high dopant concentrations inevitably result in emission
suppression. Figure 7a illustrates the relationship between Tm3* doping concentration
and the integrated upconversion luminescence intensity of UCNPs under varying
excitation power densities.?% Three doping levels, 0.5%, 4%, and 8% Tm?3*, were
compared across an excitation irradiance range from 1.6 x 10% to 2.5 x 10% W-cm-2. At
low excitation intensities, all three samples exhibit relatively weak emission with
minimal differences in output. However, as the excitation power increases, a distinct
divergence in luminescence enhancement could be observed. While the 0.5% Tm3*-
doped UCNPs show only a moderate 5.6-fold increase in luminescence, the 4% and
8% Tm3* samples exhibit markedly higher enhancement factors of 71 and 1105,
respectively. The high brightness of these Tm3*-doped UCNPs allows the tracking of

single nanoparticles in living cells through an optical microscope.

A similar trend is observed in single-particle measurements (Figure 7b), where the
luminescence intensity of individual UCNPs dramatically increases as the laser
intensity is raised from 10* to 106 W-cm=2.8" At low laser power densities (104-10°
W-cm2), the luminescence difference between the two doping levels is minimal, with
the 2% Er** sample even slightly outperforming the 20% Er3*. This is consistent with
the conventional understanding that high dopant concentrations can lead to quenching
effects at low excitation power. However, as the excitation intensity increases beyond
10%° W-cm? to 108 W-cm2, the emission intensity of the 20% Er3*-doped UCNPs
exhibits a dramatic exponential increase, far surpassing that of the 2% Er3* sample.
This shift indicates that under high excitation conditions, energy transfer efficiency and
photon absorption become dominant over quenching mechanisms, effectively
overcoming concentration quenching. The right optical images also support this
observation; they show a progressive enhancement in particle brightness with
increasing laser power. These results collectively suggest that the threshold for

concentration quenching can be shifted by modifying excitation parameters.
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Figure 7. Strategy for overcoming concentration quenching in upconversion
nanocrystals. a, Integrated UCL intensity of Tm3*-doped (0.2-8%) nanocrystals under
increasing excitation irradiance. Reproduced from ref. 8; b, Upconversion
luminescence intensity of single 8 nm UCNPs doped with 20% Yb3* and either 2% or

20% Er®*. Reproduced from ref. 81,

It should be noted that, for the majority of bioanalytical applications involving protein
detection, moderate excitation power densities are generally sufficient to achieve
reliable upconversion signal generation. Under such conditions, highly doped UCNPs
primarily serve to ensure adequate brightness and signal robustness, rather than to
exploit saturation effects that typically arise only under high-power excitation or
imaging scenarios. Nevertheless, the power-dependent activation behavior of highly
doped UCNPs offers a valuable strategy for enhancing signal output in optical
biosensing systems. When operated at elevated excitation intensities, these
nanoparticles can exhibit substantially increased emission intensity, which is
particularly advantageous for applications requiring high photon flux or imaging-based
readout. Importantly, even under moderate excitation power densities commonly
employed in practical bioanalytical platforms, the enhanced brightness associated with
higher dopant concentrations enables improved signal-to-noise ratios and more

reliable quantitative detection.
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Table 6. Application of highly doped UCNPs in sandwich-format LFIAs for the

detection of various biomarkers

Doping Target Detector LOD (ng/mL) | Ref

. Customized strip
40%Yb, 4%Er N protein 0.01 82
reader

Smartphone-
60% Yb, 8% Er PSA 0.089 42
based reader

CD44 0.015
Customized strip
40%Yb, 4%Er 83

reader
FKBPL 0.01

Consistent with this observation, a growing number of recent studies have
demonstrated that UCNPs with elevated dopant concentrations, such as 40-60% Yb3*
and 4-8% Er3*, can achieve remarkably low limits of detection in sandwich-format
lateral flow immunoassays, often reaching the picogram-per-millilitre level, without
requiring high-power excitation. As summarized in Table 6, these high-brightness
UCNPs enable sensitive signal readout even when paired with compact detection
platforms, including customized strip readers and smartphone-based systems. This
enhanced luminescence output translates directly into improved assay sensitivity,
facilitating the detection of low-abundance biomarkers such as viral nucleocapsid

proteins® and cancer-associated targets including PSA%?, CD44, and FKBPL3.

Taken together, these findings indicate that highly doped UCNPs provide a versatile
signal amplification strategy across a broad range of excitation regimes. When
combined with the inherent advantages of sandwich immunoassay formats, such as
high specificity, compatibility with multiplexing, and operational simplicity. This
approach offers a promising pathway toward ultrasensitive point-of-care diagnostic
platforms that remain compatible with low-power, portable instrumentation.
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In addition to considerations regarding dopant concentration and doping strategies,
water-induced quenching is another critical factor that limits the performance of
UCNPs in bioanalytical applications. In aqueous environment, the high-energy
vibrational overtones of O-H bonds can strongly couple with the excited states of
lanthanide ions, promoting non-radiative relaxation pathways and leading to a
substantial reduction in upconversion luminescence intensity, particularly for surface-
exposed activator ions® 8. This effect is especially pronounced in biological and
clinical samples, where UCNPs are inevitably operated in water-rich media, thereby
posing a significant challenge for sensitive and reliable signal readout. To address this
limitation, extensive efforts have been devoted to rational nanoparticle design and
surface engineering, including the introduction of inert shell layers and polymer-based
surface modification® 86, which effectively suppress non-radiative energy dissipation
and enhance luminescence stability in aqueous environment. These strategies form
the basis for the UCNP conjugation and surface functionalization approaches

described in the following chapter.

1.7 Surface Functionalization of UCNPs

UCNPs have attracted significant interest in bioanalytical applications owing to their
unique optical properties. However, their direct use in biological environments is
hindered by hydrophobic surface ligands introduced during synthesis, necessitating
subsequent surface functionalization to achieve biocompatibility. A variety of synthetic
strategies have been developed for the preparation of UCNPs, including
coprecipitation, thermal decomposition, solvothermal synthesis, high-temperature
coprecipitation, hydrothermal methods, and sol—gel processes. In particular, high-
boiling-point organic solvents are commonly employed to achieve precise control over
crystal growth, enabling the synthesis of highly monodisperse UCNPs with uniform
size and morphology. For instance, oleic acid is frequently used both as a reaction
medium and as a surface-capping ligand, coordinating to the nanoparticle surface to
form a stable hydrophobic organic layer. While this hydrophobic surface is beneficial
for controlling nanoparticle growth, it significantly limits the dispersibility and practical

usability of UCNPs in aqueous and biological environments.
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To address these limitations, extensive efforts have been devoted to developing
surface modification strategies that convert hydrophobic UCNPs into hydrophilic,
water-dispersible, and biocompatible nanoprobes. Beyond improving colloidal stability
in aqueous media, surface functionalization also enables the introduction of reactive
functional groups, such as carboxyl or amino moieties, which facilitate subsequent
bioconjugation with biomolecules including antibodies, enzymes, and nucleic acids.
As reported in the literature, the construction of UCNP-based bioprobes typically
involves two sequential steps: surface functionalization and biomolecular conjugation
(Figures 8 and 9). These steps are critical for ensuring stable attachment of
biomolecules while preserving their biological activity and target-binding capability,
thereby enabling specific molecular recognition and sensitive detection in complex

biological matrices.
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Figure 8. Schematic overview of common surface modification strategies for UCNPs
to enable aqueous dispersibility and biofunctionalization. Hydrophobic UCNPs
synthesized in organic solvents can be rendered water-dispersible and functionally
active through ligand oxidation, layer-by-layer, silanization, ligand free and ligand

exchange.
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Figure 9. Schematic illustration of two common covalent conjugation strategies for
antibody-nanoparticle bioconjugates. a, EDC/NHS coupling chemistry: carboxyl
groups on the nanoparticle surface are activated by EDC and sulfo-NHS to form NHS-
esters, which then react with primary amines on the antibody to form stable amide
bonds. b, Thiol- maleimide chemistry: thiol groups on site-selectively reduced
antibodies react with maleimide-functionalized nanoparticles to form stable thioether

bonds, allowing for oriented and efficient conjugation. Regenerated from?”.

1.7.1 Surface modification Method
1.7.1.1 Ligand Oxidation

A direct strategy for rendering hydrophobic nanoparticles hydrophilic involves the
oxidative transformation of surface ligands. This method has been primarily applied to
OA and oleylamine (OM), where unsaturated carbon—carbon double bonds are
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oxidized to generate polar functional groups such as carboxyl or epoxy moieties.
Common oxidizing agents include the Lemieux—von Rudloff reagent®®, ozone??, and
3-chloroperoxybenzoic acid.®® The Lemieux—von Rudloff reagent, commonly
employed for oxidative cleavage of double bonds, consists of catalytic amounts of
permanganate (MnO4~) and stoichiometric amounts of periodate (1047). In this reaction,
MnO4~ initially oxidizes the carbon-carbon double bond and is subsequently
regenerated by 104791, After the oxidation, the azelaic acid-functionalized
nanoparticles exhibit enhanced hydrophilicity and offer reactive sites for subsequent
bioconjugation.®> However, it is only applicable to surface ligands that contain
unsaturated carbon—carbon bonds, restricting its generalizability. Secondly, the
formation of manganese dioxide (MnO,) as a by-product in Lemieux—von Rudloff
oxidation poses a challenge, as MnO, is difficult to remove and can adhere to the

nanoparticle surface, leading to decreased luminescence intensity.%3

Alternatively, azelaic acid-modified nanoparticles can also be prepared through
ozonolysis®, wherein ozone reacts with the double bond of the oleate ligand, initially
forming epoxide intermediates®. In contrast to Lemieux—von Rudloff oxidation, this
method vyields aldehyde groups instead of carboxylic acids. These aldehydes can
subsequently be functionalized with amine-containing molecules, enabling further
surface modification.®2% It is important to note that this oxidative strategy is only
applicable to ligands containing unsaturated carbon—carbon double bonds. However,
the relatively short chain length of azelaic acid may limit its ability to fully shield the
nanoparticle surface from water-induced luminescence quenching.®® Besides,
although the ozonolysis effectively in avoiding MnO: formation, involves more complex
processing steps and requires precise control of reaction conditions, which may limit

its scalability and reproducibility in large-scale applications.

1.7.1.2 Ligand Free

The ligand-free UCNPs can be prepared by removing hydrophobic surface ligands
through acid treatment and excess ethanol. The nanoparticles were exposed to HCI
at pH 4, leading to protonation of the surface-bound oleate ligands and subsequent
detachment of oleic acid from the nanoparticle surface.®” The treatment of OA-UCNPs
with FA makes the ligand-free UCNPs dispersible in water and positively charged bare
UCNPs generate, favouring the attachment of water-soluble capping molecules by

sequential surface functionalization, such as poly(acrylic acid) (PAA),
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polyvinylpyrrolidone (PVP), and polyethylenimine (PEI).®® The resulting cationized
nanoparticles exhibited excellent aqueous dispersibility and strong upconversion
luminescence. However, this acid-mediated ligand removal method yields a relatively
low surface modification efficiency, typically ranging between 30% and 35%.%° In
contrast, Jurga et al. reported that the highly water-stable colloidal dispersions with
reaction yields can reach up to 96% depending on different concentrations of
hydrochloric acid and varying reaction times.'® The resulting exposed lanthanide ions
exhibited strong coordination capabilities, allowing for efficient conjugation with
biocompatible molecules in aqueous environments. However, the long exposure to
acidic conditions can lead to partial nanoparticle dissolution and precipitation of rare

earth components.

1.7.1.3 Silanization

Silica is one the most widely used materials for coating the surface of UCNPs. The
presence of a silica shell has minimal or negligible impact on the luminescence
properties of UCNPs'01.102_ A slight decrease in emission intensity is typically attributed
to light scattering effects of both excitation and emission signals by the silica layer.1%3
This transparent, biocompatible, and non-toxic properties of silica makes it particularly
advantageous for optical bioanalytical applications and has led to its extensive use in

modifying the surfaces of nanomaterials.

UCNPs with hydrophilic surfaces are typically coated with a silica shell using a
modified Stober method, whereas hydrophobic UCNPs are more commonly coated
via a reverse microemulsion technique. The original Stdber process, which involves
the hydrolysis and condensation of tetraalkyl orthosilicates in alcoholic solvents in the
presence of ammonia to produce monodisperse silica particles, can be adapted to
facilitate uniform silica shell growth on the surface of UCNPs.194195 |n contrast,
hydrophobic UCNPs are more commonly coated using a reverse microemulsion
technique, which allows precise control over silica shell thickness and morphology.
The reverse micelles function as nanoscale reactors, enabling the hydrolysis and
condensation of tetraalkyl orthosilicates, such as tetraethyl orthosilicate (TEOS), to
form a silica shell'%6.197 A surfactant is used to form reverse micelles in a nonpolar
solvent such as cyclohexane, which creating small aqueous compartments. The
addition of ammonia initiates the hydrolysis and condensation of the silica precursor,

leading to the formation of a silica shell around the UCNPs. The morphology of the
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micelles is influenced by the concentration of surfactant; lower amounts typically
produce spherical micelles, while higher concentrations can result in rod-like
structures, which may encapsulate multiple UCNPs within a single silica shell.'%8
Silanization can be carried out either simultaneously with the silica shell formation or
as a subsequent step following shell growth. However, it is difficult to precisely control
the uniformity of the silica coating, and in some cases, multiple nanoparticles may
become encapsulated within a single silica shell, leading to the formation of oversized
composite particles’®® 199 |n addition, bare silica surfaces are prone to non-specific
protein adsorption, which can increase background signals and compromise assay
specificity in bioanalytical applications unless further surface passivation or

functionalization is applied.

1.7.1.4 Layer-by-layer

Layer-by-layer (LbL) assembly is based on the sequential adsorption of oppositely
charged species onto the surface of UCNPs. Electrostatic interactions between
oppositely charged layers represent one of the most robust and stable non-covalent
forces in nature.'® Tailoring the LbL modification can be particularly beneficial for
specific bio-applications of UCNPs, as it allows for precise control over surface
functionality and interfacial properties. He et al. reported he Gd-doped UCNPs were
functionalized with a dual-polymer system comprising polyethylene glycol (PEG) and
two sequential layers of polyethylenimine (PEI).""" The result suggested that
compared with one-layer modification, two layers exhibited minimal cytotoxicity.
Another group employed a layer-by-layer assembly strategy to sequentially deposit
oppositely charged poly (allylamine hydrochloride) (PAH), poly (styrene sulfonate)
(PSS), and a final layer of PAH on UCNPs to create hydrophilic PAH/PSS/PAH
nanoparticles with amino-rich shells.’? The LbL assembly process typically requires
a long period to complete, as each reaction step involves relatively long reaction times
and the success of the overall modification critically depends on the efficiency of each
individual assembly step since any failure in one layer often necessitates restarting
the entire procedure. In addition, the final particle size can increase significantly due
to multilayer assembly, which may compromise flow rate in paper-based biosensors

and limit their applicability in lateral flow or capillary-driven systems.
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1.7.1.5 Ligand Exchange

Ligand exchange refers to the replacement of native hydrophobic ligands on the
nanoparticle surface with hydrophilic ligands. This strategy enhances nanoparticle
dispersibility in aqueous media and introduces reactive functional groups that facilitate
subsequent bioconjugation with biomolecules, while generally preserving the chemical
composition and optical properties of UCNPs. Common hydrophilic ligands used for
ligand exchange include polyallylamine (PAH)''3, polyethylene glycol (PEG)®, citrate
(CIT)"4, and N,N-bis(phosphonomethyl)glycine (PG)'"S. Effective ligand exchange
typically requires optimization of several parameters, including the the ratio of ligands
and UCNPs and the selection of a suitable solvent''®. The choice of solvent is
determined by the solubility compatibility between the hydrophobic nanoparticles and
the new hydrophilic ligand. The ligand's number and type of coordination sites play a
crucial role in governing the efficiency of the ligand exchange process. This likely
explains why multidentate ligands, which can form multiple coordination bonds
simultaneously, are generally favoured over monodentate ligands in nanoparticle
surface modification. Compared with using two separate polar solvents to dissolve the
original surfactant and the new ligand, a single bipolar solvent such as tetrahydrofuran
(THF) is often preferred due to its ability to promote high ligand exchange yields by
enabling homogeneous mixing''”. Dispersing nanoparticles and ligands in the same

solvent promotes uniform interaction, leading to improved ligand exchange efficiency.

1.8 Bioconjugation

The previously discussed surface modifications of UCNPs have primarily focused on
improving their dispersibility and stability in aqueous media through surface
nanochemistry. However, for advanced applications, including tumor-targeted imaging,
imaging, biosensing, and biomarker detection, the further bioconjugation with specific
functional biomolecules is typically required to provide targeting ability and biological

functionality.

1.8.1 Bioconjugation method

1.8.1.1 Non-covalent coupling

Non-covalent coupling is a straightforward and commonly used approach for the
bioconjugation UCNPs, relying on weak intermolecular forces such as electrostatic

interactions, hydrogen bonding, van der Waals forces, or hydrophobic effects to attach
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biomolecules to the nanoparticle surface.'”® One of the main advantages of non-
covalent strategies is their simplicity and minimal requirement for chemical
modification, making them suitable for preserving the native structure and activity of
sensitive biomolecules such as antibodies, enzymes, or nucleic acids. In particular,
electrostatic adsorption is frequently employed by taking advantage of charge
complementarity between the nanoparticle surface (e.g., positively charged
polyallylamine-coated UCNPs) and negatively charged biomolecules.'’® However, the
major limitation of non-covalent coupling lies in its relatively poor stability under
physiological conditions, where changes in ionic strength, pH, or the presence of

competing biomolecules can lead to desorption and loss of functionality.’2°

1.8.1.2 Covalent coupling

A more approach for nanoparticle—biomolecule conjugation involves the formation of
a covalent coupling, which results from a chemical reaction between a reactive group
on the nanoparticle surface and a complementary group present on the biomolecule.
During the phase transfer process of UCNPs from organic solvents to aqueous
environments, a range of functional groups, such as carboxyl (—COOH), amine (-NH),

and maleimide (—MA), are typically introduced onto the nanoparticle surface.

1.8.1.2.1 EDC coupling
A widely adopted method for covalent bioconjugation is based on EDC (1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide) coupling chemistry, which enables the formation
of stable amide bonds between carboxyl groups on the nanoparticle surface and
primary amine groups on biomolecules such as antibodies (Figure 2a). In this process,
carboxylic acid (-COOH) groups are first activated by EDC in the presence of N-
hydroxysulfosuccinimide (sulfo-NHS) in an aqueous buffer, resulting in the formation
of a reactive O-acylisourea intermediate’?'- 22, This intermediate subsequently reacts
with the amine (—NH2) groups of biomolecules to form a covalent amide linkage. While
this technique is straightforward and broadly applicable, it does have certain limitations.
Although EDC-mediated coupling may vyield a heterogeneous population of
nanoparticle, biomolecule conjugates with random orientations, which increase the
non-specific binding. In addition, the activated O-acylisourea intermediate is
susceptible to rapid hydrolysis in aqueous environments, which can reduce coupling
efficiency and necessitate careful control of reaction conditions or the use of stabilizing

agents such as sulfo-NHS'?3, EDC remains one of the most widely used reagents for
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carboxyl, amine conjugation due to its efficiency and compatibility with aqueous

conditions.

