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Abstract

Chronic obstructive pulmonary disease (COPD) has always been the one of the top four major
death causes during the last ten years. During the era of covid-19 pandemic, COPD patients
faced higher mortality rates than ever before. Inefficiency in COPD diagnosis and exacerbation
monitoring leads to tremendous medical costs and economic burden. Decentralized point-of-
care (PoC) diagnostics based on disposable paper-based biosensors emerge as a cost-effective
approach, which requires sensitive detection of COPD biomarkers in human saliva and blood
as a prerequisite. When testing biological samples, it also needs to consider matrix effects
resulted from samples and handling protocols. Biofouling is the most noticeable and
deleterious effect of untreated saliva or serum that happens simultaneously on most
interfaces that results in blocking and passivation of the sensing surface with non-specific

adsorbed proteins.

This dissertation work focuses on the following challenges: (i) demonstrate sensitive
electrochemical and optical biosensing of COPD biomarkers in human saliva based on lateral
flow assays; (ii) investigate solutions to resolve hook effect in sandwich LFAs and redesign the
LFA structure; (iii) control defects in emerging nanomaterials, taken 2-dimensional black
phosphorus as an example, for the development of future biosensors that contact human
saliva and blood; and (iv) an anti-biofouling strategy to overcome non-specific protein

adsorption and matrix effect of body fluids.

Keywords

COPD, PoC diagnostics, Lateral flow assay, Hook effect, Salivary assay, Defects, Two

dimensional materials.
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1 Introduction

1.1 COPD prevalence and outcomes

During the past decade, chronic obstructive pulmonary disease (COPD) has consistently
ranked among the top four leading causes of death around the world.>? It affects around 10
percent of the world population and led to an annual mortality of 3.2 million lives in 2017,
while the yearly mortality increased by 13.2 from 2007 to 2017.3 In Norway, COPD is known
as kronisk obstruktiv lungesykdom (KOLS). It affects around 6 percent of the Norwegian
people over 40 years old.* As life expectancy extends, there is a tendency that more people
are likely to suffer from COPD in the future. Moreover, in this post-covid era, COPD patients
are more vulnerable than ever before. People suffering from COPD are 4 times more risky to
severe COVID-19 disease and suffer poor outcomes.>® A multicentered study showed that

62.5% of the severe COVID-19 cases and 25% of deaths were COVID patients.”

The prevalence and outcomes of COPD have led to tremendous direct medical costs and
indirect economic costs including sick leave and lost productivity. In the United States, studies
estimated that the annual direct cost exceeded 30 billion U.S. dollars and the total cost
reached 50 billion U.S. dollars in 2010.% In Norway, COPD, together with other respiratory
diseases, annually led to 11.1 billion Norwegian Kroners (NOK) of direct medical expenditures
and 17.2 billion NOK of total economic loss in 2013.° According to Folkehelseinstituttet (FHI)
data’®, the county of Vestfold and Telemark has a higher number of COPD medicine users than
the Norwegian average (see Table 1). The medical care expenditures and total cost sharply

increase as COPD exacerbates into late stages while the survival rate of patients decreases.!!

[
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Thus, early diagnosis and timely follow-up of COPD status together play a crucial role in

treating COPD patients as well as reducing COPD-related losses.

Table 1. Prevalence of major chronic diseases in Norway.

Chronic disease Vestfold og Telemark Norway (average)
COPD/Asthma medicine users 120 114
Heart disease medicine users 101 103

*Per 100 000 people. Data obtained from FHI website.

1.2 Advances in PoC diagnostics of COPD

The traditional definition of COPD is irreversible airway limitation caused by environmental
pollution and smoking. COPD stages and exacerbation were monitored based on spirometry
together with a symptom questionnaire.>!? In recent years, researchers argued that COPD is
resulted from environment-gene interactions.'>*> According to Global Initiative for Chronic
Obstructive Lung Disease (GOLD) report published in 2022, host factors were included as part
of the COPD causes,*® consequently indicating that diagnostics and monitoring based on
spirometry is not sufficient to manage COPD. Discovery and systematically studies of COPD
biomarkers have shed new lights on the COPD diagnostics and monitoring. Researchers
argued that biomarker plays a critical role in identifying the causative COPD endotypes and
predicting declines of lung function associated with exacerbation.>'2 Therefore, the detection
and quantification of proteins in human body fluids is extremely important. Biomarkers—
especially proteins produced by human organs and subsequently transported into body
fluids—can reproducibly indicate medical states of the patients,’”"'° e.g. c-reactive protein
(CRP), interleukins (ILs), and matrix metalloproteinases (MMPs) for COPD diagnosis.’® By
detecting levels of protein biomarkers in body fluids, it potentially offers a simple, fast,
affordable, and non-invasive solution to largely boost the early screening and monitoring of

COPD.
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Saliva or blood? Blood, urine, interstitial fluid, and saliva are the commonly targeted body
fluids in the measurements of protein biomarkers.*>?° As a lung disease, biomarkers related
to COPD are mostly accessible in saliva and blood. The dissertation briefly illustrated the
biological pathways of these protein biomarkers since releasing from the lungs to entering
blood and subsequently into saliva (figure 1), in concentrations ranging from sub-picomolar
to micromolar. This thesis summarized representative biomarkers related to COPD and acute
exacerbation of COPD into table 2 and table 3 in section “4.1.3 salivary and blood biomarkers”.
The levels of these COPD protein biomarkers were found to be correlated between blood and
saliva. Detection of these protein levels in either blood or saliva can be applied to prevent
COPD exacerbation. Nevertheless, sampling blood requires invasive needle or needle-
equivalent technology, which is still not adequate for the daily assay. On the contrary,
sampling saliva is harmless and more accessible than testing blood, which matches perfectly
to routinely monitoring of COPD exacerbation. The collection of samples is non-invasive, fast
and economic. It poses lower risk of infection and is easy to handle for multiplexed tests. In
addition, the concentration of target biomarker in saliva often correlates well to blood. The
saliva assay would offer a perfect test allowing convenient diagnostics and follow-up checks
at point of care scenarios, which may effectively lower the medical cost in long-term
treatment of COPD.?! Despite of the promising future, it needs a combination of multiple
biomarkers to accurately predict the exacerbation of COPD against other diseases or simple
inflammation. This problem has motivated the development of protein biosensors®?? which
can provide detection results in minutes and are amenable to analyze proteins in settings
outside a clinical laboratory. However, modern biosensors still face an important challenge3?2:
diagnosis of diseases requires detecting several protein biomarkers simultaneously while their
concentrations in the biological fluids vary by several orders of magnitude. It poses a strict
requirement for the detection range of biosensors. Readers may refer to Article 1 included in
the dissertation for detailed discussions on the COPD biomarkers, sampling technologies, and

evaluation of point-of-care COPD diagnostic strategies based on biomarkers.

Methods like Western Blot, ELISA, electrophoresis, and chromatography are often applied to
detect protein biomarkers in saliva. These conventional techniques still need professionals to

operate in labs, contrary to the goal of early screening and monitoring from accessible body

3
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fluids like saliva. The urgent need for a robust protein biosensing technology motivates the

development of biosensors.?

- poll tant ( asgjy

parotid gland

A

MMP-8 ’; 7,
MMP-9 ‘ o

CRP, MMP-8,
MMP-9, IL-1,
s === = — "—t'& TNF-q,
‘:m etc.
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Figure 1. A scheme representing generation of COPD-related protein biomarkers and their biological pathway
toward blood and saliva. Selected COPD protein biomarkers are produced by different organs, transported to

parotid gland via blood, and secreted into saliva.

1.3 Biosensor strategies for COPD

Current biosensors to detect proteins are consisted of three essential components—a
biological recognition element (bioreceptor) that selectively responses to single or multiple
the target analytes, a transducer that produces a measurable signal upon bio-recognition
events, and finally a signal processor that collects, amplifies, and displays the signal.
Transducer is the key biosensing part in biosensors, which is based on the principles of

optics,?* magnetics,? colorimetry,?® electrochemistry,?” acoustics?®, photoelectrochemistry?’,

IS
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etc. To improve the level of automation, biosensors are coupled with either disposable or non-
disposable microfluidic platforms. Article 1 discusses disposable microfluidic platforms for
COPD diagnostics through human body fluids. Since label-based biosensors have been well-
studied and intensively reviewed by other researchers,® this dissertation only covers the
development of label-free biosensors that detects protein biomarkers, especially
photoeletrochemical biosensors as an emerging genre and comparison between
electrochemical and photoelectrochemical biosensors. When these two biosensors are testing
real human samples, either in vitro or in vivo, co-existing proteins will simultaneously adsorb
to the electrode surfaces, known as the biofouling phenomenon. Article 4 presents
development of an antifouling strategy by modifying electrode surface with WO3 nanosheets

that are rich in oxygen vacancies.