1.8.1.2.2 Thiol chemistry

Another widely used covalent bioconjugation strategy involves the reaction between
thiol (-SH) groups on biomolecules and maleimide-functionalized surfaces, leading to
the formation of stable thioether bonds under physiological conditions (Figure 2b). In
this approach, thiol groups are generated by reducing native disulfide bonds in the
antibody. Under carefully controlled and mild reduction conditions, disulfide bonds
located in the hinge region of the Fc domain are preferentially reduced due to their
higher accessibility and lower structural constraint compared to those in the variable
regions, without introducing additional thiol-containing linker molecules. The
schematic illustration in Figure 2b is intended to conceptually represent thiol-
maleimide coupling and does not imply the presence of an extended aliphatic spacer
between the antibody and the nanoparticle surface. This precision improves the
orientation of the antibody on the nanoparticle surface, thereby enhancing its
functional performance in various bioanalytical and diagnostic applications'24125,
However, careful control of the oxidation state is necessary, as the presence of
cysteine residues in the variable regions can affect conjugation specificity'?6. To
address this limitation, disulfide rebridging chemistry has been developed, which
achieves improved site specificity by selectively reconnecting the two cysteine
residues originating from the same native disulfide bond, rather than reacting with
freely generated thiols. In this strategy, the native disulfide bonds are intentionally
cleaved and subsequently reconstituted into stable linkages, thereby preserving the
original disulfide topology of the antibody and minimizing off-site modification'”- 128,
As a result, antibody structural integrity is maintained while conjugate homogeneity

and orientation control are significantly improved.

1.9 Aim

While UCNPs have been reported as signal reporters in sandwich-LFIAs for protein
detection, the present thesis does not aim to replicate existing UCNP-LFIA designs.
Instead, it focuses on extending UCNP-enabled immunoassay strategies through

application-driven assay development and assay-format-level innovation.

31



The first aim of this thesis is to develop a UCNP-based LFIA for the quantitative
detection of A1 B-casein in milk and infant formula. This work establishes a practical
application of UCNP-enhanced LFIA in food quality control, where high assay
specificity and robustness are required to distinguish structurally similar proteins within

a complex sample matrix.

The second aim is to improve detection sensitivity beyond the inherent limitations of
conventional capillary-driven LFIA formats by introducing a magnetic bead (MB)-
based Beads-on-a-Tip sandwich immunoassay. By enabling target enrichment and
active washing prior to signal readout, this platform addresses sensitivity and

background-related constraints at the assay format level.
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Chapter 2. Conjugates Development

Functionalization and bioconjugation of UCNPs are essential for enabling specific
protein recognition in bioanalytical applications. In this work, conjugate development
begins with the synthesis of B-NaYF4:Yb3+, Er3+ core nanoparticles via a
coprecipitation approach, followed by epitaxial growth of an inert NaYF4 shell to
enhance luminescence stability. To enable aqueous dispersion and subsequent
bioconjugation, UCNP surfaces were modified using amphiphilic diblock polymers
synthesized via RAFT polymerization and transferred into water through ligand
exchange. The polymer-functionalized UCNPs were subsequently conjugated with
antibodies using carbodiimide coupling chemistry. This chapter describes the
synthesis, surface modification, and bioconjugation procedures that form the
experimental basis for the nanoparticle-based assays developed in subsequent

chapters.

2.1 UCNPs synthesis developed in this work
2.1.1 Synthesis of NaYFa: Yb, Er core nanoparticles

Following a coprecipitation protocol adapted from previous work', the core
nanoparticles (beta-NaYF4:40% Yb3',4% Er3*) were synthesized 1.12 mmoL
YCl3-6H20, 0.8 mmoL YbCl3-6H20 and 0.08 mmoL ErCls3-6H20 in methanol solution
together with 12 mL oleic acidand 30 mL 1-octadecene were added to a 100 mL three-
neck round-bottom flask under vigorous stirring. The resulting mixture was heated at
150 °C for 40 mins. Then the solution was cooled down to room temperature. A 10 mL
methanol solution with 5 mmol NaOH and 8 mmoL NH4F was added and stirred for 30
mins, and then the mixture was slowly heated to 150 °C and kept for 40 mins under
argon flow to remove methanol and residual water. The solution was quickly heated
at 300 °C under an argon flow for 75 mins. The final NaYF4: Yb, Er nanoparticles were

dispersed in cyclohexane after washing with cyclohexane and ethanol several times.

2.1.2 Synthesis of NaYF4: Yb, Tm core nanoparticles

The core doped nanoparticles (beta-NaYF4:40% Yb3*,4% Tm?3*) were synthesized with
Y Cl3-:6H20 (0.56 mmoL), YbCl3-:6H20 (0.4 mmoL) and TmCls-6H20 (0.04 mmoL) were

added into a 50 mL three-necked flask containing 6mL oleic acid and 15 mL 1-
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octadecene. The mixture was first heated to 170 °C under argon for 30 min to form a
transparent solution and remove residual water. The solution was cooled down to
room temperature, and 10 mL of a methanol solution containing NaOH (2.5 mmol)
and NH4F (4 mmolL) was slowly dropped into the flask and stirred for 30 mins. Then,
the solution was heated to 70-80 °C and maintained for 30 mins to evaporate methanol.
Subsequently, the solution was heated to 300 °C and maintained for 1.5 hs under
argon atmosphere. After cooling down to room temperature, the resulting products
were precipitated by ethanol and collected by centrifugation at 3380 g for 5 mins. The
final NaYF4:Yb, Tm nanoparticles were dispersed in cyclohexane after washing with

cyclohexane and ethanol several times.

2.1.3 Synthesis methods of shell precursor for core-shell spherical nanoparticles

The shell precursor was prepared for the epitaxial growth of shell onto the core
nanoparticles through hot-injection method. The synthesis of shell precursor was
similar to that of the core as described above. For the shell precursor, the final step
was to cool down the solution to RT after removing residual methanol and water. The
spherical nanoparticles in this chapter were coated with inert shell, therefore, the

starting material of Ln3* ion was 1 mmoL of YClz-6H20.

2.1.4 Synthesis of NaYF:40%Yb3* 4%Er3*/Tm3* @NaYF4 core@shell nanoparticles

The core@NaYFs core-inert shell spherical nanoparticles were synthesized by
epitaxial shell growth method. Firstly, 0.2 mmoL of the as-synthesized core
nanoparticles dissolved in cyclohexane was added to the flask with 6 mL of OA and 6
mL of ODE. The solution was sealed and degassed by inert gases and then heated to
80 °C to remove cyclohexane, with magnetic stir rotating at 800 rpm. After the
complete removal of bubbles, the solution was further heated to 300 °C. The shell
precursor in the 3 mL syringe with minimum scale of 0.1 mL was injected into the
solution at the rate of 0.2 mL/3 min, during which the temperature was always
maintained at 300 °C. The total amount of shell precursor was based on the size of
the core and the desired size of the final core-shell. Once finishing the hot-injection

cycles, the solution was further kept at 300 °C for 10 mins for complete nucleation then
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cooled down to RT. The following washing protocol was the same as that of the core

nanoparticles.

2.2 Polymer-based surface modification of UCNPs

The polymer-based ligand exchange strategy described in this section was used
consistently throughout this thesis (Chapters 3,4 and 5), and a ligand-free surface
modification approach was employed exclusively in Chapter 3 for comparative
purposes. A ligand-exchange strategy was selected for UCNP surface modification
due to its procedural simplicity, robustness, and ability to preserve colloidal stability in
aqueous environment. Since surface ligands critically influence both the dispersibility
and biocompatibility of nanoparticles, we utilized a poly(oligo(ethylene glycol)
methacrylate) (POEGMA)-based polymer for surface modification. This polymer was
chosen for its strong hydrophilicity and antifouling properties. The ligand exchange
process was driven by the strong coordination affinity between the phosphate
functional groups on the polymer and the lanthanide (Ln3*) ions on the UCNP surface,
enabling effective displacement of the native oleic acid ligands and rendering the

nanoparticles water-dispersible and suitable for subsequent bioconjugation.

2.2.1 Polymer synthesis

The synthesis of Poly(oligo(ethylene glycol) methacrylate) (POEGMEA) followed the
method described in our previously published paper?. Briefly, OEGMEA (5 g),
Reversible addition—-fragmentation chain transfer (RAFT) agent (113 mg), and
recrystallized 2,2"-azobis(isobutyronitrile) (AIBN) (7.77 mg) were combined in a round-
bottom flask containing 20 mL of toluene. The flask was equipped with a magnetic
stirrer bar and purged with argon for 30 minutes. The reaction mixture was then heated
in a preheated oil bath at 70°C to initiate the decomposition of the AIBN. To synthesize
POEGMEA macroRAFT with 13 OEGMEA units, the polymerization was terminated
after 4.5 hs by placing the reaction mixture in an ice bath for 5 mins. The synthesized
POEGMEA was purified by washing three times with n-hexane, followed by
centrifugation at 7600 g for 5 mins. The final samples were stored at 4 °C for
subsequent chain extension to produce diblock copolymer. Then, POEGMA (1.4 M),
AIBN (0.4 x 1072 M), and Monoacryloxy ethyl phosphate (MAEP) (1.43 x 10~" M) were
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mixed with 5 mL of acetonitrile in a one-necked round-bottom flask equipped with a
magnetic stirrer. The flask was sealed with a rubber septum and purged with argon
gas for 30 mins. The mixture was then placed in a preheated oil bath at 70 °C for 17
hs. Polymerization was quenched using an ice bath upon achieving 70% MAEP
monomer conversion. The monomer conversion measurement was conducted with
HNMR. The final polymer with 13 OEGMEA units were dialyzed against methanol for
48 hs using a 3 kDa molecular weight cut-off membrane. The presence of phosphoric
group of ethylene glycol methacrylate phosphate (EGMP) (second block) was
confirmed by "NMR and PNMR.

2.2.2 Polymer characterization

The structure of the polymer is shown in Figure 1a. Peak at 4.1 ppm in Figure 1b
represents the signal of final polymer and the percentage of monomer conversion was
also measured by HNMR spectra of the reaction mixture before and after
polymerization by comparing the integral ration of the vinyl protons of monomer and
unchanged methylene protons of the POEGEA adjacent to the ester bond at 4.1 ppm,
and the peak at 0 ppm in Figure 1c indicates the presence of phosphate in the final
polymer?. Fourier transform infrared spectroscopy (FTIR) was further confirmed the
structure of the 13 PEG polymer (Figure 1d). The peaks at 850 and 949
cm™' correspond to the P-O bond from the phosphate segment of the polymer and the

C=S bond from the RAFT agent, respectively.
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Figure 1. Polymer characterization. a, The structure of polymer; b, 'THNMR spectrum

of polymer; ¢, pNMR spectrum of polymer; d, FTIR spectra of polymer

2.2.3 Surface modification protocol and characterization via ligand exchange

To enable the use of UCNPs for the further protein detection, their transfer from an oil
phase to an aqueous phase is essential. This was achieved using the ligand exchange
method (Figure 2a), a versatile strategy relying on the high affinity of the new ligand
for the nanoparticle surface. Initially, 0.5 mL of oleic acid-coated UCNPs (20 mg/mL)
in cyclohexane were centrifuged at 20,240 g for 30 minutes and redispersed in 1 mL
of tetrahydrofuran (THF). A solution of the diblock copolymer (10 mg) in 0.5 mL of THF
was then added to the UCNP dispersion. The reaction mixture was sonicated for 1
minute and incubated on a shaker at room temperature for 14 hs. The polymer-coated
UCNPs were purified by washing four times with varying THF/Milli-Q water ratios,
followed by centrifugation at 20,240 g for 30 mins. Finally, the polymer-coated UCNPs
were resuspended in 1 mL of Milli-Q water for further use. After ligand exchange, the
appearance of the C=0 stretches at 1731 cm™, and P=0O stretches at 1100

cm™' confirms the polymer grafting on the surface of UCNPs (Figure 2b). These
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characterizations were used to verify successful ligand exchange before subsequent

antibody conjugation.
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Figure 2. Characterization of the UCNPs after-modification. a, Schematic of the ligand
exchange reaction of oleate-coated UCNPs with polymer. The hydrophobic oleate
ligand is replaced by the hydrophilic polymer; b, FTIR spectra of UCNPs-OA (green
line), UCNPs-polymer (blue line).

2.3 Surface modification protocol via ligand free

The carboxylic groups of polyacrylic acid (PAA, MW:18,000) also coordinate to the
lanthanide ions on the UCNP surface resulting in a high dispersibility of the UCNPs in
water. Firstly, UCNPs (in THF) were precipitated out by adding 0.6 mL of ethanol and
then pelleted by centrifugation at 20,240 g for 6 mins. The centrifuged supernatant
was replaced with a solution containing 0.5 mL of hydrochloric acid (2.0 M) and 1 mL
of ethanol, the mixture was sonicated for 5 mins. Then the nanoparticles in dispersion
were centrifuged at 20,240 g for 40 mins to obtain the ligand-free nanoparticles. The
nanoparticles were further purified by washing three times in 0.5 mL ethanol and 0.5
mL H20. The ligand-free nanoparticles were dispersed in 0.5 ml H20, then measure
the remaining amount of UCNPs. The dispersion was mixed with PAA (5:1 for PAA to
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UCNPSs) in 1.5 mL of water. Thereafter, 0.5 mL of 0.2 M NaOH was added dropwise
while stirring with 1000 rpm for 4 hs at room temperature. After the reaction, the
products were collected by centrifugation at 20,240 g for 20 mins and washed three
times, finally re-dispersed in H20. In Chapter 3, PAA modification was additionally
employed as a comparative surface modification approach to evaluate its performance

relative to the polymer-based strategy.

2.4 Conjugation of UCNP and magnetic beads with antibodies

In the conjugation process, we employed both the EDC/NHS coupling strategy and a
commercial bioconjugation kit. These two approaches were applied in different
platforms: the EDC/NHS method was used in the lateral flow immunoassay for milk
protein detection described in Chapter 3, while the commercial kit was utilized in the

Beads-on-a-Tip assay for SARS-CoV-2 spike protein detection in Chapter 4.

2.4.1 Conjugation of Modified UCNPs-Polymer/PAA and Antibody

The modified UCNPs-polymer/UCNPs-PAA (0.1 mg) were first activated by 1-ethyl-3-
(3 dimethylaminopropyl) carbodiimide (EDC) with 0.1 mg and 0.2 mg of N-
hydroxysulfosuccinimide (sulfo-NHS). Then, the reaction mixture was incubated for 20
mins at 35 °C, rotated at 700 rpm. After that, the activated UCNPs were centrifuged
for 12 mins at 20,240 g and dispersed with MES buffer (15 mM, pH 5.5), sonicated,
and washed two more times. After the last centrifugation, 40 ul HEPES buffer (15 mM,
pH 7.1) and 4 uL detection antibody (1 mg/mL) were added, making the final volume
to 50 uL. The solution was then incubated for 3 hrs at 27 °C, rotated at 700 rpm. The
conjugates were obtained by centrifugation for 12 mins at 20,240 g, and then
dispersed in HEPES buffer, sonicated and washed two more times. After being
washed, the conjugates were dispersed in the 0.1 mL storage buffer at 4 °C. The
antibody was used as purchased without further purification. This method was used in
Chapter 3.

2.4.2 Conjugation of antibody on the surface of UCNPs-polymer with the commercial
kit

AnteoTech Nano Kit (A-PCKS) was used for bioconjugation of the UCNP-polymer with
detection antibodies. In brief, 12 yL UCNP-polymer (10 mg/mL) were mixed with 100
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ML activation buffer containing 25 mM sodium fluoride and incubated on a shaker (800
rpm) for 1 hour at room temperature. Then, the active nanoparticles were washed with
particle washing solution (200 uL) once and then conjugation solution (200 yL) by
centrifugation at 20,240 g for 1 hour at 4°C. Subsequently, 200 pyL of conjugation
Buffer were added. Then 100 pL active UCNP-polymer solution containing 25 mM
sodium fluoride mixed with 4 pL of detection antibody (1 mg/mL). The mixture was
incubated on a shaker (800 rpm) for 1 h at room temperature. Next, 10 yL of BSA
solution (10% w/w) was added to the mixture, followed by another one-hour incubation.
The delta spike antibody-UCNPs (UCNPs-Abs) were, then, centrifuged at 20,240 g for
1 h at 4 °C and washed with the storage buffer. Finally, the UCNPs-Abs were
resuspended in 100 pL of storage buffer and stored at 4 °C for further use. This method

was used in Chapter 4 to 5.

2.4.3 Conjugation of magnetic beads with Abs (MBs-Abs)

Magnetic bead surface modification is included in this chapter as a preparatory step
for subsequent assay platforms developed in Chapter 4 and 5. The EDC-NHS method
was used for the bioconjugation of MBs with capture antibodies. First, the MBs were
washed three times by adding 100 uL of 25 mM MES, pH 5, and mixing well. After
washing, 0.1mg of beads (30 mg/mL) was transferred to a reaction tube and
concentrated to generate a 100 mg/mL solution. EDC and NHS were each separately
dissolved in 25 mM MES buffer (pH 5) at a concentration of 40 mg/mL. Then, 25 ul of
the EDC solution and 25 pL of the NHS solution were added to the washed MBs. The
mixture was gently mixed and incubated with slow tilt rotation at room temperature for
40 mins. Following activation, the tube was placed on a magnet for 1 min to separate
the beads, and the supernatant was removed. The MBs were then washed three times
with 200 pL of 25 mM MES buffer, pH 5. Next, 1 ug of capture antibodies, dissolved in
25 mM MES buffer (pH 5), was added to the activated MBs, adjusting the final volume
to 50 uL. The mixture was incubated for 1 hour at room temperature with slow tilt
rotation. After antibody conjugation, the tube was placed on a magnet for 1 min, and
the supernatant was discarded. The MBs-Abs were then washed three times with
washing buffer (10 mM phosphate buffer, pH 7.4 containing 0.05% Tween-20).
Subsequently, 1 % BSA was added for blocking, and incubated for 40 mins. Finally,
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the MBs-Abs were washed three times with washing buffer to complete the

conjugation process and store in 25 yL 10 mM phosphate buffer.

2.5 Conclusion

This chapter describes the experimental procedures for UCNP synthesis, surface
modification, and antibody bioconjugation used in this thesis. Ligand exchange using
custom-designed polymers enabled the transfer of UCNPs into aqueous media and
provided functional groups for subsequent antibody coupling. Antibody conjugation
was achieved using both EDC/NHS chemistry and a commercial bioconjugation Kit,
depending on the assay platform employed in later chapters. In addition, magnetic
beads were functionalized with capture antibodies as a preparatory step for sandwich-
format assays. Together, these procedures establish the experimental foundation for

the UCNP- and MB-based biosensing platforms developed in subsequent chapters.
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Chapter 3 Milk protein detection Based on Lateral Flow

Immunoassay

Lateral flow immunoassay (LFIA) remains the most widely adopted technique in point-
of-care testing (POCT) due to its simplicity, portability, and rapid detection capability.
These advantages make it highly suitable for diverse applications, ranging from clinical
diagnostics to food safety monitoring. In this project, we aim to achieve two primary
objectives: (1) to detect 1% of A1 protein in milk (the requirements set in the dairy
industry) with high sensitivity, and (2) to translate LFIA technology into practical
industrial applications, bridging the gap between laboratory innovation and real-world
implementation in the dairy sector. Milk quality is central to the dairy industry, as
variations in milk proteins can significantly impact its nutritional value, safety, and
overall product consistency. Although the monitoring of such protein variants is
critically important, conventional detection technologies are not easily adapted for
routine quality control in milk production, largely due to their complexity, cost, and lack
of on-site applicability. This research aims to deliver a robust, sensitive, and scalable
diagnostic tool that meets industrial requirements for speed, reliability, and ease of
use. Through our collaboration with A2 company, we seek to advance the commercial
viability of nanoparticle-enhanced LFIA platforms, ensuring consistent compliance

with stringent quality standards and regulatory requirements across dairy products.

3.1 Background and current problem
Cows’ milk is the base of a variety of dairy products consumed by most people. Milk
from dairy cows has been regarded as nature's complete food, providing an important

source of nutrients, including high-quality proteins, carbohydrates, and selected

micronutrients. Casein and whey proteins constitute more than 85-90% of cow’s milk

proteins? (Figure 1a). Of emerging importance in the past decade has been milk
protein composition, more specifically the concentration of A1, which has been linked
by clinical and epidemiological studies to a range of short- and long-term health effects
and disease risk 3%. When digested in the small intestine, A1 releases a bioactive
peptide called beta-casomorphin-7 (BCM-7) (Figure 1b). Binding of this BCM-7
peptide to the opiate receptors in the gut has been demonstrated to result in

gastrointestinal inflammation and subsequent symptoms of lactose intolerance.
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Additionally, epidemiological and mechanistic studies reflect a potential correlation
between the consumption of A1 beta -casein and diabetes mellitus type 1, coronary
heart disease, infant death, and autism 7-°. In contrast, A2 and other variants show
minimal associations or impacts on health. Hence the selective exclusion of A1 from

milk may avoid symptoms and undesirable effects.

The profiles of protein variants even vary for a given breed of cow and are affected by
many factors including season, weather, feed, nutritional levels, health status, exercise,
age, stages of milking, intervals of milking, lactation period ' ''. With such structural
similarity of A1 and A2, it is challenging to distinguish and resolve these two proteins
by standard biochemical means, let alone quantify them in a mixture. Most of the milk
quality control tools focus on the testing of chemical composition, milk purity and
various microbial levels rather than specific protein targeting'2. Rapidly and effectively
screening the right milk source on the farm poses a challenge, necessitating the
development of a rapid protein test. This is particularly important in the context of A2
milk production, where any contamination with A1 during milk processing is considered
a departure from the standard quality. Therefore, from an industry application
standpoint, there is a critical emphasis on rapidly testing proteins to ensure the quality

of milk products.
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Figure 1. a, The composition of milk protein; b, the structure difference between A1

and A2 beta-casein

3.2 The traditional detection methods for A1 protein
The traditional methods for detecting and measuring A1 protein include ultra-

performance liquid chromatography and high-resolution mass spectrometry (UPLC-
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HRMS) for intact proteins, which can characterize the major milk proteins and their
genetic variants with the goal of detecting 2% A1 in A2-based infant formula'3. A liquid
chromatography-tandem mass spectrometry (LCMS) method has been demonstrated
to confirm the presence of 1% A1-like beta caseins in A2 milk'. Besides, a
commercialized sandwich ELISA kit is available for detecting A1 beta casein with the
LOD of 3.1 ng/mL and has been applied for detecting A1 protein in milk products™®.
However, these methods are constrained by long reaction time, limited quantitative
capabilities and non-rapid detection necessitating the development of a more efficient

and convenient detection technique.

3.3 Rapid detection methods for A1 protein

Several rapid detection methods have been developed for milk protein analysis, as
summarized in Table 1. Among them, a rapid testing method involves a label-free
optical biosensor sandwich format immunoassay exploiting surface plasmon
resonance detection for the estimation of the beta-casein content'®. The LOD for total
beta casein was 5.5 ng/mL, and it has been applied to detect the fluid milk, with
quantified beta casein content of 2.3 mg/mL. Another method used carboxyl-modified
fluorescent microspheres (FMs) covalently conjugated with antibodies to form
antibody-FMs complexes, which were then applied in a lateral flow assay'’. The
detected concentration of total casein in defatted milk was 100 ng/mL. However, these
methods were exclusively used for detecting total beta casein and not for specific
protein identification. A competitive microsphere-based detection method has been
developed to distinguish between A1 and A2 beta-casein proteins'®. This method has
been applied to detect the adulteration of raw milk with 1% A1A2 milk in A2A2 milk,
which originates from cows genotyped as A1A2 and A2A2, respectively. However, the
washing steps could be operator-dependent, potentially resulting in increased

procedural complexity.

Table 1. The Rapid detection methods for A1 protein

Reaction | Analytical | Real sample
Method Principle Ref
time LOD Performance
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5.5 ng/mL

2.3 mg/mL of
Biosensor Sandwich of total
6 mins total beta casein 16
immunoassay | format beta
in milk
casein
Fluorescent 100 ng/mL of
microspheres 20 mins - total caseins in 7
assay milk
Competitive

adulteration of
Microsphere | format
raw milk with 1%
homogenous 40 mins - 18
A1A2 milk in
immunoassay
A2A2 milk

3.4 The problem with milk antibody and solution

As discussed in Chapter 1, highly doped UCNPs can provide enhanced luminescence
intensity, which is beneficial for improving assay sensitivity in LFIA. In this work, highly
doped core-shell B-NaYF4 nanoparticles co-doped with 40% Yb3* and 4% Er®* were
employed as signal reporters for the detection of A1 protein through a sandwich-format
immunoreaction. A key challenge in this study arises from the limited availability of
antibody pairs suitable for A1 protein detection. Currently, only polyclonal antibodies
are commercially available for A1 protein, which generally exhibit lower binding
efficiency in sandwich assays compared with monoclonal antibody (mAb) pairs. To
illustrate the impact of antibody affinity on sandwich assay performance, ELISA
experiments were performed in this work using polyclonal antibodies for A1 protein
and monoclonal antibody (mAbs) for SARS-CoV-2 proteins, and the results are shown
in Figure 2. The SARS-CoV-2 system is introduced here solely as a methodological

reference to demonstrate the influence of antibody pairing on assay efficiency.
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Figure 2. The comparison of binding efficiency between A1 and SARS-COV-2 protein

detection in ELISA (n=3 at each concentration)

A straightforward application of protocols from our previous studies'® using PAA
modified UCNPs resulted in significant non-specific binding on the test line in LFIA
Figure 3a), which ultimately leads to the failure of the assay (Figure 3b). To establish
a new platform that is suitable for A1 protein detection, we modified UCNPs with
POEGMEA based RAFT polymer to reduce the non-specific binding on the test line
and further develop a protocol to conjugate polyclonal antibodies (pAbs) onto UCNPs
(See the detailed polymer synthesis in Section 2.2.2.1 in Chapter 2. Currently, several
studies have applied POEGMEA-based coatings on nanoparticles across different
application areas. For example, coating magnetic nanoparticles with POEGMEA
effectively reduces non-specific protein adsorption?®. When applied to mesoporous
silica nanoparticles, POEGMEA forms a hydrophilic outer brush layer that enhances
colloidal stability and imparts stealth characteristics, while supporting an inner pH-
responsive PDEAEMA layer for controlled drug release?'?2. Optimizing the chain
length of POEGMEA on UCNPs provides best condition for long-term colloidal stability
and high antibody conjugation efficiency?3. However, this work represents the first
application of POEGMEA-modified UCNP conjugates in LFIA, as well as incorporating

two key practical factors.
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Figure 3. PAA modification and the results on assay. a, The non-specific binding of
the PAA modified UCNPs; b, A1 protein concentration dependent SNR for the LFIA by
using PAA modified UCNP conjugates (n=3 at each concentration). This assay fails to

exhibit a linear relationship between the SNR and protein concentration.

In this work, firstly, a dry chemistry method (SI) was employed to fabricate the paper
strips, aimed at industrial translation, in which the conjugates were sprayed onto the
conjugation pad and dried, rather than being off-line reacted with analysts in
suspension, as commonly reported in literatures. Second, a pair of polyclonal
antibodies (pAbs) was used in the LFIA, instead of the more commonly used mAbs.
To overcome this challenge, we created a strip design with a two-line configuration
and successfully realized the test with linear relationship between A1 protein

concentration and reporting signal.

3.5 Design of Strip and UCNP Probe
Our design of the upconversion luminescence based lateral flow assay is shown in

Figure 4a. The reporter is made by upconversion nanoparticles conjugated with the
detection antibody (polyclonal AbA1A2), namely UCNP-AbA1A2 conjugates. The

conjugation between UCNPs and antibodies was facilitated by a polymer linker. As the
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capture antibody of AbA1 is polyclonal, it may recognize and bind to many different
epitopes of a single protein. To reduce this non-uniformity, we designed two lines on
the NC membrane, i.e., a test line and a control line. With flow running, the sandwiched
immunoreaction occurs at the test line and excessive conjugates are captured at the
control line. The high lipid content in milk will prevent the flow on strips. Thus, to
optimize the flow dynamics and ensure accurate assay performance, a dilution series
of milk samples was prepared for detection by using the UCNPs-LFIA. As shown in
Figure 4b, the signal-to-noise (SNR) was equal to S/N, where S is the the intensity

ratio (T/C line) of experimental group (with proteins), and N is the intensity ratio (T/C

line) of control group (without proteins).
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Figure 4. LFIA for A1 beta-casein protein detection. a, Schematic of the sandwich-
based UCNPs-LFIA; b, lllustration of SNR calculation
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3.6 Methods
3.6.1 Materials

3.6.1.1 Reagents

YCl3-:6H20 (99.99%), YbCI3-6H20 (99.99%), ErCls-6H20 (99.99%), NaOH (98%),
NH4F (99.99%), 1-octacene (ODE), oleic acid, Tetrahydrofuran (THF), 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide (EDC), sulfo-NHS (N-hydroxysulfosuccinimide),
MES powder, Poly(acrylic acid) powder, HEPES powder, Polyvinylpyrrolidone (PVP),
Sodium Chloride Solution, Trizma base (= 99.9%), Tween-20, Bovine Serum Albumin
(2 96%), Sucrose (= 99.5%).

3.6.1.2 Antibodies

Anti-chicken IgY secondary antibodies were purchased from Thermofisher Scientific
(Massachusetts, USA) Rabbit anti-beta casein protein Polyclonal Antibody (detects
both A1 and A2 beta -casein isoforms) (1 mg/mL), Chicken anti-Casein, A1 beta
polyclonal Antibody (0.5 mg/mL), A1 and A2 beta -casein protein (0.4 mg/mL) were
purchased from Biosensis Pty Ltd Adelaide, Australia). Goat anti-Chicken IgY (H+L)
Secondary Antibody, HRP was purchased from Thermofisher. SARS-CoV-2 spike
monoclonal antibody (40589-D008), SARS-CoV-2 omicron spike RBD specific
antibody (40589-D007) and SARS-CoV-2 omicron (XBB.1.16) spike S1+S2 trimer
protein (40589-V08H48) were purchased from Sino Biological, China.

3.6.1.3 Buffers

We developed two different coating buffers for the test line and control line, coating
buffer for the test line (10 mM Tris buffer, 0.2% Triton, 0.5% Sucrose) and the control
line (10 mM Tris buffer, 0.5% Sucrose), respectively. The storage buffer (20 mM Tris
buffer, 2.5 mM NaF, 1% Sucrose, 0.4% Tween, 1% BSA, 0.9% PVP, 0.5 M NaCl) is
used to store the UCNPs after conjugation. The running buffer (10 mM Tris buffer, 1%

BSA, 1% Tween) was used to dilute samples for strip testing.

3.6.1.4 LFIA components

Sample pad (Product 8114-2250, Whatman CF4, 22 mm x 50m, 482 um thickness)
and Nitrocellulose membrane (Product 10547153, Whatman FF170HP 20 mm x 50m)
were purchased from Cytiva Pty Ltd (Sydney, Australia). Conjugation pad (254 mm x

0.3 m) was purchased from Biotech Australia Pty Ltd (Melbourne, Australia).
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Absorption pad (15 mm x 100 m) was purchased from Alcolizer Pty Ltd (Perth,

Australia).

3.6.1.5 Milk and Infant Formula Source

Milk and formula containing both A1 and A2 beta casein or A2 beta casein only were

obtained through purchase of commercially available products.

3.6.2 Fabrication of Lateral Flow Strips

The overall components of our strip include a sample pad, conjugation pad, NC
membrane, and absorption pad. Since the background noise of polyclonal antibody is
high in this experiment, A1 beta Polyclonal Antibody (AbA1) was diluted 20 times with
coating buffer to decrease non-specific binding. The test line and control line on the
NC membrane were fabricated by capillary pens loaded with the diluted AbA1 (0.025
mg/mL) and anti-chicken IgY secondary antibody (IgY) (0.1 mg/mL), respectively. The
distance between the two lines was set to 4 mm. The original conjugates were sprayed
on the conjugation pad with 0.3 pl x 3 times using the dry chemistry method. The end
of each element of the strip was overlapped by 2 mm, thus ensuring a continuous flow
of the sample solution. The conjugation pad and NC membrane were dried in a 37 °C
oven for 2 hrs. Once assembled and cut to a width of 3.3 mm, the strips were stored

in the desiccator for further use.

3.6.3 Strip reader design

The lateral flow assay was operated under an excitation power density of
approximately 250 mW/cm?2. At this excitation level, the use of highly doped
upconversion nanoparticles is sufficient to achieve robust signal generation for lateral
flow detection. For signal acquisition, the strip was placed into a purpose-built test
machine (Figure 5), which integrates a 980 nm near-infrared laser excitation source
and a spectrometer for detecting upconversion luminescent signals at the test (T) and
control (C) lines. The laser beam was focused to a spot size of approximately 400 um
and directed onto the surface of the strip. A scanning process along the X-axis was
employed to sequentially excite predefined regions corresponding to the C line (2.2—
2.8 mm) and the T line (4.6—-5.2 mm) (Figure 6). The total reaction time for each strip
was less than 10 min, and the scanning and readout process required approximately
40 s per strip.
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Figure 5. Custom-built 980 nm excitation and detection system for UCNP-based LFIA.
The system employs a 980 nm laser for excitation, and the upconversion emission is
collected through a dichroic mirror and an 842 nm short-pass filter and recorded by a

spectrometer during controlled X-Y stage scanning
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Figure 6. Schematic illustration of the scanning position and process for UCNP-based
LFIA signal acquisition. The laser spot (=400 um) is moved across the T and C lines
along the lateral flow direction, with defined scanning regions covering the respective

line widths

3.6.4 Strip Testing Procedure

The milk was diluted directly without pre-treatment. 50 ul experimental (with A1 protein

or milk products) or control groups (buffer only) were added to the test strip. The
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solution of infant formula was formed by adding 0.1 mg powder to 0.1 ml running buffer.
After adding the sample, the strip was placed into our purpose-built test machine to
allow reading of the luminescent signal on both the T and C lines within 10 mins. The
luminescent signal was recorded within 10 min while the strip remained moist. At this
stage, sufficient residual moisture helps dissipate heat generated by laser excitation,
thereby preventing local overheating or damage to the nitrocellulose membrane. The
effect of water-induced luminescence quenching was minimal and did not significantly

affect signal intensity or assay reproducibility.