1.3.1 Research progress on label-free protein-sensing biosensors

Label-free biosensor consists of a recognition unit and a sensing unit. Typical recognition units
for specific protein detection include: (1) Single biological receptors as antibodies, phages,
affibodies, molecularly imprinted polymers, and aptamers. Binding of target protein to these
receptors (by molecular affinity) triggers the signal of protein detection. The detection signal
can be either dependent or independent of intrinsic electronic properties of these receptors.
(2) Dual biological receptors as aptamer-complementary oligonucleotide probes33? and
hairpin-triplex oligonucleotide probes33. These probes may have two mechanisms of
recognition: one involving dissociation of the probes in which the aptamer binds to the protein
with higher affinity against the complementary sequence. The structure of the probe is
destroyed and leads to the detection signal; second involving the adsorption of the target
protein to the dual oligonucleotide probe. This mechanism occurs if the protein possesses
redox groups, and the detection signal is achieved via DNA-mediated charge transport. The
intrinsic charge transport properties of double stranded oligonucleotides were characterized
by researchers of Professor Barton’s group at California Institute of Technology.3*3> For
electrically inert proteins, such as CRP, ILs and MMPs, the use of DNA-mediated charge
transport can be adapted with the aid of redox molecules adsorbed or intercalated to DNA

base pairs.3®

(2}
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1.3.1.1 Label-free electrochemical biosensor

Amperometric, potentiometric and impedimetric sensors are the types of EC sensors
commonly reported in the literature. The corresponding label-free sensing schemes for
protein detection in saliva are shown in figure 2. An amperometric sensor with a “sandwich”
type assay conducted on top of the working electrode was studied to detect salivary TNF-a.
Atop a gold working electrode immobilized capture antibody. Horseradish peroxidase (HRP)
was chosen as the label and linked to detection antibody. HRP catalyzed the redox reaction of
a redox mediator on top of the working electrode. The current was measured as a function of
time using a chronoamperometric technique in where the excitation voltage applied to the
working electrode was swept with time using pulses. The technique exhibited fast response
(within seconds) for bio-detection and low detection limits (picomolar levels).?’ Field effect
transistors (FETs) were reported in potentiometric sensor to detect cytokines in saliva as
demonstrated by Xuezeng’s group at Harbin Institute of Technology®’. The FET channel made
of graphene had immobilized single-stranded oligonucleotides, and the capture of protein had
induced changes of channel conductivity detected by an increase of potential difference
between source and drain electrodes. The concept showed a detection limit of 12 pM. On the
other hand, an impedimetric sensor was developed by Kim et al. to detect salivary cortisol.3®
The sensor was run as a chemiresistor using reduced graphene oxide as the resistor channel
which immobilized antibody specific to cortisol. The sensor exhibited limit of detection as low
as 27.6 pM, and the low limit was explained by the feature of the reduced graphene oxide

channel to sharply vary its impedance due to the capture of the antigen.

Despite the advances, further development of label-free EC biosensors is limited by a number
of factors. (1) The EC sensors need to introduce an electrical perturbation or electrical
excitation (fixed DC or AC potential) when measuring the protein concentration. Because the
measurement relies on electrical bias, the EC sensors are susceptible to high background
noise. This explains the narrow detection range (only two orders of magnitude) of the
biosensors.?”3%39 (2) The potentiometric FET sensor is hindered by false-positives results due
to high susceptibility of the detection area (Debye length) to interferences from any charged
substances in the biological sample. These interferences are independent from applied

electrical perturbation. (3) Most of label-free amperometric sensors relied on antibody to

6
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controlling electron transfer between a redox mediator and an electro-catalyst onto the
electrode surface, while the impedimetric sensor also depends on the electronic properties of
the antibody. However, typical antibody exhibits low conductivity and high impedance, which

also contributes to the narrow detection range.

(b) Liquid gate
®
Drain ) Source

|
|
|
|
|
|
| Dielectric
|
|
|
|
|
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(C18

I ‘;js ~— Ground
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Figure 2. electrochemical sensor for label-free protein detection can be classified into three types in terms of

Dielectric \"/ \I/ \IK \l/ Dielectric

Electrode

Substrate

working principles: (a) amperometric type; (b) potentiometric type; (c) impedimetric type.

1.3.1.2 Photoelectrochemical biosensor

The PEC biosensor has been showing great research prospects in recent years. Comparing to
the EC sensors, the PEC sensor reduces the background signal interferences by the use of
excitation light signals as the input, instead of electrical bias, which improves significantly the
detection range of the biosensors.?® The structure of PEC sensor is similar to that of a
photoelectrochemical cell. A working electrode (photoelectrode) is made of a semiconductor
as a photosensitizer and connected to a counter electrode. When the working electrode is
immersed into the electrolyte, the photogenerated carrier pairs are separated under the built-
in electric field, and through the photoelectrode/electrolyte interface, catalyze redox

reactions of charge scavenging species generating an output electrical response. Hole-

7
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electron exchange at the interface generally follows Marcus” law. Most works on PEC
biosensors focused on exploring new materials for working electrodes, sensor structures, and

sensing mechanisms.

Working electrode: the most common photoelectrode in PEC sensors is the photoanode
which catalyzes the redox reaction of a hole scavenger (HS). The photoanode comprises a n-
type semiconductor which ensures the conversion of light to a driven potential. The n-type
semiconductors WOs3 (Eg=2.7 eV), Fe,03 (Eg=2.1 eV), TiO; (Eg=3.0-3.2 eV) among other binary
transition metal-oxide semiconductors, as well as ternary oxides such as BiVOa4 (Eg=2.4 eV) and
CuBi204 (Eg=2.0 eV) have majorly been used in PEC sensors.*! The photoanodes of TiO; and
WOs have the advantages of simple preparation and stable chemical properties. Researchers
have also studied emerging nanomaterials for the photoanode, namely cadmium-based
quantum dots (CdS, CdSe, CdTe, etc), despite their toxicity, and graphene quantum dots
(Eg=2.2-3.1 eV).

Sensor structure: the bio-photoanode is currently the most studied structure of PEC
biosensor, in which the photoanode surface is modified with recognition elements. The
structure of bio-photoanode is shown in figure 3. When the bio-photoanode detects a
biological sample with complex composition, the redox non-target compounds present in the
sample can also be oxidized onto anode surface leading to significant interference to the
measured signal. Wang et al. studied the surface modification of a p-type semiconductor by
recognition elements and built a bio-photocathode to replace the bio-photoanode.*? The
negative potentials of bio-photocathode prevent the diffusion and adsorption of non-target
components that exist simultaneously onto the working electrode, thereby solving the
problem of background interferences to the detection signal. In a single bio-photoanode or
bio-photocathode structure, the photogenerated electron-hole pairs outside the built-in
electric field are easily be recombined before reaching surface®. Therefore, Han et al. studied
the bio-heterostruture PEC sensor whose photoelectrode was made of a WOs@BiOl
heterojunction modified with antibody**. The heterojunction played a role in enhancing the

electron-hole separation, thereby suppressing undesired recombination. The heterojunction

(o]
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can be applied to either photoanode or photocathode, or both so as to improve current

response.*
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Figure 3. PEC sensor for protein detection can be classified into three categories: (a) bio-photoanode type
coupled to steric hindrance; (b) bio-photoanode type coupled to in-situ generation of PEC-promoting/hindering
species; (c) bio-photocathode type coupled to a photoanode. n-sc and p-sc may comprise heterojunction of

semiconductors.

Sensing mechanism: it is related to effects of protein binding to bioreceptors causing the
variation in the detection signal. Nevertheless, labelling methods are still used to realize the
sensing mechanism for PEC sensors, including in-situ generation of electron donor/acceptor?®
biocatalytic precipitation,*” etc. These mechanisms generally make use of enzyme labels
which catalyze reactions generating electroactive or insulating species to either promote or

hinder the response of the photoelectrode, respectively.
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Among the current sensing mechanisms, only the mechanism of steric hindrance can truly
realize the label-free detection in PEC sensors. In a sterically hindered PEC sensor, the resulting
protein-bioreceptor complex hinders the diffusion of the hole/electron scavenging species in
the electrolyte to the photoelectrode, resulting in a change in output J-V response. Although
the attractive simplicity of the mechanism, the sterically hindered PEC sensor rarely achieved
detection sensitivities below nanomolar levels while maintaining a large range of detection.*®
The reason is that output J-V response does not depend on the change in charge-transfer
dynamics, but instead dominated by the thermodynamic mass transfer (diffusion) process
from the target electron/hole scavenger to the photoelectrode surface. By increasing the
proportion of the output response with charge-transfer dynamics control, it is expected to

further improve the sensitivity and detection range of the biosensor.

The current studies on label-free photochemical sensors have not yet explored the electronic
properties of the bioreceptor itself. As introduced above, the works done in Professor Barton’s
group have shown that dual oligonucleotide probes exhibit properties of charge transport that
can control charge-transfer kinetics of redox species. Charge transport mediated by double-
strand DNA is conferred by the pi-stack of the base pairs. When the pi-stack is disturbed by
absence or dissociation of base pairs, a 100-fold decrease in current across the
oligonucleotides can be achieved.3*% If these probes are immobilized onto an electrode, great
variation on charge-transfer dynamics can be expected. However, the principle of DNA-
mediated charge is not compatible to existing PEC sensor structures. When the dual
oligonucleotides are immobilized onto a semiconductor or heterojunction, the intrinsic
electronic properties will significantly be damaged by the effect of either photooxidation or

photoreduction of oligonucleotide bases (i.e. guanine).*

Compared to electrochemical sensors for protein detection, the PEC sensor exhibits better
sensitivity and detection range. On the other side, the current studies have shown that the
existing label-free photoelectrochemical biosensor technology*® still do not achieve the
requirements of detection range to simultaneously detect multiple protein biomarker levels
in bio-fluids such as the case of COPD biomarkers in saliva. In addition, research was limited

to measurement of device performance, and the systematic study of the

10
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photoelectrochemical sensing principle with experimental verifications, theoretical
calculations and/or comparison of numerical models and experiments has not yet been

conducted. The challenges of developing new PEC biosensors are summarized as follows:

1. There is a gap between photovoltaic parameters (quantum efficiency, photocurrent
stability, etc.) and models of interfacial redox processes (charge-scavenging efficiency,
overpotentials, etc) for modelling charge-transfer dynamics in the PEC sensor. The
disconnection of models prevents the control of sensor response and subsequent detection

range and sensitivity of the biosensor.