3.7 Results
3.7.1 Morphology, Optical and Surface Properties of UCNPs

The surface of the as-synthesized UCNPs core (beta -NaYF4:40% Yb3*,4% Er3*) and
core-shell (beta-NaYF4:40% Yb3*,4% Er**@ NaYF4) are capped by oleic acid,
monodispersed in cyclohexane. The detailed synthesised protocol was in section 2.1.1,
2.1.3and 2.1.4 in Chapter 2. The size of synthesized core and core-shell UCNPs cores
were 27 and 30 nm, respectively. There was no sign of aggregation from the
transmission electron microscopy (TEM) image (core UCNPs in Figure 7a and core-
shell UCNPs in Figure 7b) and the size distribution analysis of core and core-shell
UCNPs (Figure 7c and 7d).
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Figure 7. Characterization of the synthesized UCNPs. a, TEM image of NaYF4:40%
Yb,4% Er core UCNPs (Scale bar: 50 nm); b, TEM image of NaYF4:40% Yb,4% Er
core-shell UCNPs (Scale bar: 50 nm); ¢, The size distribution analysis of core UCNPs;

d, The size distribution analysis of core-shell UCNPs

To change the hydrophobic to hydrophilic state, the oleate ligands on the surface of
the UCNPs have been replaced with a custom designed polymer, the detailed
characterization before and after surface modification process is in Chapter 2.2.2.
Then, the polymer modified UCNPs have been further conjugated with the pAbs
(AbA1A2) using EDC chemistry. The successful conjugation with antibodies can be
confirmed using dynamic light scattering (DLS) and zeta potential measurements. As
shown in Figure 8a, the Z-average hydrodynamic diameters of UCNPs coated with
oleic acid, polymer, and antibody were 38 £ 0.05 nm (Pdl = 0.041), 50 + 0.05 nm (Pdl
= 0.048), and 220 + 1.2 nm (Pdl = 0.367), respectively. The DLS distribution plot
indicated that both hydrophobic OA and hydrophilic polymer ligands resulted in a
narrow size distribution of nanoparticles. While a slight broadening and an increase in
average particle size were observed following antibody conjugation, this on one hand
confirms the successful attachment of antibodies, and on the other hand suggests that
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some UCNPs may have formed dimer structures due to antibody-induced
aggregation?*. The surface charges (zeta potential) of the polymer and antibody-
functionalized UCNPs were -17.7 £ 0.5 mV and -23.7 £ 0.5 mV, respectively (Figure
8b). The negative surface charge of the polymer-coated UCNPs can be attributed to
the presence of carboxylic acid groups on the polymer, which deprotonate in aqueous
solution. The further increase in negative charge after antibody conjugation is likely
due to the net negative charge of the A1A2 antibodies, further confirming successful

bioconjugation.
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Figure 8. Characterization of the UCNPs before and after conjugation. a, DLS for
UCNPs-OA, UCNPs-polymer and UCNPs-AbA1A2 conjugates; b, Zeta potential for
UCNPs-polymer and UCNPs-AbA1A2 conjugates

3.7.2 LFIA assay optimization

3.7.2.1 Decrease non-specific binding

By using the polymer modified UCNPs, it only shows slightly excessive signal on the
test line compared with non-test areas (ratio 1.1) in the paper strip (Figure 9a), proving
the significantly reduced polymer linker induced non-specific adsorption on the test
line compared with the case for PAA modified UCNPs (Figure 9b, ratio 1.8). While
following the conjugation with AbA1A2, the conjugates show another type of non-
specific binding because of the existence of antibodies (Figure 9c). Nevertheless, the
overall non-specific binding is much reduced for the conjugates with our polymer as

the linker compared with using PAA for the two-line design, as shown in Figure 9d. As
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further illustrated by the full line-scan profiles of A1 pure protein as an example shown
in Figure 10, the signal variation is characterized by strip-to-strip fluctuations in overall
intensity rather than localized signal accumulation at specific membrane regions. This
behaviour is attributed to the heterogeneous binding characteristics of the polyclonal
antibodies, which lead to non-uniform capture efficiencies at both the test and control
lines. Consequently, individual strips tend to exhibit either globally higher or globally
lower signal intensities across both lines, rather than a gradual or spatially confined
signal increase. Importantly, this observation confirms that the modest signal
enhancement is not caused by UCNP retention or blockage within the nitrocellulose
membrane but instead reflects antibody-related variability inherent to polyclonal

systems.
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Figure 9. Strip performance assessment on non-specific binding between PAA and
our polymer. a, Non-specific binding induced by the polymer was evaluated by
applying UCNP-polymer to flow through the strip. The upconversion signal measured
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position on the NC membrane, marked in millimeters, was used to locate the T line; b,
The non-specific binding of the PAA modified UCNPs; ¢, Non-specific binding induced
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by the conjugated antibodies was evaluated by applying UCNP-AbA1A2 conjugates
to flow through the strip; d, Overall assessment of non-specific binding on the two-line
strip design, comparing the use of our polymer versus PAA as the linker for antibody

conjugation (n=5 in each polymer)
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Figure 10. Scans of the LFIA strips for A1 pure protein

3.7.2.2 The feeding ratio between modified UCNP and Abs

With this new polymer, we systematically optimized every aspect of the assay,
including nanoparticle polymer modification, antibody conjugation conditions, strip
fabrication, assay buffer composition, and testing conditions. The final protocols
presented represent the optimized procedures and have been repeated dozens of
times to ensure experimental reproducibility. Here, we have optimized of the feeding

molar ratio between modified UCNPs and AbA1A2 during conjugation (Figure 11a).
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Three batches of conjugates with different molar ratios, 1:4, 1:8, and 1:12, were
evaluated for their performance in LFIA. All three batches produced linear curves;
Although the 1:4 ratio group showed a comparable detection range to 1:8, its SNR
was consistently lower, likely due to insufficient antibody coverage on the UCNP
surface, which limits the formation of stable immunocomplexes and reduces overall
binding efficiency (Figure 11b). In contrast, the 1:12 ratio group exhibited the lowest
SNR and a narrower detection range, likely due to excess antibody loading, which
leads to increased non-specific binding. The 1:8 ratio was identified as the optimal
conjugation condition, providing a balanced antibody density that maximizes assay

sensitivity while maintaining signal stability.
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Figure 11. The optimization of feeding ratios modified UCNPs and AbA1A2. a, The
linear curves obtained from UCNP-labeled immunoprobes at different ratios modified
UCNPs and AbA1A2 (1:4, 1:8, and 1:12) in response to varying concentrations of A1
B-casein protein (n=3 at each concentration); b, Schematic illustration of different

feeding ratios before and after lateral flow
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3.7.2.3 The concentration of Abs on T line

To optimize the performance of the LFIA, we evaluated the effect of varying the
concentration of the capture antibody (AbA1) coated on the test (T) line of the
nitrocellulose (NC) membrane. Four different concentrations (0.1, 0.05, 0.025, and
0.015mg/mL) were tested to determine the condition that yields the highest SNR
across a range of A1 B-casein concentrations. As shown in Figure 12, all groups
exhibited a positive signal response, with SNR increasing as the target concentration
rose, followed by a decline at higher concentrations. Notably, the T line coated with
0.025 mg/mL AbA1 demonstrated the highest overall SNR, suggesting it offers the
best balance between sufficient antibody availability for target capture and minimized

non-specific background.
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Figure 12. Optimization of the concentration of AbA1 on the T line of the nitrocellulose
(NC) membrane in LFIA was performed using four different AbA1 concentrations (0.1,
0.05, 0.025, and 0.015mg/mL), each evaluated across a series of A1 B-casein

concentrations (n=3 at each concentration)

3.7.2.4 The percentage of Tween-20 for different cartridge (increase the reaction
time)

To regulate the flow rate and enhance interaction time between the target and capture
reagents, we optimized the percentage of Tween in the running buffer. Three different

Tween concentrations (0.2%, 0.4%, and 0.8%) were evaluated in the LFIA system. As
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shown in Figure 13, the 0.4% Tween-20 group demonstrated the highest SNR,
suggesting that this concentration provides an optimal balance between flow speed
and antigen—conjugates interaction. In contrast, both lower (0.2%) and higher (0.8%)
concentrations resulted in reduced SNR, likely due to insufficient or overly delayed

flow, respectively.
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Figure 13. Optimization of Tween-20 concentration in the running buffer for LFIA.
Three concentrations of Tween-20 (0.2%, 0.4%, and 0.8%) were tested to evaluate

their effect on assay performance (n=3 at each concentration)

3.7.3 Performance Evaluation: Limit of Detection and Specificity

Then we used the optimized condition from 3.2.3 for LFIA test to explore the LOD,
which is calculated to be 0.061 ng/mL, as shown in Figure 14a. The LOD in this work
is defined as 3.3 times of standard deviation of the blank samples divided by the slope
of the calibration curve. The response for A1 protein detection showed great linearity
in the range from 0.001 ng/mL to 10 ng/mL (R2 = 0.998 and R2 = 0.969). While a high
concentration of A1 protein, such as 100 ng/mL, resulted in a decreased SNR, due to
excess antigen saturating the available binding sites on the capture and detection

antibodies, hindering the formation of a sandwich complex on the T line (Figure 14b).
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Figure 14. Strip performance assessment. a, Linear relationship curve and LOD (n=10

at each concentration); b, Schematic of the normal sandwich format.

Due to the similar structures of A1 and A2 proteins, the accuracy of the results can be
influenced by the presence of the A2 protein molecules that typically dominate among
beta-casein milk proteins. To validate the specificity of our method, we used the strips
to assess the detection of A2 protein, aiming to also assess any potential cross-
reactivity of A1 antibody with A2. 10 ng/mL A2 protein was applied to the strip, yielding
nearly the same SNR as the control (Figure 15 orange and grey bars). This verified
the absence of a cross reactivity of the A1 antibody with A2 protein. Alternatively, we
mixed the A1 and A2 in a ratio of 1% to 99% and diluted the mixture by running buffer
(Figure 15 red bars), to further confirm the specific detection of A1 without A2
interference. We found that the SNR of 1% A1 protein in A2 protein was similar to the

recombinant A1 protein detection shown in Figure 2d, indicating satisfactory specificity.
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Figure 15. Specificity testing of the UCNP-based LFIA in the presence of A2 protein.
SNR measurements were performed for the blank control, A2-only samples, and
mixed A2:A1 samples at a fixed ratio of 1:100 to evaluate assay specificity against

potential interference from structurally similar milk proteins (n=5 at each concentration)

3.7.4 Eliminating Interference from Unknown Ingredients in Milk Products

We next analyzed whether our test method was affected by potential influences from
other ingredients in milk and formulas. Given the complex and varied nature of
ingredients in milk products across different brands, creating a buffer that accurately
mimics all these components poses a significant challenge. Here, we utilized A2
branded milk and infant formula as sources of unknown ingredients. These products
were either diluted by a factor of 10* or prepared as a solution of 0.01mg/mL using
running buffer, forming background buffers A and B. The decision to use A2 branded
products was due to the claimed absence of A1 proteins. Next, we attempted to detect
A1 recombinant proteins in background buffers A and B (Figure 16). Compared to the
detection in running buffer shown in Figure 15a, we observed relatively lower SNR,
which indicates the interference of other unknown ingredients. Fortunately, despite the
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notable influence, we found that the A1 protein can still be detected within the dilution

range of 0.1-100 ng/mL, with a linear relationship from 0.1 ng/mL to 10 ng/mL.

a b
16 16
1.4 1 1.4 1
: | t

1.2 1.2 4

Ziols ] z 10-1

»n ] n E I
0.8 H 0.8 -
0.6 - 0.6 -
0.4 Ly . 0.4 L4 .

(I)”0.6010.E)1 01.1 1 110 1(|)0 6%.(5010.61 0.|1 1 110 160
A1 in background buffer A (ng/mL) A1 in background buffer B (ng/mL)

Figure 16. Calibration curve of A1 protein detection in background buffer A (a) and

buffer B (b) (n=5 at each concentration)

3.7.5 A1 protein quantified in milk and infant formula

Following the establishment of this UCNP-LFIA technology, we further demonstrated
its ability to quantify A1 protein in three brands of milk and three brands of infant
formula, respectively. The milk was diluted 10* to 10° times using running buffer
directly. For the formula, we initially weighed 1 mg and diluted in distilled water to a
concentration of 1 mg/mL, then further diluted it by 102 to 108 using the running buffer
without any protein. As shown in Figure 4, one brand of milk and one brand of infant
formula yielded undetectable signals, while the other two products showed strong
positive SNR. By calibrating this with the established linear relationship curve (red line
in Figure 17a and blue line in Figure 17b), we quantified the A1 concentration to be
7.6 ng/mL at 10° dilution of the milk 2, equivalent to 0.76 mg/mL of A1 in milk 2. In milk
3, due to the concentration measured at 10° has exceeded our detection linear curve;
in order to obtain a more accurate concentration value, we use the quantitative

detection value at a dilution of 108, yielding the concentration with 1.42 ng/mL. This
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means that the A1 content in milk 3 is 1.42 mg/mL. Similarly, we quantify the A1
concentration to be 6.3 ng/mL and 1.8 ng/mL at the 103 dilution of the infant formulas

1 and 2, respectively. While the A1 non-detectable milk and infant formula samples

are the A2 branded ones as expected.
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Figure 17. A1 protein detection and quantification in Milk (a) and infant formula (b)

(n=5 at each concentration)

3.7.6 Validity analysis of testing results

Table 2. The comparison of our testing method with LCMS
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LC-MS

Our testing method

A1 in total beta- | A1 in milk, A1 in total beta- | Detected A1 in
casein, (%) g/100 mL casein, (%) milk, g/100 mL
Milk 1 <1 - - -
Milk 2 14.9 0.149+0.0298 |7.6+1.52 0.076 +0.0152
Milk 3 16.5 0.165 + 0.033 14.2 +2.84 0.142 +0.0284
Detected A1 in
A1 in total beta- | A1 in milk, A1 in total
infant formula,
casein, (%) g/100 mL casein, (%)
g/100mL
Infant formula 1 | 32.6 - 10.2 0.00063
Infant formula 2 | 18.3 - 4.6 0.00018
Infant formula 3 | <1 - - -

To validate our results, we compared them with that from LC-MS measurement (Table
2). All LC-MS measurements of the six products, including sample treatment, were
conducted by third party providers and report the A1 protein content as a percentage
of the total beta-casein. The beta-casein content in milk can fluctuate due to the
season, conditions and other environmental factors, but it generally falls within the
range of 10,000 ppm £ 2,000 ppm. This range was used for our calculations. From the
results, we can confirm the ability of our method to differentiate the concentration
difference of A1% in total beta-casein across different brands of milk, as well as
providing the concentrations of A1 protein in milk. The tested trend of A1 percentage
in total beta-casein for milk is Milk 1 < Milk 2 < Milk 3, which is consistent with the LC-
MS results. Infant formula is a processed product, and its beta-casein content can vary
depending on the formulation, which is unknown in our case. Therefore, a direct
comparison between our test results and the LC-MS data is not feasible. As shown in

Table 1, we were able to determine the A1 concentration and calculate its percentage
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relative to total casein, based on the additional product information provided in Table
3.

Table 3. Information from commercial product information

Information from products
total beta-casein | 1 scoop of
Total casein, total protein,
in milk, powder,
g/100 mL g/100 mL
g/100 mL g/100mL
Milk 1 3.3
Milk 2 1+0.2 - 3.4
Milk 3 3.3
Infant formula 1 9.1 0.56 1.4
Infant formula 2 - 15 0.59 1.5
Infant formula 3 15 0.59 1.5

3.8 Conclusion

In this study, we have designed a sandwich format-based lateral flow immunoassay
platform with UCNPs as reporters for milk protein detection. Our method achieved a
limit of detection of 61 pg/mL. We have validated the method for specificity to A1 beta-
casein protein, capable of differentiating 1% of A1 in A2 proteins. This platform
technology has been successfully applied for rapid and quantitative detection of A1
protein in milk and infant formula, without the need for sample pretreatment. The
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simplicity of this method fully meets the growing demand for quick, reliable, and easy-

to-use diagnostic tools in various settings within industries and rural farms.

3.9 Prospective
Despite the successful development of a UCNP-based LFIA platform for A1 B-casein
detection, several challenges remain, primarily stemming from the properties of the

antibody and the complexity of real milk and formula samples.

Currently, only polyclonal antibodies specific to A1 B-casein are commercially
available, and these exhibit inherent limitations in sandwich immunoassays. As
Polyclonal antibodies bind to multiple epitopes, which will lead to batch-to-batch
variability, lower binding specificity, and a higher likelihood of nonspecific interactions
on the test line. This was obvious in our initial experiments using PAA-modified UCNPs,
where high background signals were observed due to nonspecific adsorption.
Furthermore, both traditional ELISA and LFIA using polyclonal-pair antibodies showed
relatively low SNR, which may also be attributed to the poly-poly combination. While
the composition of beta-casein in fresh milk is relatively consistent, the performance
of A1 detection in infant formula is more challenging due to the presence of various
added components. These complex matrices can interfere with antibody-antigen

binding, ultimately affecting the SNR and performance of the assay.

Based on the results from Table 1, our quantified percentages are relatively lower
compared to those obtained from the LC-MS measurements. The loss of A1 proteins
in LFIA could be attributed to two possible reasons. First, A1 protein loss may occur
before the sample reaches the test line, potentially due to it becoming trapped in the
sample pad or NC membrane (Figure 18a). Second, in fresh milk in particular, beta-
casein is primarily located at the core of casein micelles, making it inaccessible to the
conjugates, which could contribute to the observed loss (Figure 18b). To address
these concerns, future development should focus on designing tests that measure
both A1 and A2 proteins in a given sample. By doing so, the A1 protein percentage
can be determined relative to the A2 protein, mitigating the impact of pad or
membrane-induced losses. Moreover, incorporating a chaotropic agent in the running
buffer may help release (-casein, while using a reducing buffer (such as DTT or BME)

could break the k-casein bonds on the outer shell of the micelle. This approach would
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enhance the accessibility of A1 proteins, maximizing their interaction with the

conjugates and improving their capture efficiency.
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Figure 18. The Scheme of the loss of A1 proteins in LFIA. a, Sample loss occurs as
target proteins may be retained or non-specifically adsorbed before reaching the test
line, reducing detection efficiency; b, lllustration of casein micelle structure, where [3-
casein is primarily embedded within the hydrophobic core of the micelle, reducing its

accessibility to UCNP—-antibody conjugates during detection.
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Chapter 4. Beads-on-a-Tip Platform for SARS-CoV-2

Antigen Detection

Through the first project, we achieved a limit of detection of 61 pg/mL for milk protein,
with a dynamic detection range extending from 1 pg/mL to 100 ng/mL. While these
results demonstrate a high sensitivity for milk protein analysis, we identified two key
factors that motivated a strategic shift in our platform development toward SARS-CoV-
2 protein detection. Firstly, as detailed in Chapter 3, we conducted a comparative
study of antibody binding efficiencies using sandwich ELISA for both milk proteins and
SARS-CoV-2 antigens. The results revealed that the antibody pair targeting SARS-
CoV-2 exhibited significantly higher binding efficiency than the milk-specific antibodies,
which are mostly polyclonal and prone to lower specificity. Secondly, the practical
requirements for milk protein detection generally do not necessitate an ultra-low LOD.
In contrast, the detection of SARS-CoV-2 antigens demands extremely high sensitivity
and a broader dynamic range. Achieving an ultra-low LOD is essential for accurate
early-stage diagnosis, enabling timely medical intervention and contributing to
improved disease management and public health outcomes. We have already used
the LFIA for the milk protein in Chapter 3, however, they often have limitations in
sensitivity, particularly when detecting low-abundance targets. To address this, we
explored the integration of magnetic beads-based assays, which offer enhanced
sensitivity and quantification capabilities compared to LFIAs. By combining the
strengths of LFIA with the improved sensitivity of bead-based systems, we aim to
overcome the limitations of LFIAs and develop a more sensitive platform for detecting
low-concentration targets. This approach not only improves detection performance but

also expands the potential applications of our technology in diagnostics and beyond.

4.1 Background

The COVID-19 pandemic underscores the urgent need for accurate, rapid diagnostics,
as early antigen detection is key to effective patient care and transmission control.
While PCR is highly accurate and widely regarded as the diagnostic gold standard™?,
its time-intensive protocol, dependence on sophisticated laboratory equipment, and
need for skilled technicians restrict its practicality in POCT in clinical settings or at
home. The World Health Organization has recommended LFIAs for emergency use,
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owing to their rapid turnaround time, affordability, and user-friendly3, but their limited
accuracy remains a concern particularly for detecting low-abundance antigens during

the early stages of infection.

LFIAs typically rely on the porous membrane, i.e., nitrocellulose membrane, to
generate capillary flow, which drives the transport of reporter nanoparticles and
facilitates their interaction with analytes at conjugation pad and with capture antibodies
at the test line*°. LFIAs often suffer from the various forms of non-specific adsorption
of reporter nanoparticles at the test line, including nanoparticles with and without active
antibodies, as illustrated in Figure 1, as non-specific binding contributes to background
noise, particularly when the analytes of target antigens are low-abundant, e.g. in the

pico-gram range.

Paper strip

Figure 1. Schematic illustration of a paper strip—based test highlighting potential
sources of non-specific adsorption at the test line on a nitrocellulose (NC) membrane.
Non-specific signal may arise from 1) adsorption of nanoparticles lacking antibodies;
2) non-specific adsorption of nanoparticle-antibody conjugates by capture antibodies;

and 3) entrapment of conjugates within the NC pore structure

To overcome these limitations, magnetic beads (MBs) have emerged as a promising
alternative solid-phase support for immunoassays.® 7 As illustrated in the Figure 2,
MBs can be functionalized with various chemical groups (e.g., -COOH, —NH3;, epoxy,
CHO, tosyl)® to enable stable covalent attachment of diverse biomolecules such as
antibodies, aptamers, peptides, and nucleic acids.® This versatility allows precise and

specific surface engineering tailored to the target analyte. Additionally, MBs offer a
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high surface-to-volume ratio for efficient biomolecule conjugation, superior colloidal
stability for homogeneous reactions, and magnetic responsiveness for rapid
separation and washing steps.'® These features collectively contribute to improved
SNR and enhanced assay sensitivity, which are particularly critical for the early
detection of antigens present at ultra-low concentrations. The following section
reviews recent advances in MBs-based immunoassay platforms and their applications

in the detection of various protein biomarkers.

Precoated
Biomolecules

oepid®” Abtame,

Funtional
Group

Figure 2. Surface functionalization of Fes3Os4 magnetic beads for biomolecule

conjugation.

4.2 The current research on the MBs-based assay

All the detection strategies summarized in Table 1 employ MBs as a key component
within a sandwich immunoassay configuration and are further integrated with diverse
analytical platforms to achieve highly sensitive and specific biomarker quantification.
Among these, plate-based systems are the most commonly adopted due to their
compatibility with conventional ELISA workflows while leveraging MBs to enhance
washing efficiency and facilitate magnetic separation. In these formats, MBs function
dually as capture substrates and solid phase supports, enabling effective isolation and
preconcentration of target analytes from complex biological matrices. This approach
has been shown to significantly improve assay performance, as evidenced by the
consistently LOD reported in the table, often reaching into the sub-picogram to

femtogram range, indicating the superior analytical sensitivity afforded by MB-
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integrated platforms. However, some detection platforms often require complex

instrumentation and precise operational procedures, which limit their suitability for

point-of-care applications.

Table 1. Summary of advanced MBs-based sandwich immunoassay platforms for

biomarkers
LOD
Method Target Detector Ref
(ng/mL)
Upconversion scanner
MBs-ULISA PSA 0.001 1
Upcon S-Pro
Magnetic modulation-
MBs-microfluidics S protein enhanced LRET 0.0021 12
biosensor
MBs-Single molecule
S1 protein Simoa HD-X Analyzer | 0.005 13
array assays
Chemiluminescence
MBs-Au CEA protein 0.0016 14
detector
MBs-Surface plasmon Brain natriuretic
_ SPR instrument 0.025 15
resonance (SPR) peptide
MBs-microwell-
Microelectrode array
based electrochemical | Amyloid beta <0.00001 | 6

sensor

(MEA) biosensor

4.3 Design of Beads-on-a-Tip platform

To minimize non-specific binding induced inaccuracies and lower the limit of detection

(LOD) while maintaining a rapid turnaround time, we here propose a pipette tip-based
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homogenous assay platform (Beads-on-a-Tip, as shown in Figure 3a) that bridges the
gap between PCR and conventional NC membrane-based LFIAs. In this work, plastic
pipette tips were selected as the assay vessel to enable low-cost implementation and
compatibility with scalable manufacturing. The tip serves primarily as a fluid-handling
and magnetic confinement component rather than an active sensing interface, while
the analytical signal originates from UCNP-labelled immunocomplexes associated
with magnetic beads. This design ensures robustness, ease of operation, and
suitability for point-of-care testing applications. In the Beads-on-a-Tip platform, we
employ the magnetic beads (MBs) as the reaction subtract, and the upconversion

nanoparticles (UCNPs) as the reporter.

Beads-on-a-tip

Sample transfer

b Sandwich immunocomplex \
@ \\

+ @ )
5
S Protein
Y - Concentrated
- Ll
E R4 rd
AP e °
i Y
UCNP-Abs

Figure 3. Schematic illustration of Beads-on-a-Tip platform and reaction process. a,
Beads-on-a-Tip platform featuring magnetic capture and localized concentration of
immunocomplexes for efficient detection; b, Formation of a sandwich immunocomplex,
followed by magnetic washing to remove unbound components and volume

condensation prior to transfer into the pipette tip.
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Our Beads-on-a-Tip platform avoids the use of NC membranes by instead utilizing
MBs. Rather than traditional paper-based strips, the entire assay is conducted within
a 10 uL pipette tip inserted into a custom-designed cartridge (Figure 3a and Figure
4a). This setup enables optical readout using our portable detection reader, which
shares the same optical path and software as the LFIA system described in Chapter
3, but utilizes a different sample holder. We further employed a magnet positioned
beneath the tip (Figure 4b) to entrap the immunocomplex within a narrow region (As
shown in Figure 3a). This entrapped region, which serves as the testing zone, is close
to the focus of the 980 nm excitation laser beam in our detection reader, which has a
beam diameter of 400 um. The entire reaction process of 100 uL suspension was
performed within disposable microtubes, which provides a homogenous reaction
environment for reagents mixing. In this platform, as shown in Figure 3b, it utilized
MBs conjugated with antibodies (MBs-Abs) to capture target antigens, which were
subsequently recognized by UCNPs conjugated detection antibodies (UCNPs-Abs),
forming a final sandwich-type immunocomplex (MBs-Abs-Ags-UCNPs-Abs). The
washing procedures were applied by an external magnet to remove unbound and non-
specifically bound components, followed by a suspension volume condense to 10 uL.
After transferring the final immunocomplex into the pipette tip, magnetic enrichment
concentrates the complexes at the test zone, ensuring that the laser excite the majority
of MBs-bound immunocomplex while minimizing interference from excess unbound
UCNP reagents remaining in the supernatant. The localized enrichment enables the

signal amplification and significantly enhances detection sensitivity.

a ‘ b
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|
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=34

Figure 4. Scheme of Beads-on-a-Tip based platform design and implementation. a,

CAD drawing of the Beads-on-a-Tip based holder (dimensions in cm); b, left: photo of
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the platform setup, right: photos of conjugated MBs and supernatant separation using

magnet

4.4 Experimental Section

4.4.1 Reagents and Buffers

The reagents and buffers used were the same as those described in Section 3.6.1.1
of Chapter 2, with the addition of Dynabeads™ M-270 Carboxylic Acid (14305D),
purchased from Thermo Fisher, and the AnteoTech Nano Kit (A-PCKS), purchased

from AnteoTech.

4.4.2 Antibodies and Antigens

The SARS-CoV-2 antibodies and antigens used in this study were the same as those
described in Section 3.6.1.2 of Chapter 2.

4.4.3 Conjugation of omicron antibody on the surface of UCNPs-polymer (modified
UCNP-ADb)

The conjugation of MBs—Abs was performed following the protocol described in
Chapter 2.4.2.

4.4.4 Conjugation of MBs-Abs

The conjugation of MBs—Abs was performed following the protocol described in
Chapter 2.4.3.

4.4.5 The procedure of ULISA assay

The microplate was coated with 5 ug of SARS-CoV-2 spike monoclonal antibody in
10 mM PBS and incubated overnight at 4 °C. The next day, the plate was washed
three times with PBS containing 0.05% Tween-20 and then blocked with PBS with 2%
BSA for 2 hours at room temperature. After blocking, the plate was washed again,
followed by the addition of serial dilutions of antigens, which were incubated for 1 hour.
The plate was then washed three times. Subsequently, UCNP-conjugated antibodies
(omicron variant spike RBD) were diluted to 40 ug /mL with the storage buffer (10 Mm
Tris buffer, pH 7.4, 150 mM NaCl, 1% BSA, 0.5% sucrose, 25 mM NaF, 1% Tween,
0.9% PVP) then added and incubated for another 1 hour. After a final washing step,
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the plate was dried completely. The results were measured using a customized 980

nm microplate reader.

4.4.6 The fabrication of test strips and procedure of LFIA test

This lateral flow assay used only one T-line design. The test line area of the
nitrocellulose membrane was sprayed with the antibody (0.125 mg/mL) using a
dispenser and dried for approximately 1 hour at 35 °C. Then, the nitrocellulose
membrane, conjugation pad, sample pad, and absorption pad were orderly mounted
on the PVC back pad with 2 mm overlap. The assembled pads were cut into strips

with a width of 3.3 mm and assembled in the cartridges.

In the strip testing, 1 yL of UCNP-Abs (1 mg/mL) was transferred to a 150 uL running
buffer (10 mM Tris buffer, pH 7.6, with 1% BSA and 0.6% Tween-20) with different
concentrations of the antigen (0, 0.001, 0.01, 0.1, 1, 10, 100, 1000 ng/mL). For the
unwashed LFIA, after mixing the samples for 5 minutes, 50 pyL of the sample solution
was added to the sample pad of the strip. For the washed LFIA, after dropping 50 uL
of sample solution, the strips were washed with 100 pL of running buffer. After 5 min,
the strip was scanned the test line by our strip reader (Lasteck Photonic Technology
Solutions, Australia) equipped with 980 nm laser. The emission intensity at 650 nm of

the nanoprobes at the test line area of NC membrane was then analyzed.

4.4.7 Confocal and wide-field Microscope

An inverted confocal microscope (FV1200 Olympus) was combined with a self-built
wide-field microscope connected to a butterfly FBG-stabilized 976 nm laser diode
(900mW Thorlabs). The filter cube for the detection of Er**-doped UCNPs consisted
of a dichroic mirror (980nm customised) and a short-pass filter (842nm Thorlabs). The
images were acquired on an EMCCD camera (iXon Ultra 888 Andor), a 100x objective
(1.45 NA Olympus) and a 40x objective (1.4 NA Olympus), which resulted in a power
density of 3.2*10* W/cm?Z.

4.5 Characterization of UCNPs and MBs
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4 5.1 Characterization of UCNPs-Abs

Core@shell structured UCNPs with the composition of B-NaYF4:40% Yb3+,4%
Er3+@NaYF4 were synthesized using the co-precipitation method (The synthesis
protocol followed the procedures described in Sections 2.1.1, 2.1.3 and 2.1.4 of
Chapter 2). As observed under TEM in Figure 5a, the UCNPs exhibit a uniform
spherical morphology with an average diameter of 43 nm. The monodispersity of
UCNPs in cyclohexane is attributed to the surface-capping ligand, oleic acid
(illustrated in green in Figure 5a). To render the UCNPs compatible with the aqueous
phase, we synthesized a RAFT polymer as the new ligand (illustrated in blue in Figure
5b) to replace the oleic acid, following procedures was described in Section 2.2.2 in
Chapter 2). After ligand exchange, the resulting UCNPs-polymer remained
monodispersed in water, as observed by TEM. Although the polymer layer is not
visible under TEM due to the low electron contrast of its constituent elements, its
presence was confirmed by FTIR (shown in Section 2.2.2.3 in Chapter 2), DLS (Figure
5d), and zeta potential (Figure 5e) measurements. The surface-exposed -COOH
groups of the polymer enable covalent coupling with -NH2 groups on antibodies via
EDC chemistry (See the detailed information from Section 2.3.2.2 in Chapter 2),
resulting in UCNPs-Abs conjugates, as illustrated in Figure 5c. After this
bioconjugation, the zeta potential of UCNPs increased from -22.4 to -16.8 mV and the
hydrodynamic size increased from 58 nm to 149 nm. The observed broadening and
increase in average particle size, along with the shift in surface charge, confirm the

successful conjugation of antibodies onto the UCNP surface.
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Figure 5. Characterizations to confirm formation of UCNPs-Abs. a, TEM image of the
as-synthesized UCNPs with oleic acid surface; b, TEM image of the UCNPs after
surface modification by using polymers; c, Polymer coating introduces -COOH groups
on UCNPs, enabling covalent conjugation with antibodies to form UCNPs-Abs; d, DLS
for UCNPs-polymer and UCNPs-Abs conjugates; e, Zeta potential for UCNPs-polymer
and UCNPs-Abs conjugates.

4 5.2 Characterization of MBs-Abs

Similarly, MBs-Abs conjugates were prepared using the EDC coupling method (see
Section 2.3.3 in Chapter 2). To determine the optimal antibody concentration that
maximizes the average number of antibodies per bead with the aim of achieving the
highest number of available reactive epitopes for the subsequent sandwich
immunoreaction, a concentration gradient ranging from 0.005 pg to 2.5 ug per 12 ug
of beads was evaluated (Figure 6a). The assessment was performed by adding a
secondary antibody labelled with Alexa488, where the fluorescence intensity of Alexa
per bead reflects the trend in the amount of active antibodies on the bead. Figure 1f
shows a representative series of confocal images under 488 nm excitation. Statistical
analysis of at least 50 beads per group revealed a saturation effect in the signal-to-
noise ratio (SNR), defined as the emission intensity of Alexa488 per bead divided by
the background noise. While between 0.005 ug and 1 ug of antibody input, the binding
efficiency increased with the antibody concentration, a notable decrease in
fluorescence intensity was observed when the antibody input exceeded 1 pg, likely
due to the concentration quenching of Alexa dyes on the bead surface, rather than the
possible antibody saturation’”, otherwise the fluorescence signal at 1.5 ug and 2 ug
should have reached a plateau. In the following sections, when performing the Beads-
on-a-Tip assay using 1 ug and 1.5 ug antibodies (Figure 6b), a lower LOD of 0.101
pg/mL was achieved by using 1 ug antibody, compared to a LOD of 0.883 pg/mL using
1.5 pyg antibody.
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Figure 6. Characterization of antibody conjugation on MBs—Abs. a, Alexa488-labeled

secondary antibodies were used to evaluate the amount of primary antibodies bound

to the bead surface. Representative confocal images show varying fluorescence

intensities per bead corresponding to different antibody input amounts (per 12 ug of

beads). Statistical analysis was performed by quantifying the fluorescence intensity of

at least 50 beads per group; b, Calibration curves obtained from Beads-on-a-Tip assay
using 1 ug and 1.5 pg antibodies (n=3), with the corresponding fitting equations and

coefficients of determination (R?) shown in each condition

4.6 Optimization of Reaction Conditions for MBs-Based Immunoassay
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4.6.1 Selection of Optimal Buffer System for Immunoassay Performance

To optimize the reaction conditions for the MBs-based immunoassay, we first
compared three commonly used buffer systems, phosphate-buffered saline (PBS),
phosphate buffer, and Tris buffer, under identical experimental conditions during Step
1, which involved the binding of target antigens to MBs-Abs conjugates (Figure 7).
These buffers differ in ionic strength and buffering capacity, which can affect
nanoparticle stability, antibody-antigen binding efficiency, and background signal. The
results showed that both PBS and phosphate buffer produced consistently higher SNR
values across all protein concentrations, indicating favorable conditions for specific
binding and signal generation. In contrast, Tris buffer resulted in the lowest SNR, likely
due to suboptimal ionic conditions that hindered immunoreactions. It should be noted
that the comparison in Figure 7 reflects only the initial antigen-binding step (Step 1),
during which UCNPs are not involved and the incubation time is relatively short. Under
these conditions, the potential effects of buffer ionic strength on UCNP surface stability

are not fully manifested.

Here, phosphate-based buffers were selected as the reaction medium to minimize the
impact of buffer composition on the performance of UCNP-antibody conjugates in
subsequent assays, while maintaining compatibility with the phosphate-mediated
surface attachment of the polymer ligands. Unlike phosphate-buffered saline (PBS),
simple phosphate buffers do not contain additional salts such as NaCl or KCI, which
result in a lower overall ionic strength. This distinction is particularly important for
UCNPs whose surface modification relies on coordination between phosphate
functional groups and surface lanthanide ions. In PBS, the presence of free ions such
as Na® and CI-, together with elevated ionic strength, can weaken phosphate-
lanthanide coordination, potentially leading to ligand desorption, surface instability, or
nanoparticle aggregation. Such effects are more pronounced for UCNPs bearing
carboxylated or weakly bound polymer ligands, including PAA. This phenomenon has
been reported by Himmelsto3 et al., who showed that negatively charged UCNPs
modified with surface ligands such as citrate, PAA, and phosphoglycerol (PG)
exhibited reduced stability under high-ionic-strength conditions'®. These
considerations explain why phosphate buffer was chosen in this study to reduce the

potential adverse effects associated with PBS on UCNP surface stability, thereby
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improving colloidal robustness and assay reproducibility in downstream immunoassay

procedures.
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Figure 7. Evaluation of different buffer systems on the performance of MBs-Abs
conjugates for protein detection (n=3). The schematic illustrates the binding of S
protein to MBs-Abs during the step 1, while the plots compare the SNR responses

obtained in Tris, PBS, and phosphate buffers at different antigen concentrations

4.6.2 Optimizing incubation time

In the bead suspension assays, the lower number of MBs will benefit the effective
analyte enrichment, as higher concentration of analytes will be captured by the lower
number of MBs, but it will require longer time for the limited number of beads to capture
the analyte molecules onto the surface of MBs. To find a reasonable balance between
the enrichment efficiency and the analyte enrichment time, as illustrated in Figure 8a,
we performed and optimized a two-step reaction to form the sandwiched
immunocomplex, including MBs-Abs capturing the antigen and UCNPs-Abs signal
reporting. The incubation time was optimized to enhance antigen detection sensitivity,

under a series of S antigen concentrations. Signal intensity increased consistently with
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antigen concentration across all groups, indicating effective, concentration-dependent
capture and detection. At the MBs concentration of 12 pg/mL used in our following
experiments, 20 minutes incubation was found insufficient, and extending the
incubation to 40 minutes can significantly enhance the signal strength, which
established a clear linear relationship from 1 to 1000 ng/mL (Figure 8b). Negligible
difference was observed for the incubation time between 40 and 60 minutes.
Subsequently, at the UCNPs-Abs concentration of 1 mg/m, incubation durations for
the UCNPs-Abs signal reporting step, at 1, 5, and 10 minutes, was investigated by
fixing the MBs-Abs capturing incubation at the optimal 40-minute interval. As shown
in Figure 8c, signal intensity increased rapidly from 1 minute to 5 minutes across all
the antigen concentrations, with a clear linear relationship. However, extending the
incubation to 10 minutes did not yield any significant improvement, compared to the

5-minute condition.
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Figure 8. Optimization of incubation time for both MBs-Abs antigen capturing and
UCNPs-Abs signal reporting steps. a, The process of the two-step formation of
sandwich immunocomplexes; b, Signal response curves showing the effect of different
incubation times (20, 40, and 60 minutes) with S antigen (n=3 in each time); c, Signal
response curves showing the effect of different incubation times (1, 5, and 10 minutes)
with UCNP-Abs (n=3 in each time).