2. For the working electrode, most PEC sensors for protein detection are still limited to wide
bandgap semiconductors such as TiO; and WOs3, which exhibits high charge transport losses
in bulk and interface comparing to emerging low bandgap semiconductors®?, besides reducing

use of light to only high-energy wavelengths.

3. Absence of a sensing mechanism for enhancing change on charge-transfer dynamics and
maximizing J-V response. In the few works combining the PEC sensor with dual
oligonucleotides as the bioreceptor33?, the research was limited to the mechanistic
behaviour of competitive binding between oligonucleotides and proteins while the intrinsic

charge transport properties of the dual oligonucleotides have not been touched.

4. Majority of PEC sensors measure the concentration of protein in buffered electrolytes or

lab-prepared ionic solutions, while the direct detection in bio-fluids was rarely demonstrated.

1.3.2 Paper-based disposable biosensors for PoC diagnostics

To avoid self-plagiarism, readers may find detailed review and discussions in section 4.1 of this
thesis and section “5. Paper-based diagnostics to detect COPD-related biomarkers in saliva

and blood” in Article 1.

Section 5 in Article 1 reviewed studies on lateral flow assays (LFA) and microfluidic paper-
based analytical devices (LPADs) to detect COPD biomarkers. To summarize, only a limited
number of studies have investigated the detection of COPD biomarkers from human biofluids.

Few paper-based biosensors have been developed and optimized using untreated saliva or

11
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blood samples. Real biofluidic samples were only used for functional validation, and in small
guantities. Effective concentrations of analytes in biological samples may differ from that in
lab-prepared buffers. Multi-centered clinical validation involving numerous tests using
samples collected from real patients and comparison with the GOLD standard is also necessary.
Current clinical studies have reported the use of lateral flow assay for identifying
bronchiectasis severity, airway infection, risk of exacerbation, and periodontitis. Preliminary
clinical validation suggests that point-of-care paper-based biosensors may be efficient tools
for screening diseases and identifying bronchiectasis patients at high risk of disease
exacerbation. Despite fruitful progress in recent years, it still faces several challenges to

achieve paper-based biosensors for COPD PoC diagnostics.

First of all, matrix effects are present in different human samples. For example, in saliva,
viscosity may differ based on various factors such as the individual's health status, food
consumption, and when saliva samples are collected. Mucin has been identified as a COPD
biomarker that increases during exacerbation while its increase also leads to high viscosity of
the biofluid sample. High viscosity results in significant biases in assay results and thus requires
sample treatment. Detailed discussion can be found in sub-section 3.1 “Advances and
perspectives on point-of-care diagnostics of COPD, from sampling biomarkers to paper-based

disposable biosensors” and Article 1.

Secondly, it requires further study to enable quantitative paper-based sensors by coupling
sensing mechanisms beyond colorimetric sensing to paper substrates. Most commercial LFAs
are based on colorimetric sandwich assay and offer qualitative tests, while binary results
cannot be used to determine COPD stages and COPD exacerbation. To successfully monitor
COPD at low cost, it is required to develop quantitative LFAs, and incorporating sensing
mechanisms like electrochemical or fluorescence sensing is one of the most promising
approaches. Furthermore, as sandwich assay is widely applied and compatible to current
industrial fabrication chain, it also requires solutions to resolve the hook effect in sandwich
LFAs which causes false-negative results in LFAs at high concentrations of analytes. Relevant
studies are presented in subsection “Lateral flow immunosensors to analyze salivary C-

reactive protein” and Article 2.
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Third of all, biofouling happens and deteriorates sensor performance when sensors contact
biological samples unless preventive measures are taken. Biofouling is a result of non-specific
adsorption of proteins and adhesion of cells, which interferes not only analyte-receptor
binding but signal transduction across sensing interfaces as well. Elaboration of this topic can
be found in sub-section “Emerging Functional Nanomaterials and Their Potential in Body Fluid
Biosensing, examples of 2D Black Phosphorus”, sub-section “Tungsten trioxide coatings with
oxygen vacancies for biomedical sensor surfaces with ultra-high resistance against adhesion

of fouling proteins”, and Article 3 to 5.

Last but not the least, reliable bioreceptors with high specificity and low production cost are
crucial for the commercialization of point-of-care paper-based biosensors. Current research
in both lab and commercial products primarily relies on antibodies, which are produced in
mice, goats, rabbits, etc. However, products from different suppliers often exhibit different
binding affinity and specificity, which can vary between batches and need to be measured
specifically for each batch. Before developing an assay, it is necessary to screen commercial
antibodies available in the market to compare binding affinity, specificity, and stability

between products between different batches.

2 Aims, Tasks, and Contributions of the Thesis

2.1 Aims and Tasks

This thesis aims to develop paper-based disposable biosensors and their protocols, in order to
detect COPD biomarkers in saliva and to provide solutions for COPD PoC diagnostics. This
thesis also aims to investigate novel anti-biofouling approaches by controlling defects in
emerging nanomaterials, which would be a key technology in body fluid biosensing. The thesis

involves following major tasks:

Task 1. Review latest advances in COPD biomarker identification and their role in predicting
and monitoring of COPD and its exacerbation. This task is covered by sub-section “3.1.3
salivary and blood biomarkers” in chapter 3 of this thesis and section “salivary and blood

biomarkers related to COPD and COPD exacerbations” in Article 1. Relevant chapters
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concluded a salivary biomarker panel of C-reactive protein, procalcitonin, and neutrophil
elastase as one of the most promising combinations to monitor COPD and its acute

exacerbation. This panel was selected as the targeted analytes in the KOLS project.

Task 2. Review sampling technology and paper-based disposable biosensing technology,
which served the aims of this thesis. This task is accomplished by sub-sections “3.1.4 state-of-
the-art saliva and blood sampling technologies” and “3.1.5 paper-based disposable biosensors
to salivary and blood biomarkers related to COPD” of this thesis, as well as by sections “4.
Saliva and blood sampling technologies” and “5. Paper-based diagnostics to detect COPD-
related biomarkers in saliva and blood” in Article 1. Based on the above work, development
of salivary sampling and quantitative lateral flow assay was chosen as the technical route in

the KOLS project.

Task 3. Develop paper-based biosensor to detect salivary biomarkers related to COPD and
resolve associated hook effect. This task is covered by section “3.2 lateral flow immunosensors
to analyze salivary C-reactive protein”, in which a fluorescence LFA and an electrochemical
LFA were both detected to detect CRP in saliva. In addition, a modified structure to the
conventional LFA structure was studied to mitigate the hook effect in LFAs. Selected parts of

the above studies were published as Article 2.

Task 4. Investigate anti-biofouling technology to resolve non-specific protein adsorption to
sensor surfaces when detecting COPD biomarkers in body fluids. To develop novel anti-
biofouling electrodes in sensors, the thesis first reviewed defect-engineering in 2D black
phosphorus and tungsten oxide as two representative emerging functional materials. Based
on the survey, the thesis further studied preparation of homogeneous WOs nanosheet ink by
solvothermal synthesis and probe-sonication, engineering of oxygen vacancies in WO3 by
calcination, effect of oxygen vacancies on protein adsorption and biocompatibility of WO3

nanosheets. These works were also reported in Articles 3, 4, and 5.

2.2 Contributions of the Thesis

Chapter 3.1 comprises a comprehensive review on the COPD PoC technology, which serves as

one of the guidance of the technical approach selected in the dissertation and the KOLS
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project. Successful PoC diagnostic requires synergetic advances in salivary and blood
biomarkers, sampling technology and paper-based biosensors. To evaluate the process in the
complete PoC procedure, chapter 2 includes three aspects: (1) specific blood and salivary
biomarkers related to COPD exacerbation and different COPD endotypes, (2) sampling
technology to acquire blood and saliva samples which will be analyzed throughout paper-
based PoC diagnostics, and (3) paper-based biosensors that inspect human blood samples and
saliva samples to measure levels of COPD biomarkers. The first sub-section reviews the history
of COPD, COPD exacerbation, their diagnostics, and biomarkers identified in salivary and
blood. It includes the generation, transport, and clinical verification of different biomarkers in
blood and saliva. This sub-section focuses on summarizing the advances in identifying COPD
biomarkers, biomarkers’ relationships with different COPD endotypes, and evaluating the
accuracy and reliability of different biomarkers. The second sub-section discusses latest
achievements and our own perspectives on technologies to sample human saliva and blood.
It further discussed the development of sampling protocols for blood and saliva, respectively.
For blood sampling, it focuses on the fabrication, material selection, and shape design of
microneedles. For saliva sampling, it focuses on saliva sampling kits with an evaluation of the
pros and cons of different designs. The third sub-section introduces advances in paper-based
disposable biosensors to detect blood and salivary biomarkers which was reviewed in the
previous sub-section. It also discusses the hook effect in paper-based biosensors and matrix
effects of human samples. Chapter 4.1 ends by proposing the author’s own point-of-view on
the challenges and perspectives in terms of COPD PoC diagnostics. It envisions the impact of
saliva and blood matrix effect, necessity of development and validation using human samples,
difficulties in paper-based biosensor development, and potential directions to innovate paper-

based biosensors and COPD PoC systems.

Chapter 3.2 studies “hook” effect in one-step sandwich LFA and a method to resolve it while
guantitative detecting CRP in saliva. The hook effect causes false-negative results in sandwich
assay when biomarker concentrations exceeded predetermined range of detection. This work
introduced a sucrose-treated intermediate pad which hindered sample flowing between the
conjugate pad and the nitrocellulose membrane, and thus delay releasing conjugate antibody

and subsequent reaction between conjugates and analytes to avoid the hook effect. It
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exhibited a 10 times improvement in range of detection than conventional LFAs. Chapter 3.2
also describes an attempt integrating electrochemical biosensors with LFAs. A novel
chronoamperometric immunosensor combing lateral flow strips was developed to detect a
representative COPD biomarker, CRP, in saliva. Enzymatic catalyzation of TMB oxidation was
demonstrated on nitrocellulose membranes in order to realize electrochemical LFA. The
immunosensor exhibited a limit of detection of 0.07 nM with high reproducibility. It also
exhibited a linear range of detection covering 0.5 nM to 10° nM. Such range fulfilled the

requirement for monitoring of chronic disease like COPD.

Chapter 3.3 reviews defects and manipulation of defects in emerging functional
nanomaterials, i.e., 2D black phosphorus, to boost development of biosensors and PoC
devices to detect COPD biomarkers in human body fluids. It includes methods to control its
properties by defect-tailoring and surface functionalization, and its applications in biosensors
and disease diagnostics. It also presents critical insights on the future synthesis, modification,

and further applications in biosensor.

Chapter 3.4 studies an anti-biofouling strategy by controlling oxygen vacancies in WOs3 to
change its surface wetting behavior. Generation of surface oxygen vacancies improved the
hydrophilicity of WOs thin films, resulting in less non-specific protein adsorption and longer

electrode lifetime.

The main scientific contributions of this work are as follows:

1. It systematically reviewed essential technologies to develop a PoC system for COPD,
including (1) specific blood and salivary biomarkers related to COPD exacerbation and
different COPD endotypes, (2) sampling technology to acquire blood and saliva samples to be
used for paper based PoC diagnostics, and (3) paper-based biosensors that specifically detect

COPD biomarkers in human blood and saliva samples.

2. It developed an electrochemical LFA and a fluorescence LFA to detect CRP as a

representative COPD biomarker in huma saliva.
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3. It presented a novel strategy to resolve high-dose hook effect in lateral flow assay

without addition manual operation based on introducing a sucrose-treated intermediate pad.

4, Different from previous electrochemical LFA which utilized toxic substrates for
signaling, the author utilized 3,3’,5,5’-tetramethylbenzidine (TMB) as a non-toxic indicator in

amperometric detection of CRP.

5. It reviewed different approaches towards tuning of BP properties, covering cutting-
edge studies on controlling defects in BP, in order to extend applications of functional

nanomaterials in biosensors.

6. Antifouling strategies based on oxygen-vacancy-controlled hydrophilicity in WOs thin

films were studied.

7. It developed an optimized protocol to synthesize WO3 nanosheets, to prepare WOs

inks and to spin-coat WOs thin films.

3 Summary and elaboration of articles

3.1 Advances and perspectives on point-of-care diagnostics of
COPD, from sampling biomarkers to paper-based disposable

biosensors

3.1.1 Background

In the KOLS project, we are developing a point-of-care biosensing system together with a
protocol, which can be performed by patients without training. Thus, we need to decide
biomarkers, sampling techniques, biosensing technical routes. From the vast library of protein
biomarkers discovered by medical researchers, we have to determine a feasible panel of
protein biomarkers that not only reveals the COPD endotypes but also predicts COPD
exacerbation. Until now, COPD biomarkers have been mostly identified in either blood or

saliva.1319°0 To set foundations for biosensor development and associated protocol, we also
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reviewed progress of saliva sampling, blood sampling, and paper-based diagnostic technology
to detect blood or salivary biomarkers, in order to predict and monitor COPD and COPD

exacerbation.

3.1.2 Objectives

e |dentify the panel of salivary protein biomarkers which indicates the occurrence and
exacerbation of COPD.

e Evaluate the PoC solutions which best suit the purpose of COPD diagnostics.

e Extract thesis to be further studied in regard to direct detection of proteins in human

body fluids.

3.1.3 salivary and blood biomarkers

We surveyed 15 biomarkers related to COPD, including C-reactive protein (CRP), neutrophil
elastase (NE), matrix metallopeptidase 9 (MMP-9), serum amyloid A (SAA), alphai-antitrypsin
(AAT), eosinophil, interleukins, tumor necrosis factor-alpha (TNF-a), mucin (MUC) 5AC,
MUCS5B, procalcitonin (PCT), and serum C-X-C motif chemokine 10 (CXCL10). By reviewing
numerous literatures, we summarized key figures of merit that are of our concern and based
on which the reliability was evaluated. In table 2, we summarized salivary and serum
biomarker concentrations in healthy controls, COPD patients in stable stages (SCOPD), and
COPD patients undergoing acute exacerbation (AECOPD). To our knowledge, only a few of
them has been clinically verified to predict AECOPD in terms of cut-off values and related
sensitivity and specificity (table 3).>1>3 Detailed discussions on each biomarkers can be found
in Article 1. To distinguish the current 4 types of exacerbation, we believe the following
biomarkers are reliable. CRP in either saliva or serum indicates overall inflammation.>* CRP is
also useful in prescribing during exacerbation that it reduces antibiotic use.>* PCT, NE, and IL-
1b are biomarkers for bacterial-predominant inflammation.® Increase in serum CXCL10
predicts viral-predominant inflammation,>>> while increase in serum eosinophils predicts

eosinophilic-predominant inflammation.>!
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Table 2. Median concentrations of COPD biomarkers in saliva and serum. Adapted from Article 1.

Biomarker Saliva (ng/mL) Serum (ng/mL) Ref.
Healthy Stable AE Healthy Stable AE
CRP 0.89 1.61 7.35 2.1x10° 3.9 x10° 36.8 x 103 56,57
PCT 0.09 0.09 0.50 NA NA 0.06 56,58
NE 152 189 769 46.89 69.29 NA 56,59
IL-6 1.8x10% 51x10% NA 225 x 10% 3.13 x 10% 80.93 3259
(Tunisian) (Tunisia) (Chinese) 60
27.68
(Chinese)
SAA Unknown  Unknown  Unknown  Unknown 21.58 40.68 52
MMP-9 Unknown  Unknown  Unknown  156.95 258.68 NA 59
Note: AE stands for acute exacerbation.
Table 3. Biomarkers verified in AECOPD patients.
Cut-off value Sensitivity Specificity Ref.
SAA 10.06 g/L 82% 69% 52
IL-8 82 mg/L 72% 62% 53
CXCL10 56 pg/mL 75% 65% 51
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3.1.4 State-of-the-art saliva and blood sampling technologies
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Figure 4. Examples of microneedles developed for blood sampling (reprinted from Article 1). (a) Nickel hollow
microneedles and (b) its fabrication by electroplating.®’ (c) A hollow microneedle array made of SU-8.%° (d) A
PMMA hollow microneedle in a pyramidal shape.” (e) A solid microneedle in harpoon-shape.” (f) A microneedle
array made of stainless-steel.”® Permissions have been granted from the publishers respectively.

The ASSURED criteria published by World Health Organization (WHO) have been widely
accepted by the PoC community as a benchmark of ideal test.®! It affected our decision in
choosing the body fluid from which to detect COPD biomarkers. As summarized above and
reviewed in Article 1, most of COPD biomarkers exhibit lower concentrations in saliva than in
blood.'® High concentrations make them easy to be detected by biosensors. On the other
hand, blood sampling technology is invasive and requires microneedles. Blood samples are
collected by either venipuncture, arterial blood, or capillary puncture. In PoC scenarios,
capillary puncture is the most desired since it induces less pain and only small amounts of
samples are needed. Capillary puncture at fingertips requires microneedles to be as long as
800 pum to 2200 um.5%%3 Study of microneedles started in the 1990’s with an original purpose
for drug delivery, where both solid and hollow ones were used.®* Blood sampling is more
difficult than drug delivery because it requires longer hollow ones.®?%3 Negative pressure is
applied to acquire large volumes of samples while capillary force and blood pressure are

enough to obtain small volumes. Hollow microneedles are also more sophisticated to fabricate
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compared to their solid counterparts. Microneedles need to be biocompatible, mechanically
robust, and with high aspect ratio. To our knowledge, current microneedles are mostly
fabricated by stainless steel,®> platinum®®®’, titanium, % SU-8,%° poly(methyl methacrylate)
(PMMA),”® and silicon.”* They are usually fabricated by electroplating,®®®’ deposition,®® and
lithography.”® In general, blood sampling as an invasive method is not ideal according to the
ASSURED criteria because it exerts pain and risk of infection to the patients as well as requires

professionals to operate.

Saliva samples are obtained from whole saliva or certain glands.”*77 Saliva collection from a
specific salivary gland was invasive in the beginning, because it was performed by ductal
cannulation inserted into the gland.”® Later, ductal cannulation was replaced by non-invasive
methods like Lashley cup, 7°# gentle suction,®' and customized collectors®2. Unstimulated
whole saliva was widely used in recent PoC studies.83°° Unstimulated whole saliva samples
were collected by swab-based method, spitting method, and passive drool method. The
passive drool method is simple and free from food debris nor flow rate changes, while it takes
a long sampling duration. It is also difficult to collect samples from elderly patients with dry
mouths. Spitting reduces the collection time, but it is subjected to stimulation and results in
sample heterogeneity as a foam layer often appears on the top of the saliva. Currently, more
and more researchers tend to collect unstimulated whole saliva with oral swabs. Commercial
swab kits are now available for saliva collection, including Salivette, Salivabio, Super Sal,
Quantisal, Intercept, and Versi Sal. Salivette, Salivabio and Super Sal swabs are in rod shape.
Samples need to be extracted from the swab by centrifugation. Super Sal kit combines a swab
with a syringe-like compression tube and a collector. Quantisal, Intercept, and Versi Sal kits

include pad swabs and buffer solution. They were designed for drug tests, not saliva collection.
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Figure 5. Examples of commercial oral swabs to sample whole saliva: (a) Salivette® Cortisol kit, (b) Super SAL™,
(c) SalivaBio swabs for adults, (d) infants, and (e) children, (f) Quantisal®kit, (g) Intercept® kit, and (h) Versi SAL®
kit. Adapted from Article 1.