4.6.3 Optimizing UCNPs-Abs to Beads-Abs ratio

UCNPs-Abs serve as signal reporters, which signal strength should be proportional to
the levels of antigen analytes, and their ratio to beads-Abs plays a key role in
modulating specific versus non-specific binding during the assay. This ratio ultimately
influences the LOD, which determines the sensitivity of assay for detecting low-
abundance antigens. To optimize the parameter, we varied the ratio of UCNPs-Abs to
Beads-Abs in Step 2 by testing 1 pg, 5 ug, and 10 ug of UCNPs-Abs against a fixed
amount of 2.4 ug Beads-Abs. The assay was then performed across a broad range of

antigen concentrations, from 0.0001 to 10,000 ng/mL, with results shown in Figure 9.

With 1 ug of UCNPs-Abs, the assay exhibited limited upconversion response at lower
antigen concentrations, with appreciable signal only at the concentrations higher than
10 ng/mL. This indicates that the limited amount of UCNPs-Abs conjugates was
insufficient for effective target recognition and signal readout, resulting in a relatively
high LOD of 4100 pg/mL. LOD in this work is defined as the target concentration where
the intensity is equal to the sum of the background noise and three times the standard
deviation above the background noise': 29, Increasing the number of UCNPs-Abs
conjugates to 5 ug and 10 ug has significantly extended the detectable range, reaching
down to the femtogram level. The enhanced upconversion signal at each antigen
concentration suggests that a greater number of UCNPs-Ab conjugates successfully
bound to target antigens, thereby improving the assay’s ability to detect trace analyte
levels. This led to improved LODs of 0.706 pg/mL and 0.738 pg/mL for the 5 ug and
10 ug conditions, respectively. The slightly higher LOD observed with the 10 ug
condition is attributed to increased non-specific binding, as evidenced by elevated
signal intensities in the control samples. Therefore, 5 ug of UCNPs-Aba conjugates

was chosen in our protocol. Then, the repeatability of the assay under the final
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optimized conditions was evaluated through three independently performed
experiments using the same batch of UCNPs. The DLS and zeta-potential
measurements of both polymer-modified and antibody-conjugated UCNPs showed
minimal variation among the three replicates (Figure 10). Despite slight variations in
signal intensity, the three independent replicates demonstrated good reproducibility of
the assay (Figure 11). In the future real sample measurements, a blank control can be
first tested to define the baseline signal. Given the established linear calibration
relationship under the optimized conditions, the concentration of the unknown sample

can then be approximately estimated accordingly.
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Figure 9. Effect of varying UCNP-Ab concentrations on S protein detection. a, The
illustration of the second step in sandwich immunocomplex formation; b, Calibration
curves for S protein detection using 1 pg, 5 ug, and 10 ug of UCNPs-Abs (n=10 in each
variant). Black lines represent linear regression fits within the indicated concentration
ranges, with the corresponding fitting equations and coefficients of determination (R?)

shown in each condition
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assay (n=3).

4.7 Performance comparison with alternative detection strategies

Wide-field imaging using a custom-designed microscope with 980 nm laser excitation
provides a sensitive and informative approach, allowing visualization of signals from
individual beads as well as the homogeneity of the formed sandwich
immunocomplexes. Accordingly, we performed imaging of dried immunocomplexes
dispersed on a cover glass for all three groups presented in Figure 12. The
fluorescence signals corresponding to immunocomplex formation on individual beads
were observed with increasing antigen concentrations. Minimal background
fluorescence was observed in the negative controls (0 ng/mL) for all groups,
confirming the minimal non-specificity of signal generation. The results closely
matched those obtained from the Beads-on-a-Tip platform: the 5 uyg UCNPs-Abs group
demonstrated the best performance, with a calculated LOD of 0.746 pg/mL, as shown
in Figure 10a. In comparison, the 10 ug group achieved an LOD of 0.779 pg/mL, while
the 1pug group showed a significantly higher LOD of 200 pg/mL (Figure 10c).

Representative imaging results for the 5 uyg UCNPs-Abs group across a wide antigen
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concentration range (0 to 10,000 ng/mL) are shown in Figure 10b, confirming that
individual beads exhibit homogeneous upconversion signals. Altogether, it is
reasonable to conclude that our Beads-on-a-Tip method is as sensitive as the imaging-
based approach. However, the former is more suitable for POCT, offering a one-go
signal readout, while the latter relies on advanced imaging microscopy and statistical

analysis of a large number of beads to determine the signal of a sample.
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Figure 12. Fluorescence imaging under 980 nm wide-field imaging system and

calibration curve of sandwich ifmmunocomplexes at varying protein concentrations
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using 1 ug (@) 5pg (b) and 10 pg (c) of UCNPs-Abs conjugates (n=100 MBs

conjugates in each variant)

To evaluate whether the use of Beads-Abs as the substrate offers the expected
advantages of signal concentration and active washing by extracting target products
at each step, we performed the assay using a microplate-based upconversion
enzyme-linked immunosorbent assay (ULISA, Figure 13a and 13c). In the ULISA, the
formed Abs-Ag-UCNPs-Abs sandwich immunocomplexes are randomly immobilized
on the bottom of the well plate, and washing is performed passively by removing
unbound species. Otherwise, ULISA provides a homogeneous liquid-phase assay
environment with sufficient incubation time, similar to that used in the Beads-on-a-Tip
platform. The results, shown in Figure 13a, demonstrate a LOD of 6.45 pg/mL via
ULISA, which is approximately three times higher than that achieved with the Beads-

on-a-Tip.

As the Beads-on-a-Tip platform is designed for POCT, it is important to evaluate its
performance in comparison with conventional methods such as paper-based LFIA. To
ensure sufficient binding, an off-line reaction between the UCNPs-Abs conjugates and
target antigens was first carried out, followed by application of the reaction products
onto the paper strip for lateral flow testing. Signal detection was performed at the test
(T) line. The detector is shown in Figure 13d. The best achievable LOD is shown in
Figure 13b, reaching 6.53 pg/mL after a single wash with pure buffer. This represents
a slight improvement compared to the LFIA result without washing, which showed an
LOD of 9.72 pg/mL (Figure 14). These results suggest that subsequent passive

washing has minimal effect in removing species responsible for non-specific binding.
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Figure 14. The result of the LFIA without washing (n=10 in each variant).

4.8 Analysis of achieved performance relative to literature benchmarks

Table 2. Comparison of the analytical performance of various immunoassay platforms,

including LFIA-based methods, microwell plate assays, wide-field imaging, and our

Beads-on-a-Tip system. The table summarizes the detection range, LOD and point-

of-care applicability for each method.

Methods Detection range LOD (pg/mL) Point-of-care |Ref
LFIA 10 pg/mL -1 pg/mL 6.53 Our Work
1 ng/mL -1 pg/mL 38 Yes 2
0.05 ng/mL - 1 pg/mL 33 22
Microwell plate |10 pg/mL - 1 yg/mL 6.45 Our Work
1 pg/mL -100 ng/mL 1.3 No 23
Up to 10 ng/mL 30 24
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Imaging 500 fg/mL- 10 pg/mL 0.901 Our Work

100 fg/mL -100 ng/mL 2.7 No 23
200 fg/mL - 20 pg/mL 0.00073 25
Beads-on-tip 500 fg/mL - 10 pg/mL 0.706 Yes Our Work

Table 2 summaries the analytical performance of LFIA, microwell plate-based, imaging,
and Beads-on-a-Tip methods achieved in this study, and compares the representative
works reported by other groups in (SARS-CoV-2) antigen detection, in terms of the

detection range, LOD and point-of-care applicability.

In LFIA, Oh et al. reported a strategy involving the formation of plasmon color-
preserved (PLASCOP) AuNP clusters by assembling streptavidin-coated gold
nanoparticle (AuNP) cores with satellite AuNPs functionalized with biotinylated
antibodies?'. This configuration achieved a LOD of 38 pg/mL in detecting N antigen.
In another study, Han et al. created a SiO,@Au/quantum dots hybrid structure, in
which quantum dots and AuNPs were co-assembled onto a silica core to enable dual-
mode colorimetric and fluorescent signal readout, resulting in a LOD of 33 pg/mL in
detecting S antigen??. By using UCNPs as the reporter, we have recently advanced
the design of a geometric paper strip that minimizes the immunoreaction area for
antigen detection achieving a LOD of 10 pg/mL?¢ and a LOD of 6.53 pg/mL in detecting

N and S antigen analytes, respectively.

Microwell plate-based setup offers longer incubation times for sandwich
immunoreactions and suitable for washing steps. Huang et al. reported a one-step
assay using nanoplasmonic sensors integrated into standard 96-well microplates,
achieving a LOD of approximately 370 virus particles/mL, corresponding to about
30 pg/mL of N antigen?*. Gorris et al. developed a ULISA system that combined
UCNPs with biotinylated antibody pairs in a conventional sandwich immunoassay
format, achieving a LOD of 1.3 pg/mL and a broad dynamic range from 1 pg/mL to
100 ng/mL in detecting N antigen?3. Similarly, our ULISA setup has achieved a

comparable LOD of about 6.45 pg/mL in this work.
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Fluorescence imaging can achieve exceptional sensitivity towards a single-molecule
sensitivity. Gorris et al. examined a microscopic imaging approach based on the same
immunocomplexes formed in the above mentioned microplate wells, achieving a LOD
of 2.7 pg/mL23. Compared to the upconversion microplate reader used in their ULISA
format, the imaging-based readout yielded approximately two-fold higher signal
intensity, along with an extended detection range that reached down to a level of
100 fg/mL. Li et al. reported a novel fluorescence-linked immunosorbent assay (FLISA)
based on streptavidin-modified transparent 96-well microplates and carboxylated
fluorescent microsphere-conjugated monoclonal antibodies by wide-field fluorescence
microscopy, resulting in an exceptionally low LOD of 0.00073 pg/mL for SAS-Cov-2 N
antigen detection and a broad detection range of 0.02 pg/mL - 20 pg/mL, with the
saturation point at 200 ng/mL2%. According to the report, the high sensitivity was
attributed to the use of biotinylated antibodies and the surface treatment of the
microplates by the plasma and subsequent streptavidin modification that increases the
binding efficiency of biotinylated capture antibodies while maintaining

immunoreactivity.

In our work here, magnetic beads can enrich analytes and the immunofluorescence
assays conducted in the suspension facilitates the long-term stability of conjugates.
By replacing the nitrocellulose membrane with beads in a tip, the active washing
overcomes the limitation of the passive capillary fluidics in nitrocellulose membranes
that are often associated with non-specific bindings and high background noise, as
well as reporting nanoparticles’ aggregation and their loss in the binding efficiency.
Despite a LOD of 0.901 pg/mL achieved by the following fluorescence imaging, the

system requires a bulky microscope, hard for POCT applications.

4.9 Conclusion

The Beads-on-a-Tip system developed in this work achieved a broad dynamic range
(500 fg/mL to 10 ug/mL) and a low LOD of 0.706 pg/mL, representing a substantial
sensitivity improvement over conventional LFIAs and microwell-based methods.
Notably, this platform technology takes advantage of the high sensitivity and low non-

specific binging of imaging approaches and the applicability of LFIAs towards more
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accurate and quantitative POCT. Future work will improve the conjugate stability
through optimized surface chemistry and storage strategies, as well as incorporating
automated fluid handling with active washing to enhance robustness and
reproducibility in the assay. Moreover, the successful clinical performance previously
achieved with our UCNP-LFIA in real saliva samples further supports the strong
clinical potential of the Beads-on-a-Tip system, given its markedly broader detection

range and substantially lower LOD.

4.10 Perspective

The successful integration of magnetic bead-based immunoassays with the Beads-
on-a-Tip platform and UCNP-based detection offers a promising foundation for the
development of next-generation point-of-care diagnostic technologies. In the future,
this system could be further enhanced by incorporating smartphone-based reader for
portable, low-cost, and user-friendly signal readout, facilitating broader deployment in
resource-limited settings. Additionally, the tip platform may be engineered into a multi-
channel microfluidic system, enabling all assay steps, including target capture,
washing, and signal generation, to be conducted entirely within the pipette tip, without
the need for separate microtubes. This tip-integrated microfluidics would not only
simplify the workflow but also significantly reduce reagent volume, thereby lowering
operational costs. In addition, it minimizes sample loss, reduces contamination risk,

and facilitates automation and multiplexing.
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Chapter 5 Pipette-tip-based Platform for Multiple Protein

Detection

Simultaneous detection of multiple biomarkers from a single sample has emerged as
a crucial approach to improve diagnostic efficiency, reduce sample volume, and
enable high-throughput analysis. This capability is particularly important in clinical
diagnostics, infectious disease monitoring, and biomarker profiling, where complex
physiological responses often involve multiple proteins. While immunoassay
technologies offer unmatched specificity and versatility compared to other analytical
techniques, the advancement toward multiplex analysis introduces new challenges,
most notably, cross-reactivity as wells as the non-specific binding, which can

compromise both sensitivity and specificity.

In Chapter 5, we aim to extend our previously established Beads-on-a-tip platform in
Chapter 4 to explore its applicability in multiplex protein detection. By simultaneously
targeting three SARS-CoV-2 antigens, namely the spike (S) protein from the Omicron
variant, the spike protein from the Delta variant, and the nucleocapsid (N) protein,
three distinct antibody pairs were employed to assess the platform’s capability to
accurately discriminate multiple analytes within a single assay run. This study not only
provides the detection fidelity of our Beads-on-a-Tip-based method under multiplexing
conditions, but also demonstrates its potential for streamlined, point-of-care

diagnostics where multi-target analysis is increasingly essential.

5.1 The introduction of multiplexed detection

Over the past few decades, immunoassays such as ELISA and Western blotting have
become standard tools for protein quantification in complex biological samples. These
conventional sandwich immunoassays typically target a single analyte using a pair of
specific antibodies, offering reliable information on the presence and relative
abundance of the target protein. While highly effective in many contexts, single-analyte
detection approaches face significant limitations when applied to multifactorial
diseases where multiple biomarkers are involved. For example, Alzheimer’s disease,
a complex neurodegenerative disorder in which no single biomarker can reliably

distinguish affected individuals from other forms of dementia. Multiple proteins, such
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as amyloid-beta (AB42), total tau (t-tau), and phosphorylated tau (p-tau), contribute to
disease pathology.! 2 Another example is the widely studied SARS-CoV-2 virus in
recent years, which contains multiple structural proteins, including the S protein and
N protein. Many diagnostic assays are designed to detect either S or N protein
individually.® 4 However, the S protein itself exhibits extensive variation across viral
strains, such as Alpha, Beta, Gamma, Delta, and Omicron, with mutations that may
alter epitope recognition.® Consequently, relying on a single antigen for diagnosis may
result in reduced sensitivity or false-negative outcomes. Simultaneous detection of
both S and N proteins, or even multiple S variants, can greatly enhance diagnostic

accuracy.

Multiplex technologies, originally developed for nucleic acid detection, have since
expanded into protein detection and enable simultaneous identification and
quantification of multiple disease-related biomarkers.® This capability is particularly
important for early and accurate diagnosis, especially in time-sensitive clinical settings
where prompt decision-making is critical. Multiplex sandwich immunoassays operate
on similar principles as conventional ELISA but utilize multiple antibody pairs, each of
which each specific to a different analyte and assign distinct readout channels. This
enables the concurrent measurement of two or more proteins within a single assay
run. One of the key advantages of multiplex immunoassays is their efficient use of
sample volume. Instead of requiring separate aliquots for each ELISA, a single sample
can be used to analyze multiple targets simultaneously. This consolidation not only
conserves precious biological material but also reduces sample processing steps and
reagent usage, thereby improving laboratory efficiency. In addition, multiplex assays
minimize inter-assay variability, such as differences in incubation time, temperature,
and reagent composition, that often affect the consistency of results across separate
single-analyte tests. Multiplex assays are increasingly replacing traditional ELISA
techniques due to their advantages in saving time, reagents, and labor, while also
enabling the efficient processing of large sample volumes to enhance overall

throughput.

5.2 The recent research of multiplexed detection
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To meet the increasing demand for comprehensive biomarker profiling, a variety of

multiplex immunoassay platforms have emerged, enabling the simultaneous

quantification of multiple analytes within a single assay run. In this section, we

summarize the recent advances in representative multiplex immunoassay formats,

including microwell-plate based, paper based and imaging-based assay. Each of

these technologies offers distinct advantages and trade-offs in terms of detection

performance, scalability, and point-of-care applicability.

Table 1 shows some representative studies that employ antibody-antigen-based

strategies for the multiplex detection of disease-relevant protein biomarkers.

Platform Method Targets Sensitivity Point- Ref
of-care
Digital Elisa PSA LOD with 1.5
(Simoa) fg/mL ,
TNF-a LOD with 2.5
fg/mL
Microwell-
Open-Source SAS-Cov-2 Sensitivity of
plate based
Multiplex-ELISA | antigens from 97.8% with S
Platform real sera sample | protein, N with 8
81.7%, RBD
with 96.8%
Quantum Dots- | HBV Detection N
o}
based HIV range from
Microfluidics 10-19-10-
12 M 9
HCV Detection
Microscopy-
range from
based
10°-10"0 M
Dropcast Single | IL-10 LOD with 2
Molecule Array pg/mL 0
(dSimoa) IL-1B LOD with 384
fg/mL
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MBs-based Fetoprotein LOD with 21

Digital pg/mL y
Immunoassay Human LOD with 0.19
interleukin-6 pg/mL
Ofloxacin LOD with 0.3
ng/mL
Chloramphenicol | LOD with 0.12
Quantum Dots- 12
ng/mL
based
, Streptomycin LOD with 0.2
Microarray
ng/mL
Gold NPs-based
, 15 allergens
Microarray
from clinical ImmunoCAP

13
serum samples | at21 kU

Paper-based Yes
LOD with
10 CFU
UCNP-based mL~" or
10 pathogens 14
LFIA 10°CFU

mL~" for each

pathogen

5.2.1 Multiplex microwell-plate based assay

Microwell-plate-based immunoassays are among the most established and widely
used platforms for multiplex protein detection. These assays typically utilize 96-well or
higher-density plate formats, where each well acts as an independent reaction
chamber. By spatially separating different capture antibodies into distinct wells or
different regions within a single well, it is possible to simultaneously detect multiple
analytes from the same sample. This platform is compatible with conventional ELISA
workflows and can use various signal readouts, such as colorimetric,

chemiluminescent, or fluorescent methods.

Walt et al. group introduced the digital ELISA technology (SiMoA), which significantly

enhanced sensitivity by confining single enzyme-labeled immunocomplexes into
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femtoliter-volume microwells 7. In this method, proteins are first captured on antibody-
coated microbeads and labeled with enzymes so that each bead contains either zero
or one target molecule. These beads are then isolated into arrays of 50 fL reaction
wells. Using fluorescence imaging, individual enzyme events can be detected,
enabling ultrasensitive quantification. Using PSA and TNF-a as model analytes, they
achieved LODs of 1.5 fg/mL and 2.5 fg/mL, respectively. PSA was detectable in all 30
patient samples, ranging from 14 fg/mL to 9.4 pg/mL, with an average concentration

of 1.5 pg/mL.

Byrum et al. developed an open-source multiplex ELISA platform to assess antibody
responses against SARS-CoV-2 using a 96-well protein microarray format 8. Each well
was imaged automatically by an open-source plate reader, and data was processed
using open-source software to quantify optical density signals. Their system showed
strong diagnostic performance in 217 human serum samples, with classification
sensitivity for anti-RBD at 96.8%, anti-Spike at 97.8%, and anti-Nucleocapsid at 81.7%.

5.2.2 Multiplex microscopy-based immunoassay

Among imaging-based immunoassays, microbead-based platforms are the most
widely used for multiplexed protein detection. These systems typically immobilize
specific capture molecules on microbeads, enabling simultaneous detection of

multiple analytes through spatial or spectral encoding.

Klostranec et al. developed quantum dot-encoded microbeads (QdotBs), embedding
distinct ratios of red, yellow, and green-emitting QDs to generate spectrally unique
signatures®. Using a microfluidic platform, they conducted an indirect inmunoassay
for hepatitis B surface antigen (HBsAg), hepatitis C virus NSP4 protein, and HIV gp41.
Target proteins were coated onto QdotBs, followed by detection with specific
antibodies. Emission signals were captured via a solid-state photodetector. The LODs
for HBsAg and gp41 were in the low picomolar range (~10-'9to 10-'2 M), with slightly
higher values for NSP4. Compared with FDA-approved kits using the same antibodies

and antigens, their sensitivity improved by tens of times.

Wu et al. group introduced dSiMoA (dropcast single molecule array), a simplified
digital ELISA format building upon conventional SiMoA'. In this method, capture
antibodies are immobilized on paramagnetic beads, which are incubated with the
target antigen and a biotinylated detection antibody to form a sandwich
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immunocomplex. Instead of enzymatic labeling, streptavidin—~DNA conjugates bind to
pre-annealed primer-template pairs to trigger rolling circle amplification (RCA).
Following amplification, beads are dropcast onto microscope slides, dried into
monolayers, and imaged for digital signal readout. This simplified approach reduces
background noise and allows for attomolar-level sensitivity. Detection of IL-13 and IL-
10 yielded LODs of 99.6 aM (~2 pg/mL) and 19.2 aM (~384 fg/mL), respectively.

Gong et al. proposed a fluorescence-based digital immunoassay using color-coded
microbeads to simultaneously detect alpha-fetoprotein (AFP) and interleukin-6 (IL-6)
" Biotin-labeled sandwich immunocomplexes were formed on two types of
fluorescent beads, followed by capture using streptavidin-coated magnetic beads (SA-
MBs). The proportion of different colored beads was quantified using wide-field
fluorescence microscopy. This platform achieved LODs of 21 pg/mL (0.30 pM) for AFP
and 0.19 pg/mL (7.3 fM) for IL-6.

5.2.3 Multiplex paper-based immunoassay

Among POCT-compatible platforms, paper-based immunoassays, particularly lateral
flow assays (LFIAs), remain the most widely adopted for multiplex analysis. The
conventional approach employs multiple test lines or dot arrays on a single strip using
different probes, such as gold nanoparticles (GNPs), quantum dots (QDs), or

colored/fluorescent microspheres.

Taranova et al. demonstrated a multicolor QD-based LFIA for detecting three
antibiotics (ofloxacin, chloramphenicol, and streptomycin) in milk'?, using QDs with red,
yellow, and green emission. Their system achieved LODs of 0.3, 0.12, and 0.2 ng/mL,
respectively. However, placing multiple lines on a single strip is space-limited.
Extending the strip increases both assay time and sample volume requirements and
may affect membrane flow reproducibility. To overcome this, Svahn et al. developed
a dot-array LFIA incorporating 15 allergens, each spotted in ~300 pL volumes to form
~120 ym dots'3. Each allergen was represented by four identical dots arranged in rows,
and the signal was quantified by a custom reader. Another approach involves parallel
strip integration. Zhao et al. presented a ten-channel upconversion nanoparticle
based-LFIA disk to simultaneously detect antibodies against 10 Yersinia pestis

antigens’™. Each test strip was optimized individually and integrated into a unified
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circular cartridge. LODs ranged from 104 to 10° CFU/mL. A similar configuration
enabled detection of 10 foodborne pathogens with comparable sensitivity. However,
as each strip required 50-100 uL of sample, this significantly increased the total

volume of sample needed for analysis.

Multiplex immunoassays rely heavily on probe encoding strategies, such as color-
coding or spectral barcoding, which require either microscopy or microwell-based
platforms for readout. While imaging- and microwell-based approaches offer
extremely low LODs, they involve complex procedures and longer assay times. In
contrast, paper-based LFIAs provide ease of use and portability, but their sensitivity
remains relatively limited. Therefore, future development in POCT will benefit from
materials innovation that bridges these strengths, enabling simple, yet sensitive and

robust multiplex detection.

Based on the above discussion, we find that these multiplex detection methods
heavily rely on advances in material synthesis, particularly the development of color-
coded probes for the simultaneous detection of multiple analytes. These color-coded
probes often require microscopy or microwell-based platforms to distinguish signals
from different targets. Among existing approaches, paper-based LFIA is currently the
most suitable for POCT due to its simplicity and portability. However, it suffers from
limited sensitivity. In contrast, imaging-and microwell-based platforms offer much
lower detection limits but are more complex to operate and require longer assay
times. Therefore, there is a pressing need to leverage material innovation to develop
new POCT-compatible multiplex methods that combine high sensitivity with

operational simplicity.

5.3 The advantages of UCNPs in the multiplex detection and MBs

One of the key advantages of using UCNPs in multiplexed immunoassays is their
ability to emit distinct fluorescence signals under a single near-infrared excitation,
achieved by doping different lanthanide ions into the host lattice. For example, Tm3*
and Er¥*-doped UCNPs emit characteristic blue and green emissions, respectively,
allowing spectral differentiation of multiple analytes without spectral overlap. This
intrinsic optical coding eliminates the need for multiple excitation sources or complex

filters and enables highly multiplexed analysis with minimal background interference.
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Additionally, MBs with different sizes (e.g., 2.8 um and 1 ym) can be used as solid
supports for target-specific antibody conjugation, allowing physical differentiation of

multiple immunocomplexes.

In this study, we further leveraged the previously developed Beads-on-a-Tip platform
to evaluate its capacity for multiplexed detection. By incorporating both different
doping UCNPs and size-differentiated MBs, the platform enables simultaneous

detection of multiple target proteins in a single pipette-tip assay.

5.4 Experimental Design

To demonstrate the multiplexing capability of the Beads-on-a-Tip platform, we
extended the assay configuration and methodology described in Chapter 2 to design
a model system capable of simultaneously detecting three SARS-CoV-2 antigens: the
spike protein of the Omicron variant (AgSo), the spike protein of the Delta variant
(AgSpb), and the nucleocapsid protein (AgN). Two distinct populations of magnetic
beads (2.8 ym and 1 ym in diameter) were employed as capture substrates, enabling

physical differentiation during imaging based on their size.

To achieve optical separation of the signals from different targets, UCNPs doped with
either Tm3* or Er®* were conjugated to detection antibodies specific for each antigen.
Under a single 980 nm excitation wavelength, these dopants generate well-separated
emission peaks (Tm?3*: 800 nm; Er®*: 650 nm), allowing clear spectral discrimination
from the detector of the resulting immunocomplexes. By integrating both size-based
and emission-based encoding strategies, this platform offers enhanced multiplexing
resolution and enables accurate identification of individual analytes within a single

assay format.

5.4 1 Materials

AgSo: A pair of SARS-CoV-2 Omicron (XBB.1) Spike RBD Specific Antibody (40589-
D008) and SARS-CoV-2 Omicron (XBB.1) spike specific Antibody (40589-D007) for
SARS-CoV-2 omicron (XBB.1.16) spike S1+S2 trimer protein (40589-V08H48)

detection.

AgSp: a pair of SARS-CoV-2 Delta spike RBD specific antibody (40589-D006) and
SARS-CoV-2 spike antibody (40592-R190) for SARS-CoV-2 Delta (B.1.617.2) spike
S1+S2 trimer protein (40589-V08H10) detection.
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AgN: a pair of SARS-CoV-2 (2019-nCoV) nucleocapsid antibody (40588-MM124) and
SARS-CoV/SARS-CoV-2 nucleocapsid antibody (40143-R040) for SARS-CoV-2 Delta
(B.1.617.3) nucleocapsid protein (40588-V07E30). All antibodies and ant

Two sizes of magnetic beads were used, Dynabeads® M-270 Carboxylic Acid (2.8

pm), and Dynabeads® MyOne™ Carboxylic Acid (1um) from Thermofisher.

5.4.2 Characterization of UCNPs (Er, Tm)

In this study, two types of core shell upconversion nanoparticles (UCNPs) were
synthesized with distinct energy transfer pathways: NaYF4 doped with 40% Yb3*, 4%
Tm3*, and 40% Yb3*, 4% Er**. Yb® ions act as sensitizers, efficiently absorbing
980 nm near-infrared excitation light and transferring the energy to the activator ions
(Tm3* or Er®*"), thereby initiating the upconversion emission process. To ensure
consistency in experimental conditions, the particle sizes of both types of UCNPs were
matched to remain nearly identical. The same polymer and polymer-based ligand
exchange strategy described in Section 2.2. The as-synthesized Er**-doped UCNPs
had an average diameter of 37 nm, increasing to 42 nm after surface modification. The
Tm3*-doped UCNPs were initially 38 nm in diameter and reached 43 nm after
modification (Figure 1). The detailed synthesis procedures, structural tuning strategies,
and size control methods are provided in Section 2.1 of Chapter 2. These doping were
chosen for their distinct upconversion emission profiles under 980 nm excitation, which
enable spectral multiplexing. As shown in Figure 1, Tm3*-doped UCNPs exhibited a
sharp emission pea at 800 nm, corresponding to the 3Hs — 3Hs transition. In contrast,
Er3*-doped UCNPs displayed strong emission at 650 nm (Figure 1b), attributed to the
4Fap— “l15/2 transition. These spectrally distinct emissions permit simultaneous, dual-
channel optical detection with minimal signal overlap, making them highly suitable for
multiplexed immunoassays. The unique emission wavelengths of each UCNP
formulation serve as optical signatures to distinguish different analytes or detection

zones in complex biosensing environments.
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Figure 1. Characterization of Er3*- and Tm3*-doped UCNPs. a, Schematic illustration

of surface ligand exchange of Er¥*-doped UCNPs (40% Yb3*, 4% Er3*), with TEM

images before (left) and after (right) modification. The emission spectrum under

980 nm excitation at 650 nm; b, Schematic illustration of surface ligand exchange of

Tm3*-doped UCNPs (40% Yb3*, 4% Tm?3*), with TEM images before (left) and after

(right) modification. The emission spectrum under 980 nm excitation at 800 nm.

5.4.3 Probes design

Table 2. Multiplexed probe configuration combining magnetic beads of distinct sizes
with UCNPs doped with Tm3* or Er®* for dual-channel detection of SARS-CoV-2
antigens (So, Sp, and N).

Ag MB-Abs UCNP-Abs
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We systematically evaluated both ‘one-to-one’ (single antigen detection for specificity
validation) and ‘many-to-many’ (multiplexed) assay configurations to simulate real-
world diagnostic conditions. Table 2 summarizes the probe design, in which each
group is configured to form a complete sandwich immunocomplex for its target antigen.
MBs-AbSo1 and MBs-AbSp+1, both immobilized on 2.8 um magnetic beads, were
employed to capture the Omicron (AgSo) and Delta spike proteins (AgSp), respectively.
While MBs-AbN1, conjugated to 1 um beads, was used to bind the nucleocapsid
protein (AgN). For signal generation, the corresponding detection antibodies were
conjugated to UCNPs doped with either Tm3* or Er®* to ensure spectral resolution.
Specifically, UCNP-AbSo2 (Tm3* doped) was paired with MBs- AbSo1, while UCNP-
AbSp2 and UCNP-AbN:2 (both Er®* doped) were paired with MBs-AbSp1 and MBs-AbN1,

respectively.

5.4.4 Beads-Abs efficiency optimization

In this experiment, the antibody conjugation onto 1 um magnetic beads was carried
out using the EDC/NHS-mediated coupling method described in Section 2.3.3 of
Chapter 2. Given that these beads differ in both size and working concentration from
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the 2.8 ym beads employed in Chapter 4, it was necessary to re-evaluate the antibody
coupling efficiency under the current experimental conditions, specifically, to
determine the optimal ratio between antibody input and bead quantity. To assess the
effectiveness of antibody immobilization on the bead surface, Alexa Fluor 488-labeled
secondary antibodies were introduced. Their binding to the surface-bound primary
antibodies produced a fluorescence signal, which served as an indirect measure of

the conjugation efficiency.

As shown in the Figure 2, increasing the primary antibody amount from 0.05 ug to 2 ug
resulted in a progressive enhancement in fluorescence intensity, with corresponding
SNR values showing a clear upward trend. This indicates that the antibodies were
effectively immobilized on the surface of the 1 um magnetic beads. Notably, a slight
decline in SNR was observed when the antibody input exceeded 2 ug, a trend
consistent with previous observations using 2.8 ym beads in Chapter 4. This decrease
is also likely attributed to concentration quenching caused by the close packing of
fluorescent dyes near the bead surface at high antibody densities, rather than an

actual saturation of binding sites.
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Figure 2. Fluorescence microscopy images and quantitative analysis of antibody
loading on 1 ym MBs with varying amounts of antibody (0—-2.5 pg). Statistical analysis

was performed by quantifying the fluorescence intensity of at least 50 beads per group
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5.5 Specificity test

5.5.1 Single antigen detection

Prior to implementing multiplex detection, it is critical to validate the specificity of each
antibody pair for its corresponding antigen to ensure selective recognition and avoid
cross-reactivity. This specificity test not only confirms that each antibody binds
exclusively to its target antigen but also enables a direct comparison between the
signals obtained in single-antigen assays and those observed in multiplex formats.
Such comparisons are essential for evaluating potential cross-reactivity and assessing
its impact on assay performance. In multiplex immunoassays, non-specific binding or
unintended interactions between mismatched antibody—antigen pairs can significantly
compromise detection fidelity and lead to false-positive results. Therefore, establishing
the independent specificity of each antigen—antibody pair is a fundamental

prerequisite for accurate and reliable multiplex detection.

To evaluate antibody specificity prior to multiplex detection, three individual sandwich-
format immunocomplexes were constructed and tested separately, as illustrated in
Figure 3. Each immunocomplex consisted of a single target antigen, a magnetic bead—
antibody conjugate (MBs-Ab), and a corresponding UCNP-antibody conjugate
(UCNP-ADb), following the assay procedure described in Section 2.3.2.1 of Chapter 2.
Specifically, the three immunocomplex were formed: Immunocomplex 1 (MB-AbSo1+
AgSo + UCNP-AbSo2), Immunocomplex 2 (MB-AbSp1 + AgSp + UCNP-AbSp2) and
Immunocomplex 3 (MB-AbN+1 + AgN + UCNP-AbN?2).

Each immunocomplex was evaluated independently using stringent controls to assess
both target-specific binding and potential off-target interactions. Each antibody pair
was validated for use in subsequent multiplex assays only after demonstrating high
specificity toward its corresponding antigen and showing negligible non-specific
binding; otherwise, optimization of the reaction buffer and incubation time would be
necessary. This step is essential to ensure analytical accuracy and reliable signal

discrimination in the presence of multiple antigens within a single sample.
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Figure 3. Schematic illustration of the three sandwich-format immunocomplexes
designed for multiplex detection of SARS-CoV-2 antigens. Each target antigen was
captured by a specific magnetic bead—antibody conjugate (MB-Abs) and subsequently

recognized by a corresponding UCNP—-antibody conjugate (UCNP-Abs)

5.5.2 Result

Here, we first evaluated the specificity of each antibody pair toward its corresponding
antigen. The SNR was assessed over a concentration range of 500 fg/mL to 10,000
pug/mL for Omicron spike protein (AgSo), Delta spike protein (AgSp), and nucleocapsid
protein (AgN) to validate the performance of antigen detection (Figure 4). Each assay

procedure was individually optimized for the corresponding target.

Among the three antigen targets, Sp protein detection achieved the best analytical
performance, achieving the lowest LOD at 0.109 pg/mL (Figure 4b). This superior
sensitivity is primarily attributed to the high binding affinity between the selected
antibody pair for the Sp antigen, as supported by ELISA evaluation (Figure 5). In
contrast, the So and N protein assays, which utilized antibody pairs with comparable
binding affinities, demonstrated similar LOD values of 0.565 pg/mL and 0.774 pg/mL,
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respectively. The relatively higher LOD observed for the N protein assay is not only
associated with antibody binding but also influenced by the use of smaller magnetic
beads (1um). Although the Beads-on-a-Tip platform facilitates efficient
immunocomplex collection and localized detection, the reduced magnetic
responsiveness of the smaller beads results in less effective washing. The elevated
background noise raises the baseline level, thereby limiting the assay’s sensitivity and
increasing the calculated LOD. Despite these differences, all immunocomplex
systems exhibited a distinct, concentration-dependent signal increase in the presence
of their specific antigen, indicating effective antigen recognition and target-specific

signal generation under the tested conditions.
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Figure 4. Calibration curves for the detection of three SARS-CoV-2 antigens using the
Beads-on-a-Tip platform. a, Omicron variant spike protein (So) (n=10); b, Delta variant
spike protein (Sp) (n=10); ¢, Nucleocapsid protein (N) (n=10). Black lines represent
linear regression fits within the indicated concentration ranges, with the corresponding

fitting equations and coefficients of determination (R?) shown in each condition
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Figure 5. ELISA evaluation of the binding affinities for three sandwich-format antibody

pairs corresponding to the So, Spb, and N protein (n=3 in each variant)

5.6 Cross reactivity test

5.6.1 Simultaneous detection of three antigens using one MB-Ab conjugate and two

mismatched UCNP-Ab conjugates

5.6.1.1 Design

Table 3. Cross-reactivity test design using mismatched MB-Abs and UCNP-Abs pairs.

Each MB-Abs was incubated with a 1:1:1 mixture of So, Sp, and N protein, along with

two non-paired UCNP-Abs conjugates.