3.1.5 Paper-based disposable biosensors to salivary and blood biomarkers

related to COPD

Lateral flow assay exhibits advantages including convenience, rapid response, ease of use, and
low cost, hence being widely commercialized in the PoC market.®' The majority of
commercialized colorimetric LFAs offer qualitative tests, which are enough for applications
such as pregnancy test, infectious disease test, drug abuse assay.’> Nevertheless, qualitative
LFA does not satisfy requirements of COPD diagnostics, because COPD screening and
monitoring require quantitative detection of multiple biomarkers.3 Conventional qualitative
LFAs rely on metallic nanoparticles and their localized surface plasmon resonance effect.94-%¢
To enable quantitative LFAs, results are obtained by calculating color intensity ratios of test
line intensity over control line intensity.?”?® Some studies also replaced plasmonic
nanoparticles with fluorescent nanoparticles such as organic fluorophores and quantum dots

to improve sensitivity.9>1% Comparing to colorimetric LFAs, fluorescence LFAs can be easily
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affected by stray light or other environmental interferences.?? Current quantitative LFAs are
able to analyze COPD biomarkers like CRP,%%:101-104 SAA 101 pCT 104,105 gnd |L-6.1% Blood has
been more explored than saliva. Dilution is a common operation to get rid of matrix effects in
serum samples.02-104106 | pADs have been seldom developed to analyze salivary or blood

biomarkers that related to COPD, as only detection of MMP-9 and CRP were reported.07:108
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Figure 6. Representative schemes of selected LFAs to detect COPD biomarkers (reprinted from Article 1). (a) A
classical “two-line” LFA strip and suggested cause of hook effect.!%? (b) A hook-effect-mitigated LFA strip with an
additional antigen line.®® (c) A hook-effect-mitigated LFA with multiple test zones.'® (d) A multiplexed LFA strip
to detect CRP and SAA.'! Adapted from article 1.
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Figure 7. Adapted from Article 1. (a) A colorimetric disposable biosensor made of cellulose to detect salivary
MMP-8 and MMP-9.1%7 (b) A 3D pPAD to detect blood CRP.1% Permissions have been granted from the publishers
respectively.

3.1.6 Conclusions and perspectives of paper-based biosensors for COPD PoC
diagnostics
Since most of the reported works still detect analytes in treated saliva samples which were
centrifuged and diluted with buffer, we targeted to detect CRP in untreated saliva. Detecting
CRP in saliva by LFA has to overcome salivary matrix effect. First of all, saliva samples can be
contaminated by blood or food debris. Blood is resulted from oral bleeding during mouth
inflammation, while mouth inflammation increases CRP concentration. Food debris
potentially reacts with antibodies and thus induces interferences. Secondly, saliva obtained at
different flow rates exhibit variations of biomarker concentrations and pH values. Under
stimulation, saliva flow rate increased up to 70 times higher than without simulation, while
pH ranges from 7.8 at the highest flow rate to 5.3 at the lowest rate.”” Thirdly, presence of
mucin increases the viscosity of saliva samples and hinders sample transport in LFAs. Fourthly,
handling of saliva samples also affects their viscosity. It was reported that saliva viscosity
decreased after sequential centrifugation, freezing, and unfreezing.'®” Fifthly, hook effect
happens in LFAs using sandwich immunoassay, where high concentrations of analytes result
in false negative results. Last but not the least, co-existing proteins in saliva result in biofouling
phenomena as a result of unspecific adsorption of proteins, which hinders electrochemical

detection.
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Based on the critical review in Article 1, we selected salivary CRP as the model biomarker to
start developing our lateral flow assay, in order to meet the ASSURED criteria. We coupled
different biosensing mechanisms to LFAs in order to detect CRP in saliva. Followingly, we
introduced a unique LFA design to mitigate the hook effect. To minimize interferences from
saliva collection, we adapted swabs to collect unstimulated whole saliva while avoiding saliva

treatment, transportation or storage.

3.2 Lateral flow immunosensors to analyze salivary C-reactive

protein

3.2.1 Astrategy to resolve hook effect in LFA

3.2.1.1 Background

Hook effect described the false-negative results happened in sandwich LFAs when high
concentrations of analytes present.19210%-114 Ag analyte concentration increases in
quantitative sandwich LFAs, T/C intensity raises monotonically in the beginning but
abnormally decreases as the concentration of analyte excesses a critical level, resulting a
“hook” in the diagrams T/C intensity ratios vs. concentration of analyte. The hook effect makes
LFA unreliable in the clinical scenario, because biomarker levels in untreated human body
fluids can dramatically increase from the normal values. For instance, serum CRP level in
healthy people is usually lower than 1 ng/mL565” while it can go up to 250 pg/mL in patients

with severe infection.11®

The common solution is to introduce addition sample treatment in LFA protocols, e.g.,

washing steps!!® and sample dilution,?’

which makes the process inconvenient. Some
increase the concentration of detection antibody,*'® thus increases manufacturing cost and
sacrificing limit of detection due to high background noise. Other attempts include adding a

third conjugate-binding line,*® adding multiple test zones,'% kinetic measurement.%?

To resolve hook effect without increasing manufacturing costs nor adding manual operations,

we developed a strategy of delay releasing labelled detection antibody to evade the
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competitive reaction between labeled and unlabeled C-reactive protein to the capture
antibody immobilized at the T line. The strategy was realized by regulating the sample flow

rate with a sucrose-treated intermediate pad below the conjugate.

3.2.1.2 Objectives

e Develop a fluorescence sandwich LFA to detect CRP in saliva.
e Study the mechanism hook effect.

e Redesign LFA structure to resolve hook effect.

3.2.1.3 Experimental

A typical LFA in our study was assembled according to figure 5. We prepared the detection
antibody by EDC-NHS linking anti-CRP antibody C6 with a commercial polyethylene glycol
(PEG) modified quantum dot (QD). We immobilized detection antibody onto a conjugate pad
made of glass fiber. Excitation wavelength of the CdSe QS was from 365 nm to 450 nm.
Intermediate pads were made of cellulose and immersed into sucrose water solution of
different concentrations. Treated intermediate pads were subsequently dried in a vacuum.
CN140 NC membrane from Sartorius was immobilized with goat anti-mouse IgG to capture
antibody C6 and anti-CRP antibody C2 (500 pg/mL) as the capture antibody. The jetting rate
was optimized to be 0.5 pL/cm. After C2 immobilization, we blocked NC membranes after
immobilization. Detailed fabrication process was explained in detail in the experimental

section in Article 2.
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Figure 8. Schematics of (a) the improved LFA structure. (b) The intermediate pad was treated with sucrose to
delay the fluid, thus (c) delay releasing the detection antibody in order to resolve the hook effect. Adapted from
Article 2.

We collected unstimulated whole saliva samples using SalivaBio kits. Three volunteers
consented us to use their saliva and participated in the sampling procedure. Volunteers were
prohibited to eat food, drink alcohol or carbonated drinks, smoke, or exercise before
sampling. Detailed saliva sampling process and ELISA procedure can be found in Article 2.
Salivary CRP concentrations were measured by ELISA. We also prepared artificial saliva to
develop LFA. We measured fluorescence intensity at T and C lines by converting colored
pictures taken from a single lens camera into grayscale via Imagel software. We normalized

the intensities by our algorithm which was explained in detail in Article 2.
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3.2.1.4 Results
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Figure 9. (a) Photos of fluorescence intensity in grey scale at T and C lines measuring CPR in artificial saliva
solutions, converted to greyscale. f (b) test line and control line fluorescence intensities, and (c) T/C ratios versus
increasing CRP concentrations. (n=3). Adapted from Article 2.

In LFAs without the intermediate pad, both figure 9a and 9c exhibited “hook” shapes. When
CRP concentration was below 103 ng/mL, both T line intensity and T/C ratio increased
monotonously as CRP concentration goes up and the C line intensity gradually goes down.
When CRP concentration exceed 1000 ng/mL, fluorescence intensity at T line and T/C ratio
started to decrease while C line intensity started to bounce back. The LFA achieved a range of
detection between 0.5 ng/mL to 1000 ng/mL. False-negative results were obtained when CRP

concentration was above 1000 ng/mL.
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Figure 10. Wetting behavior of sucrose-treated intermediate pads. As concentration of sucrose increases, it takes
more time to fully wet the intermediate pad (n=3). Adapted from Article 2.

An ideal intermediate pad should regulate the flow rate while not interfering with antigen-
antibody reactions. We selected sucrose because of its affordable cost and good
biocompatibility.!*® In addition, sucrose was reported to stabilize protein immobilized on
paper substrates.’?® We measured the time needed for sucrose solutions at different
concentrations to wet a cellulose intermediate pad (figure 7). It took approximately 4 min for
DI water to fully wet the cellulose pad. By increasing the sucrose concentration, the wetting
time gradually increased. When the sucrose saturation was above 70%, the wetting time
significantly increased. At 70% sucrose saturation, it took around 7.2 min to fully wet the
intermediate pad, while the wetting time increased to 31.3 when sucrose saturated solution
was applied. For our LFAs without an intermediate pad, it took 15 min to 20 min for
fluorescence intensities at T line and C line to be stable. Thus, we select sucrose saturation

between 70%, 80%, and 90% (19.3 min) for further investigation.
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Figure 11. (a) Ratios of fluorescence intensities at T and C lines in conventional LFAs without an intermediate pad
nor a conjugate pad. By manually delaying addition of CRP and detection antibodies, the hook effect starting
from 1000 ng/mL of CRP gradually disappeared. (b) Ratios of fluorescence intensities at T and C lines from LFAs
with sucrose-treated intermediate pads (n=3). The hook effect was mediated when intermediate pads were
treated with 90% sucrose saturated solution. Adapted from Article 2.

We assume that the hook effect will be mitigated by avoiding competitive reaction between
labeled CRP (QD-C6-CRP) and unlabeled CRP at the test line. To validate our assumption, we
investigated the effect of adding CRP and C6-CdSe complex in sequence onto LFAs without the
conjugate pad (figure 11a). When CRP were premixed with detection antibody before adding
to a the LFA and QD-C6-CRP were fully reacted, T/C ratio exhibited a trend similar to that in
conventional LFAs without an intermediate pad (figure 9). T/C ratio reached its maximum at
1000 ng/mL of CRP concentration and a hook was observed. As we set an interval of 5 min
between adding CRP and adding the detection antibody, the hook was elevated when CRP
concentration was above 1000 ng/mL. By increasing the time interval, the saturate point of
T/C ratios moved to higher CRP concentrations and the hook started to disappear. We applied
intermediate pads treated with sucrose solution of different concentrations to mimic the
manual procedure (figure 11). As sucrose concentration increased, it took a long period for
the sample solution to pass the intermediate pad and wet the conjugate pad above. When
sucrose is of 70% saturation, T/C ratio increased monotonically as CRP concentration
increased from 0.1 ng/mL to 1000 ng/mL and decreased with CRP concentration increased

from 1000 ng/mL to 10> ng/mL. As the sucrose concentration increased, the saturation points
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of T/C ratio moved to higher CRP concentrations. At 90% sucrose saturation, the T/C ratio

reached its plateau when CRP concentration exceeded 10% ng/mL.
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Figure 12. (a) Fluorescence intensity and (b) T/C ratios from LFAs with sucrose-treated intermediated pads
without the hook effect. (c) Fluorescence intensity at T and C lines and (d) T/C ratios testing selected interfering
proteins that co-exist in saliva from typical COPD patients. (n=3). Adapted from Article 2.

The variations of fluorescence intensities are shown in figure 12. The intensity at the T line
increased monotonically as CRP level rose from 0.1 to 10* ng/mL and reached a plateau when
CRP concentration was between 2.5 x 10* to 10° ng/mL. The T/C ratio showed a comparable
tendency to the intensity at the T line, while C line intensity was the opposite. We didn’t
observe any hook effect in this LFA. Besides being free from hook effect, the improved LFA
also exhibited good specificity against other COPD biomarkers like PSA, hMMP-9, and IL-8. In
the end, we verified our modified LFA with untreated human saliva (figure 12). A similar trend
was observed as in figure 9. The accuracy was compared with ELISA results (table 4). Relative

errors of all the samples were less than 11%.
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Figure 13. Fluorescence intensity at the T line and (b) T/C ratios from LFAs with sucrose-treated intermediated
pads when human saliva samples were tested. Saturated sucrose solution was diluted with 10 vol.% water.
Adapted from Article 2.

Table 4. Accuracy of the modified LFA testing saliva (n=3).

Sample (ng/mL) 1 2 3

CRP concentration (Standard deviation) 47.3 (3.1) 88.6 (9.4) 114.1 (12.7)
Concentration measured by ELISA 50 77 103
Relative error (%) -5.4 15.0 10.8

3.2.1.5 Discussion

The hook effect appeared when excess analytes were reacted with capture antibody at the
test line where otherwise captures labelled antibodies. In our protocol, one CdSe QD was
bounded to three detection antibodies in average, which might result in higher-order CRP-
antibody complexes and different configurations. Additionally, a transient complex state
might exist during the CRP-binding.'?! To simply our model and analysis, we assumed that
CRP-antibody associations were one-step reactions and their products only maintained one
configuration. Thus, we only needed to discuss four association constants related to the
reaction at the test line, which are associations between immobilized capture antibody C2 and
unlabeled CRP (K1), detection antibody QD-C6 and CRP (K2), QD-C6 and CRP at the T line (K3),
and labelled QD-C6-CRP and capture antibody C2 (K4). Through calculation and reference!??,
these four association constants ranked from large to small were K3, K1, K2, and K4. K1 and
K2 were around the same level while they were 3 to 4 magnitudes larger than K4. As a result,

more unlabeled CRP would react with capture antibody C2 which was immobilized at the T
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line than they bound to detection antibody. In LFAs without the intermediate pad when CRP
concentration increased from 0.5 ng/mL to 1000 ng/mL, fluorescence intensity at the T line
increased as more QD-C6-CRP-C2 complexes were formed while intensity at the C line
decreased because of less QD-C6 could bind to goat anti-mouse IgG at the C line. When CRP
concentration exceeded 1000 ng/mL, QD-C6-CRP complex exhibited the lowest binding
affinity with capture antibody C2, hook effect would always happen when detection antibody
was not enough to label all the free CRP in the sample and the test line intensity was governed
by K4. By separating these reactions with an intermediate pad, unlabeled CRP could be

captured at the test line without interference. The test line intensity was determined by K2.

Sucrose in the intermediate pad did not interference antibody-CRP binding, while hindering
fluid sample flowed into the conjugate pad to release detection antibody. Dried sucrose
blocked the pores inside the cellulose membrane and gradually dissolved after encountering
the sample, resulting in an area with temporarily high viscosity which exhibited high resistance

to the flow.

3.2.1.6 Conclusions

We mitigated the hook effect by re-designing the lateral flow assay with a sucrose-treated
intermediated pad. Our modified LFA exhibited a CRP detection range of 0.5 ng/mL to 10*
ng/mL which was ten times wider than the LFA without intermediate pad. It provided a cost-

effective method to resolve hook effect without adding manual operations to LFA.

3.2.2 A chronoamperometric lateral flow immunosensor to detect C-reactive

proteins in saliva

3.2.2.1 Background

The background of the LFA and its problems are discussed in detail in section 5 and section 6
of Article 1. In this sub-section, we report a novel chronoamperometric immunosensor

combing lateral flow strips to detect CRP in saliva. For demonstration, enzymatic catalyzation
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of TMB oxidation in presence of HRP and H,0; was selected to generate chronoamperometric
current signals. Screen-printed electrode chips are applied to acquire chronoamperometric
signals. Experimental results exhibited that the assay is capable of performing quantitative

tests to detect CRP in human saliva.

3.2.2.2 Material and methods

3.2.2.2.1 Reagents and instruments
Reagents and most of the instruments used in this part were the same in Article 2. A Metrohm
Multi Autolab/M204 potentiostat/galvanostat was used in electrochemical tests. A

customized connect was applied to connect SPEs to the electrochemical workstation.

3.2.2.2.2 Preparation of the lateral flow strips
The basic structure and fabrication process is similar to what was described in Article 2. In
addition, HRP conjugated anti-CRP antibody C6 (HRP-C6) was prepared according to the

protocol provided by Abcam.

3.2.2.2.3 Detection of CRP in PBS and in saliva based on chronoamperometric LFA

Preparation of CRP in PBS and Saliva samples was the same in Article 2. We defined a test zone
on the NC membrane by drawing two hydrophobic lines on both sides of the test line using a
liquid blocker pen. There is 10 mm distance between the two hydrophobic lines. 20 uL of TMB
substrate was added onto the test zone using pipettes. Subsequently, an SPE chip was placed
onto the test zone. Its current signals were recorded by an Autolab potentiostat. The
concentration of CRP captured by anti-CRP antibodies was measured by chronoamperometry

with an applied potential of -0.1 V versus the Ag/AgCl reference electrode.

3.2.2.2.4 Sampling of human saliva samples
Saliva were samples using the protocol described in Article 2.
3.2.2.3 Results and discussion

3.2.2.3.1 chronoamperometric detection of HRP label on NC membranes
Prior to chronoamperometry studies, cyclic voltammetry (CV) was applied to study the

reduction and oxidation of commercial TMB substrates loaded onto NC membranes using SPE

34



He: Point of Care COPD Diagnostics Based on Paper-based Assay and Biofluid Sensing

chips. The scan rate was set to 100 mV/s. Clear oxidative/reductive signals were obtained on
wet NC membrane using SPE chips. Two groups of redox peaks are observed in figure 14,
which were the two-step oxidation or reduction. In order to avoid noise signals due to redox
reactions of TMB under applied potentials, the applied potential at the working electrode
during chronoamperometric assay was set to -0.1 V against an Ag/AgCl screen-printed

reference electrode.
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Figure 14. Characterization of commercial TMB substrate on NC membrane using SPE chips. The scan rate was
set to 100 mV/s.

To validate the detection of HRP labels on NC membranes, chronoamperometric detection of
HRP-C6 conjugate was first studied. According to earlier studies of TMB oxidation!?3 and our
study (figure 3.1), without stopping agents, TMB substrate is first oxidized by HRP/H,0; into a
blue product which subsequently turns into an orange solution which is consisted of the blue
product and the yellow product within 5 minutes. We eventually allow 30 s for the incubation

of HRP-C6 and TMB substrates before CA measurements.