Group MBs-Abs Ag UCNP-Abs
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To evaluate the potential cross-reactivity among antibody—antigen pairs in the
multiplexed immunoassay, a series of control groups were systematically designed
(Table 3). In each configuration, the specific MBs-Abs were used as the capture probe
and exposed to a mixed solution containing three SARS-CoV-2 protein equal
concentrations of the So, Sp, and N protein in a 1:1:1 ratio. However, the
corresponding UCNP-conjugated detection probes used in these experiments were
intentionally selected to be non-paired with the capture antibody, thereby preventing

the formation of a sandwich immunocomplex.

In each configuration, the specific MBs-Abs were used as the capture probe and
exposed to a mixed solution containing three SARS-CoV-2 antigens (So, Sp, and N)
at equal molar ratios (1:1:1), but with two non-paired UCNP-conjugates (Table 3).
Although the classical sandwich immunoassay format was maintained, these test
setups intentionally disrupted the pairing between capture and detection antibodies,
ensuring that both antibodies could not bind to the same antigen. As a result, the
formation of complete sandwich immunocomplexes was not expected. While the
overall assay format maintained the classical sandwich architecture, the deliberate
mismatch between capture and detection antibodies ensured that simultaneous
binding to the same antigen could not occur. Under these conditions, the generation
of a measurable signal would indicate the presence of non-specific interactions,
potentially arising from unintended binding between the antibodies and non-target

antigens.

The absence of detectable signal in these tests would confirm the high selectivity of
the antibody pairs and validate the minimal cross-reactivity of the multiplexed platform.
Conversely, any observable signal would highlight potential non-specific binding and
indicate the need for further assay refinement, including antibody screening, buffer

optimization, or more stringent washing protocols.
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5.6.1.2 Result

The experimental results are shown in Figure 6. All three groups employed
intentionally mismatched sandwich immunoassay configurations, in which the MBs-
Abs and the UCNPs-Abs were not specific to the any antigen. Across the tested
concentration range (0.001, 0.1, 10 and 1000 ng/mL), all three groups showed
consistently low signal intensities, indicating negligible cross-reactivity. These findings
confirm that the selected antibody pairs possess excellent specificity within the
multiplexed assay platform. Although all three antigens were present in each reaction,
the absence of matched capture and detection antibodies effectively prevented the
formation of complete sandwich immunocomplexes, as designed. The lack of
measurable signal under these conditions further indicates minimal cross-reactivity,
thereby validating the robustness, selectivity, and reliability of the MBs and UCNPs

based assay system for accurate multiplexed protein detection.
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Figure 6. Cross-reactivity assessment using mismatched MB-Abs and UCNP-Abs
pairs. The assays were conducted at antigen concentrations of 0.001, 0.1, 10, and

1000 ng/mL (n=3 in each variant)
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5.6.2 Simultaneous detection of three antigens using one MB-Abs and three UCNP-

Abs conjugates
5.6.2.1 Design
Table 4. Cross-reactivity test design using one MB-Abs and three UCNP-Abs pairs.

Each MB-Abs was incubated with a 1:1:1 mixture of So, Sp, and N protein, along with
three types of UCNP-ADbs.

Group MBs-Abs Ag UCNP-Abs
4 4
‘\!//_ > \-éé“ff
—u:‘\ i"w,..{, ko af”:&
. _,,r’/ I’ b
” ¢ | 3 A
UCNP-AbSoz ~ UCNP-AbN,
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The primary objective of this experiment was to evaluate whether the recognition
performance of a single antibody—antigen pair would be affected by the presence of
other antigens and UCNP-antibody conjugates in a multiplexed detection system. In
contrast to the previously described one-to-one specificity validation experiments in
5.5.1, this test adopted a one-to-mix configuration, in which only one type of MB-Abs
was used per group, while all three proteins and three UCNP-Abs were simultaneously
present in the reaction (Table 4). By comparing the SNR obtained in this setup with
that from the single-target assay, the potential impact of multiplexing on assay

performance was assessed.
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5.6.2.2 Result

As shown in Figure 7, all three MBs-based systems exhibited clear linear response
trends over the concentration range of 0.001-1000 ng/mL, indicating that the target
antigens could still be successfully recognized even in a complex mixture of antigens
and antibodies. Although the previous cross-reactivity validation demonstrated
negligible non-specific binding within the system, a noticeable reduction in signal
intensity was observed in this multiplexed assay configuration. Further analysis based
on linear curve fitting revealed that the LOD for all assays increased under multiplexed
conditions. Specifically, the LOD for So detection increased from 565 fg/mL to
1.89 pg/mL, Sp from 109 fg/mL to 211 fg/mL, and N from 774 fg/mL to 2.89 pg/mL,
representing 3.3-fold, 1.93-fold, and 3.7-fold increases, respectively, compared to the
single-target format. These results suggest the presence of mild signal suppression,
potentially arising from competition among antigens or antibodies for binding sites or
from steric hindrance in the multiplexed environment. However, it is worth emphasizing
that despite the observed reduction in SNR under multiplexed conditions, the effective
dynamic range of each detection system remained largely unchanged. These results
indicate that the MB-UCNP-based platform maintains stable detection capability and

reliable target recognition performance even in the presence of multiple coexisting

analytes.
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Figure 7. Simultaneous detection of three SARS-CoV-2 antigens using one MB-Ab

conjugate and three types of UCNP-Ab conjugates. Calibration curves for Group 4,
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Group 5, and Group 6 correspond to the detection of three mixed antigen solution with

the ratio of 1:1:1 (n=10 in each variant). Black lines represent linear regression fits

within the indicated concentration ranges, with the corresponding fitting equations and

coefficients of determination (R?) shown in each condition

5.6.3 Simultaneous detection of two antigens using two MB-Abs and two UCNP-Abs

conjugates pairs

5.6.3.1 Design

Table 5. Experimental design for evaluating the detection performance of the

multiplexed immunoassay system under unequal antigen concentrations.

Group MBs-Abs Ag UCNP-Abs
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This set of experiments was designed to evaluate the detection performance of the
UCNP-MB multiplexed immunoassay system under non-equimolar antigen conditions.
In each group, two distinct sandwich-format immunocomplexes were formed. Unlike
the previous assays using equimolar antigen mixtures (1:1:1), this study introduced
two antigens per reaction with deliberately skewed concentration ratios (1:10) to mimic
clinically relevant scenarios (as shown in Table 5), where a low-abundance biomarker
must be accurately detected in the presence of a high-concentration interfering antigen.
Another objective of this experiment was to assess the system’s signal resolution
capacity under asymmetric UCNP labelling conditions, particularly in Group 6, where
both UCNP probes were doped with the same Er®* ion, challenging the platform’s

spectral discrimination capability.

In Groups 4 and 5, two types of UCNP fluorescent probes doped with Er¥* and Tm3*,
respectively, were employed to simultaneously detect two different antigen targets
within the same reaction system. Group 6 used the same Er**-doped UCNPs. The
antigens were introduced at a concentration ratio of 1:10, corresponding to 1000:100,
10:1, 0.1:0.01, and 0.005:0.0005 ng/mL. This setup was designed to simulate the
detection of a low-abundance biomarker in the presence of a high-concentration

background antigen.

5.6.3.2 Result

In group 4 and 6, the results demonstrated that both emission channels (Er and Tm)
showed an independent linear response trends across their respective concentration
ranges, indicating successful recognition of both targets. However, when compared
with single-antigen detection assays, the signal intensities in this dual-target format
were consistently lower at each concentration level. This suggests the presence of
mild competitive binding that may reduce immunocomplex formation efficiency and

subsequently lower signal output.

In Group 6, two UCNP probes both doped with Er3* were used to simultaneously detect
two antigens. Although the overall signal still followed a linear trend, the emission
intensities from the two immunocomplexes overlapped due to the same emission
wavelength, resulting in cumulative signals that could not be spectrally separated. This

overlap prevented independent quantification of the two targets and highlights a critical
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limitation: without proper spectral encoding, multiplexed detection suffers from signal

convolution, which compromises quantitative resolution.
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Figure 8. Simultaneous detection of two antigens at a 1:10 ratio using dual sandwich

formats between MB-Abs and UCNP-Abs conjugates.

5.6.4 Simultaneous detection of three antigens using three pairs of MB-Abs and
UCNP-Abs conjugates

5.6.4.1 Design

Table 6. Simultaneous detection of three antigens at a concentration ratio of
1:100:10 using three sandwich pairs of MB-Abs and UCNP-Abs conjugate

MB-Abs
Ag (1:100:10)
UCNP-Abs
So (ng/mL) So (ng/mL) N (ng/mL)
),
0.001 0.1 0.01 AWl
Y~ Ny
‘/ '1‘ %
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S \‘t,‘//
0.1 10 1 2N
"
A
1 100 10 ﬁ;“/{g
10 1000 100 IR

This set of experiments was designed to systematically evaluate the detection
performance and stability of the UCNP—MBs multiplexed immunoassay platform under
conditions of extremely imbalanced antigen co-existence. Compared to previous
setups using equal (1:1:1) or concentration with ratio of 1:10, a more stringent antigen
distribution model was implemented here: three SARS-CoV-2 antigens (So, Sp, and
N) were simultaneously introduced into the reaction system at a mass concentration
ratio of 1:100:10 (Table 6). This configuration more closely mimics the complexity of
clinical or real biological samples, where highly abundant background antigens may
suppress or interfere with the detection of target low-abundance analytes. In such
multiplexed settings, avoiding signal interference becomes a key challenge for

accurate target identification.
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Although earlier experiments revealed that when two antigens were simultaneously
labeled with UCNPs doped with the same Er*-doped, their emission signals
overlapped at the same wavelength, making it impossible to distinguish the source of
each signal and thus limiting quantitative analysis in multiplexed detection. However,
subsequent results demonstrated that by employing UCNPs doped with different
emitters (e.g., Tm®* and Er®*), the system was still able to spectrally resolve individual
antigen signals even under imbalanced antigen loading conditions. To further
investigate whether Er®*-doped fluorescent probes introduce concentration-dependent
interference or signal coupling when detecting different antigens, we systematically
examined the response curves across a range of concentration gradients (So from
0.001 to 10 ng/mL, Sp from 0.1 to 1000 ng/mL, and N from 0.01 to 100 ng/mL), under
conditions where two Er**-doped UCNPs were simultaneously involved in the

detection.

5.6.4.2 Result

When both target antigens (So and N) were detected simultaneously using Er®* -doped
UCNPs, their relatively high concentrations led to cumulative fluorescence signals
(Figure 9a). As a result, the overall signal intensity and background fluorescence were
both higher than those observed in the single-analyte detection format. Since both
antigens were labeled with UCNPs emitting at the same Er3* wavelength, the
measured fluorescence represented the combined signal from both targets.
Consequently, it became impossible to distinguish the individual contributions from
each antigen, and only the total signal intensity could be quantified, rather than the
concentration of each analyte separately. However, in the case of S, detection (Figure
9b), only one protein was labeled with the Tm-doped UCNP, meaning that the signal
observed at the Tm emission peak originated exclusively from the N antigen.
Compared to the single-analyte detection of the N antigen, a noticeable decrease in
fluorescence intensity still could be observed under multiplexed conditions, likely

attributable to competitive binding effects within the same reaction system.
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Figure 9. Simultaneous detection of three SARS-CoV-2 antigens using one MB-Ab
conjugate and three types of UCNP-Ab conjugates. Calibration curves for Group 4,
Group 5, and Group 6 correspond to the detection of three mixed antigen solution
with the ratio of 1:100:10.

5.7 Conclusion

Multiplex detection plays a critical role in clinical diagnostics and pathogen surveillance,
as it enables the simultaneous identification of multiple biomarkers or antigens within
a single assay, thereby improving diagnostic efficiency, reducing sample consumption,
and shortening turnaround time. Motivated by these advantages, we verified the
multiplexed platform capable of detecting three SARS-CoV-2-related antigens using
distinct MB-Abs and UCNP-Abs conjugates pairs.

Specificity tests demonstrated that each of the three antibody pairs exhibited high
specificity toward their corresponding targets, with LODs reaching the hundreds of
femtograms per milliliter (fg/mL) range. Nevertheless, the N protein showed a slightly
elevated background signal compared to the two S proteins, which may be due to the

use of smaller magnetic beads for its capture.

In cross-reactivity evaluations, Tm-doped UCNPs enabled clear and reliable detection

of the N protein without interference. However, as both So and Sp antigens were
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labeled with Er-doped UCNPs, their emission peaks overlapped at 650 nm, preventing
discrimination between the two S proteins regardless of their concentration ratio.
These findings highlight both the potential and the current limitations of our multiplexed
detection strategy and underscore the need for further optimization of fluorophore

selection and spectral separation to enable fully resolved, multi-analyte quantification.

5.8 Perspective

Through literature review, we found that material synthesis and innovation constitute
a crucial aspect of multiplexed biosensing development. In current configurations,
spectral overlap between UCNPs, especially those doped with the same lanthanide
ions, has become a major limiting factor in simultaneous multi-analyte quantification.
To address this, future iterations of the Beads-on-a-Tip platform will focus on the
synthesis and integration of UCNPs with distinct and non-overlapping emission
profiles. By engineering nanoparticles doped with alternative lanthanide ion
combinations, such as other doping in different host matrices, which it is possible to
achieve sharper and more spectrally separated emission peaks. This would enable
more accurate signal deconvolution and facilitate the expansion of the multiplexing
capability from two or three targets to four or more, without sacrificing specificity or
sensitivity. Furthermore, with improved spectral separation, it would be feasible to use
a single bead size for all targets, thereby simplifying assay design, enhancing

consistency, and reducing variability introduced by heterogeneous bead populations.

An alternative strategy that does not require changes to the nanoparticle materials
involves the integration of microfluidic channel design to physically separate bead
populations. By engineering flow paths with tunable hydrodynamic or magnetic forces,
it is possible to direct different sizes of MBs into distinct channels. This approach
enables differential handling or signal readout of MB-antibody complexes, thereby
resolving detection outputs even when spectral overlap exists. Such spatial separation
complements the multiplexed detection strategy and provides a flexible solution for
improving specificity and minimizing crosstalk without the need for synthesizing new
UCNP materials.

Beyond advances in material design and assay architecture, future development of

the Beads-on-a-Tip platform should focus more on applications using real and
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clinically relevant samples. While the current work demonstrates sensitive and
multiplexed detection under controlled laboratory conditions, practical applications will
require robust performance in complex biological matrices such as whole blood, serum,
saliva, and food samples. These matrices introduce additional challenges, including
nonspecific adsorption, matrix-induced signal attenuation, and sample-to-sample

variability, which may impact assay accuracy and reproducibility.

To address these challenges, future studies could incorporate optimized sample
pretreatment strategies, such as dilution, filtration, or on-bead washing steps, to
mitigate matrix effects while preserving assay simplicity. In addition, systematic
evaluation of assay performance using real samples from clinical or industrial sources
will be essential to assess robustness, diagnostic relevance, and regulatory feasibility.
Demonstrating reliable multiplexed detection in real-world samples will be a critical
step toward translating the Beads-on-a-Tip platform from a proof-of-concept system

into a practical point-of-care diagnostic tool.
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Chapter 6 Conclusion and Perspectives

6.1 Conclusion

This thesis establishes and validates two UCNP enabled POCT platforms that address
key sensitivity and robustness limitations of conventional immunoassays. By
integrating materials design, surface chemistry optimization, and assay-format
engineering, this work demonstrates how UCNP-based signal amplification can be
translated into practical analytical systems for both food quality control and infectious

disease diagnostics.

A UCNP-based LFIA was first developed for the selective detection of A1 3-casein in
milk and infant formula. This platform demonstrates that UCNP reporters, when
functionalized with the custom-synthesized polymer developed in this work, can be
effectively applied to milk samples without pretreatment. In this research, the polymer
coating plays a critical role in minimizing non-specific binding, thereby enabling
quantitative discrimination of low-level A1 contamination within an A2 protein
background. The achieved sensitivity and specificity confirm the feasibility of UCNP-

LFIA as a practical tool for routine dairy quality monitoring.

To overcome the intrinsic sensitivity limitations imposed by capillary-driven LFIA
formats, a magnetic bead-based Beads-on-a-Tip sandwich immunoassay was
subsequently introduced. By integrating target capture, washing, and signal
generation into a single assay workflow, this platform enables active analyte
enrichment while effectively reducing background signals. As a result, femtogram-
level detection of SARS-CoV-2 antigens was achieved, representing a substantial
improvement over conventional membrane-based assay. Importantly, this strategy

preserves operational simplicity while offering enhanced analytical performance.

Furthermore, the Beads-on-a-Tip platform was extended to multiplex detection of
SARS-CoV-2 variants, demonstrating its adaptability to multi-target diagnostics. While
spectral overlap between lanthanide-doped UCNPs currently constrains full
discrimination of closely related targets, the results highlight the platform’s strong

potential for multiplexed point-of-care applications.
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Overall, this thesis demonstrates that combining highly doped UCNPs with rational
assay design enables substantial gains in sensitivity, specificity, and versatility,

providing a robust foundation for next-generation POCT technologies.

6.2 Perspectives

The UCNP-based POCT platforms developed in this thesis show strong potential for
translation into real-world diagnostic applications. Their successful implementation in
milk and infant formula demonstrates robustness in complex matrices, highlighting
suitability for decentralized testing scenarios where minimal sample preparation is
required. For A1 B-casein detection, future work should focus on improving antibody
specificity and assay robustness in highly processed dairy products. The current
reliance on polyclonal antibodies introduces limitations in reproducibility and
background suppression. The development of well-matched monoclonal antibody
pairs and dual-analyte strategies for simultaneous A1/A2 detection would enable more
accurate relative quantification in real samples. In addition, mild pretreatment
strategies targeting B-casein micelle dissociation could further improve assay

accuracy without compromising field usability.

In the context of infectious disease diagnostics, the Beads-on-a-Tip platform offers
remarkable advantages for analyzing low-abundance biomarkers in complex
biological samples. Its compatibility with magnetic enrichment and active washing
makes it particularly suitable for saliva, nasal swabs, and other minimally processed
clinical specimens. Future efforts may focus on validating performance across diverse
real sample types and integrating simplified fluid-handling steps to further enhance

usability in point-of-care settings.

For multiplex detection, overcoming spectral overlap remains a key challenge. This
may be addressed through the development of UCNPs with well-separated emission
profiles, as well as through spatial or temporal signal separation strategies. Such
advances would expand the applicability of the platform to broader panels of

biomarkers relevant to emerging infectious diseases and precision diagnostics.

With continued optimization at both the material and assay-design levels, the UCNP-

based platforms presented in this thesis have the potential to contribute meaningfully
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to sensitive, reliable, and scalable diagnostic solutions across food safety and clinical

testing domains.
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