3.2.2.3.2 paper-based chronoamperometric CRP detection in PBS solution
The LFA was constructed according to figure 15. During our experiments, glass fiber exhibits
the best compatibility to saliva samples when comparing to other commercial materials

including cellulose filters and surface-modified polyester. A sandwich format based on
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antibodies was adapted in this work to recognize CRP in different samples. The conjugated

pad is loaded with HRP-conjugated anti-CRP antibody C6.

During a typical assay (figure 3.2), HRP-conjugated C6 interacted with CRP in the sample and
migrated along NC membrane. Approximately 15 minutes after adding the sample, HRP-C6-
CRP complexes would be captured at the test line by immunoreaction between CRP and
antibody C2, while HRP-C6 which were not combined with CRP would eventually migrate into
the absorption pad. The test zone was defined by two hydrophobic lines drawn on both sides
of the test line, with 10 mm in between. Before the chronoamperometric detection, we added
TMB substrate was added to the test zone, covered the test zone with a SPE chip. HRP
catalyzes the oxidation of TMB into two products, which is a two-step oxidation involving two

electrons 123124,

A. Sampling of CRP.
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and HRP conjugated antibody C6.

Y a4

C. Immunoreaction between antibody C2
and CRP-C6 complex. Draw test zone.

038
A 4

Y antibody 2 % HRPconjugated . cpp () TMB substrate
antibody C6

Figure 15. Workflow of the chronoamperometric lateral flow immunosensor in this work. CRP was first added to
the sample pad. Followingly, two hydrophobic lines were drawn at two sides of the test line and an SPE chip was
placed atop to measure CRP concentrations.

The chronoamperometric detection of CRP on lateral flow strips was first carried out using
PBS solution spikes with desired concentration CRP. As shown in figure 3.3a, different
concentrations of CRP (from 0.5 to 10° nM in PBS at pH 7.4) were detected using a SPE chip.
With increasing concentrations of CRP in PBS solutions, the amounts of HRP-C6-CRP-C2

complexes formed in the test region increased, resulting in significantly stronger current
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signals. Linear regression was applied to study the performance of the immunosensor (figure
3.3 b). The linear range of detection was determined as 0.5 nM to 10° nM, with a standard

deviation smaller than 5% and a correlation coefficient R = 0.976.

(a) 0 ﬁ (b) 800
20r 700 - 1
40 -
600 |-
60
< 500
S 80fF <3 i
S oo —— 0 CRP =400 F
= - I~ =i
5 —— 21 nM CRP .0
wn
-120 | —— 11 nM CRP 2300 F
—— 5.3 nM CRP
140 F ———2.6 1M CRP 200 | i
160 | 0.5 nM CRP _/
100 M
-180 | /'/
1 L L L on® 1 1 1 1 1
0 2 4 6 8 10 0 20 40 60 80 100
Time (s) concentration of CRP (nM)

Figure 16. (a) Chronoamperometric measurements of CRP at different concentrations and (b) plot of the current
intensity variations against CRP concentrations in PBS solution using amperometric LFA.

Proteins other than CRP were also spiked into PBS solutions (pH 7.4) and added onto lateral
flow immunosensors respectively to characterize the specificity. IL-8, h(MMP-9, and PSA were
selected as models of study because they are common analytes in saliva, associating with
progression of chronic diseases.'® As shown in figure 3.4, the peaks of current signals from
samples containing 5.3 nM CRP were approximately 10 times of samples containing 5.3 nM of
analytes other than CRP. According to the results, the immunosensor exhibited good

reproducibility and specificity.
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Figure 17. Specificity of the chronoamperometric LFA using different proteins. Each protein was tested three
times.

3.2.2.3.3 Study of chronoamperometric CRP detection in real saliva

After verification of biosensing principle and performance of the chronoamperometric lateral
flow immunosensor in PBS solution spiked with different analytes, real human saliva samples
were used to optimize the configuration of the test strips. Saliva samples were obtained from
a nominally healthy volunteer. The procedure of saliva sampling was described in detail in
section 2 materials and methods. We analyzed salivary CRP concentrations of CRP using ELISA
kits. The human saliva samples were spiked with 0.5 nM to 10° nM of CRP respectively to
determine the linear range of immunosensor when testing real saliva. As shown in figure 3.5,
the first curve corresponds to the human saliva without addition of CRP. With addition of CRP
into saliva, the current peak gradually increased. The linear range of detection was
determined as 0.5 nM to 10° nM, with a relative standard deviation less than 10% and a
correlation coefficient R = 0.996. Signals obtained from human saliva was lower than the
results obtained from PBS solutions, which may be possible resulted from the complicated

composition and high viscosity of real saliva 2.
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Figure 18. (a) Chronoamperometric measurements of CRP at different concentrations and (b) plot of the current
intensity variations against CRP concentrations human saliva spiked with CRP using LFA. Our LFA achieved a linear
detection range covering 0.5 to 10° nM in saliva.

Comparing to other reported colorimetric, fluorescence, and electrochemical LFAs which all
directly measurement labels conjugated to the secondary antibody, we measured the faradaic
current resulted from the reduction of TMB’s first oxidation product. As shown in conventional
ELISA, the concentration of TMB’s first oxidation product corresponds to the concentrations
of antibody C6 captured at the test line. Comparing to LFAs based on colorimetry and
fluorescence, electrochemical LFAs are less sensitive to the environmental interferences.
Thus, electrochemical LFAs don’t need dedicated encapsulation with well-designed light
paths. By introducing the TMB substrates, we successfully extend the range of detection from
previously reported picomolar level'?> to nanomolar level which is relevant to medical
applications including monitoring of chronic diseases'?. Additionally, TMB substrates will turn

blue within a few seconds in case of successful detection.

On the other hand, there are still improvements that need to be accomplished before our LFAs
can be directly used in practical scenarios. Our LFA still needs additional manual operations to
draw water-prove lines and add TMB substrates between the lines. When detecting CRP in
real saliva samples, the current intensities were lower than results obtained from PBS
solutions. The limitation in LOD of CRP may be attributed to limited convective mass transfer
on porous fibrous materials.}2612” Some researchers studied electrochemistry on cellulose
paper with and without hollow channel.??® They argued that the presence of the cellulose

matrix reduces rates of convective mass transfer and hence limits the performance of paper-
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based electrochemical sensors. The high viscosity of saliva will also significantly decrease the
diffusive transport all CRP and antibodies as well as TMB substrate during

chronoamperometric measurement.?®

3.2.2.3.4 Conclusions

In summary, a chronoamperometric immuno-LFA was reported to detect CRP in both PBS
solution and human saliva. The chronoamperometric lateral flow immune-LFA achieved a
linear detection range covering 0.5 nM to 10° nM in both PBS solution and human saliva. It
also shows a limit of detection of 0.07 nM CRP in PBS solution a limit of detection of 0.32 nM
in saliva. Despite the reported results, efforts still need to be taken to broaden the range of
CRP detection, especially at micromolar levels. It also needs to minimize manual operations
of adding substrates during the assay as well as to realize multiplexed detection of different
analytes. In future works, attempts will be made to integrate an additional pad on which TMB
substrates are dried. Nevertheless, nitrocellulose is never the perfect substrate for LFAs.
Electrochemical LFAs may be improved by studying novel porous fibrous materials
cooperating with physical or chemical treatment to create hollow channels in LFAs by defining

hydrophobic and hydrophilic regions to obtain stable electrochemical measurement.

3.3 Emerging Functional Nanomaterials and Their Potential in Body

Fluid Biosensing, examples of 2D Black Phosphorus

3.3.1 Background

Through the ongoing KOLS project, we recognized biofouling as one of the major challenges
in directly sensing biomarkers in untreated human body fluids both in-vivo and in-vitro. We
insighted that, by controlling the defects in semiconducting nanomaterials,
superhydrophilicity could be achieved to prohibit unspecific adsorption of proteins onto

electrode surfaces. A detailed background can be found in Article 3.

3.3.2 Objectives

e Evaluate state-of-the-art techniques to generate defects in emerging nanomaterials.
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e Evaluate characterization and application of defects in biosensing area.

e Determine the material to be used in the anti-biofouling application.

3.3.3 Results

A detailed review of the relevant aspects can be found in Article 3.

3.4 Surface oxygen deficiency enabled spontaneous anti-protein-

fouling in tungsten trioxide nanosheets

3.4.1 Background

Biofouling is a universal issue to biosensors and other medical devices that contact untreated
biological fluids.'?>132 |t happens simultaneously on most interfaces unless antifouling
strategies haven been applied. Blocking the contacting surface is an essential step in
fabricating biosensor electrodes. However, for decades, it is still challenging to achieve truly
antifouling interfaces between micro-/nano-systems and biological fluids. Biofouling is often
characterized as non-specific adsorption of proteins and cells to liquid/solid interfaces, after
continuous operation in biological fluids.12133 When contacting bloods, biofouling can even
lead to clotting.'3! Unlike artificial solutions prepared in lab, even the simplest biological fluids
may be consisted of countless molecules and cells that would lead to biofouling. Based on
current studies, protein adsorption is believed to be the very first step of biofouling, and
subsequently mediates cell adhesion and thrombus formation,'3* especially for plasma-
contacting surfaces.3%13>136 Adsorbed proteins are believed to form a layer between 2 to 10
nm thick, where protein concentration can be 1000-fold higher than the concentration in
plasma far from the surface.'3* Biofouling degrades the performance of devices that operating
in biological fluids. Taken electrochemical biosensors as an example, molecules and cells
adsorbed to electrode surfaces will not only screen selective biorecognition, but also block
electron transfer between redox species and electrode surfaces. Such adsorption results in
blocking and passivation of the sensing surface, and ultimately degrades the biosensor
performances in various aspects, including accuracy, reproducibility, selectivity, sensitivity,

limit of detection, etc. Similar degradations have been observed in other types of
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biosensors.’3” As the area of biosensors continues to prosper, preventing non-specific
adsorption is becoming a more and more critical challenge to be resolved, especially as new

applications like implantable sensors and brain-computer interfaces continue to rise.

Even since the emergence of biosensors, researchers have been developing antifouling
strategies to eliminate non-specific protein adsorption.'3® These numerous attempts can be
classified into following categories: (1) sample processing, (2)porous membranes, (3) surface
modifications through physical, chemical, biological approaches, and (4) combined
approaches. For in vitro detection, a common strategy is to process complex biological
samples with dilution, centrifugation, and additions of various agents including surfactants,*?

139 antiplatelet agents,* etc. Sample treatment is not always the ideal solution

anticoagulants,
since it adds extra manual operations and it is not suitable for continuous, in-vivo detection in
biological fluids. Beyond sample treatment, it requires different measures to detect small
molecules and relatively large molecules like proteins. Semi-permeable membranes have

been applied in electrochemical biosensors to detect small molecules like glucose!*,

142 ;

in blood. Nanopore!43

doxorubicin, kanamycin, gentamicin, and tobramycin and composite
of bovine serum albumin (BSA) and gold nanowire!#* have been developed to detect proteins.
Comparing to filtration approaches, huge efforts have been made in developing surface
modification approaches, majorly through chemical coating with organic molecules and
biological molecules.'* George M. Whitesides’ group is one of the pioneers in researching
antifouling chemical coating, which set foundations in two major categories as organic
molecules rich in hydrogen bonds, e.g., poly(ethylene glycol)!*8, and zwitterions.'4¢147 By
mimicking zwitterions with biomolecules, S. Jiang et al. developed peptides maintaining both

positive and negative charges.'#®

Despite fruitful achievements in the past decades, antifouling in complex biological fluids still
remains a major challenge to biosensors and other medical devices. Developed approaches
bear different shortages that hinder their applications. Semi-permeable membranes cannot
be used in biosensors that detect proteins. Chemical modification with molecules like albumin
and PEG passivates the surface of the electrode and hinders electron mobilization from redox

species in solution to the electrode. Biosensors with such chemical modification are usually
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not sensitive enough to reach low detection limits. In addition, adsorbed albumins mediate
platelet aggregation in blood and thus cause thrombus formation.'3'33 PEG has been
reported to reduce non-specific protein adsorption, however, it a non-biodegradable polymer
that generates multiple side effects!***0 and leads to development of PEG antibodies.'>!
Biocompatible zwitterions were developed to replace PEG, but Some of them are still

subjected to fouling when operating in biological fluids for extended periods.'>?

3.4.2 Objectives

e Solvothermal synthesis of WO3 nanosheets with various oxygen vacancies.
e Fabrication of superhydrophilic sensor surfaces by spinning coating WOs thin film.

e Investigation of antifouling behavior of as-prepared WO3 thin films.

3.4.3 Experimental

In a typical procedure of solvothermal synthesis, we added 0.2 g of WCls and 2.0 g of oxalic
acid into 40 mL of absolute ethanol. After stirring for 30 mins at room temperature, we
relocated the mixture into an autoclave which was of 100 mL volume, then sealed it and let
the mixture react at 100 °C for 24 h. The product was cooled inside the autoclave to 25 °C and
subsequently collected by centrifugation in deionized water and absolute ethanol
respectively. Collected powder, which was hydrogen tungsten oxide hydrate, was further
calcined in different atmosphere like air, N2, and 20% H,/Ar at 300 °C for 1 h using a CVD

furnace. We heated up the furnace at 10 °C/min until required temperatures were reached.

Calcined WOs3 nanosheets were dispersed into isopropanol to reach a concentration of 50
mg/mL. The mixtures were kept in a water bath and probe sonicated at 20 °C, 400 W with a
pulse of 1 s on and 2 s off for various durations (8 h, 12 h, 16 h). Sonicated mixtures were
filtered by 0.45 um syringe filters to reach WOs inks. Before spin-coating, 1 x 1 cm? ITO glasses
were cleaned by bath sonication sequentially in water, isopropanol (IPA), and ethanol, for 15
mins each sonication. ITO glasses were further treated by a UV Ozone cleaner. As prepared 90
uL/cm? of WOs inks were spin coated onto ITO glasses at a spinning speed of 5000 rpm for 30

s by a dynamic dispense technique. WOs thin films were dried on a hot plate at 65 °C.
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Characterization methods were omitted here to avoid self-plagiarism and were described in

detail in Article 4 and Article 5.

Specific plasma protein detection by ELISA and micro-BCA assay. The samples were placed in
PBS solution for 8h and then transferred to protein solution (1 mg/mL). We incubated the
protein solution at 37°C for 2 h. After the protein solution was sucked out, the sample surface
was cleaned with PBS solution five times. To desorb the protein coat, the samples were
transferred to a concentration of 1 wt% SDS/PBS solution for ultrasonic treatment for 20 min,
to desorb the protein coat. For the protein concentration in the eluent, the kit was used
following the instructions of the manufacturer. The absorbance (OD) of the protein solution
was measured at 562 nm using a microplate reader, and the protein adsorption capacity is

calculated.

3.4.4 Results

Solvothermal synthesis of WO3; nanosheets and probe sonication to prepare homogeneous
WOs inks. WO3 nanosheets were synthesized following an optimized solvothermal method
which was developed in Article 5. The XRD pattern of the solvothermal product (figure 19c¢)
corresponded to monoclinic hydrogen tungsten oxide hydrate (Ho12WO3:2H,0, PDF#40-
0693). As-synthesized hydrogen tungsten oxide hydrate powder contained agglomerates
consisting of nanoparticles of 20 nm diameters. The agglomerates were as large as 200 nm in
dimension (figure 19d). To obtain stoichiometric tungsten trioxide, solvothermal products
were calcined in air. The XRD patterns of air-calcined products (figure 19c) corresponded to
cubic tungsten oxide (WOs, PDF#41-0905). Probe sonication was applied in the attempt to
reduce the agglomerates and improve the homogeneity. Crystal structure and phase of
calcined products were not changed after 12 hours of probe sonication. With help from probe
sonication in isopropanol, all of the agglomerates were dispersed into free-standing
nanoparticles with size of 20 nm. Since the morphology of solvothermal synthesized WOs; were
reported to be sensitive to the procedure, >34 adding sequences of WCls and oxalic acid into
ethanol before solvothermal reaction were also studied. By altering the adding sequence, the
precursor could be WCI3(OC;Hs), or WCI3(OCHs), in ethanol solution with W;Cla(OC;Hs)e

precipitates, however, the air-calcined products were all identified as same cubic tungsten
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trioxide (PDF N0.41-0905). Different precursors exhibited little impact on the final air-calcined

products. Detailed discussion on the effect of adding sequence and probe sonication can be

found in Article 5.
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Figure 19. (a) XRD patterns of the solvothermal synthesized hydrogen tungsten oxide hydrate, and tungsten
oxide after calcination by air, N,, and 20% Ha/Ar. Air-calcined sample was also processed by probe ultrasonication
for 12 hours. (d,e) TEM figures of the solvothermal synthesized hydrogen tungsten oxide hydrate. (c,d) of the air-

calcined WOs after probe sonication. (e,f) HRTEM, FFT. (g) Mapping of air-calcined cubic WOs. Adapted from
Article 4.
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Figure 20. High resolution W 4f and O 1s XPS spectra of WO3; nanosheets calcined under (a, d) air, (b, €) N,

atmosphere, and (c, f) 20% H,/Ar atmosphere. The increasing areas of W>* and surface hydroxyl peaks indicate

generation of surface oxygen vacancies. Adapted from Article 4.
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Figure 21. XPS spectra of WOj; calcined under (a) air, (b) N, atmosphere, and (c) 20% H,/Ar atmosphere. Adapted

from Article 4.

Table 5. Binding energy of tungsten and oxygen peaks summarized from XPS spectra.

Peak binding energy (eV)

Sample Wwe+ W>* Surface
4f7, 4fs)y 4f7 4fs), Surface oxygen hydroxyl radical

WO; 35.65 37.79 530.29 531.79

N»-calcined WO3 35.71 37.83 34.71 36.83 530.33 531.88
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H,-calcined WOs 35.81 37.93 34.71 36.83 530.47 532.31

Table 6. The percentage of W%, W>*, surface lattice oxygen, and surface hydroxyl radical calculated from XPS

spectra.
atomic %
Sample - .
we+ W>* Surface lattice oxygen  Surface hydroxyl radical
WO3 100 0 0.82 0.18
N,-calcined WO3 0.90 0.10 0.81 0.19
H,-calcined WO3 0.89 0.11 0.57 0.43

Generation of oxygen vacancies in WO3 nanosheets. To generate oxygen vacancies (Vo) in
WOs3 nanosheets, the solvothermal product underwent calcination in 20% Hy/Ar, and Na. XPS
spectroscopy provided a semiquantitative evaluation on the oxygen vacancies in the surface
regions of WOs nanosheets. In W 4f XPS spectra (figure 20a, 20b, and 20c), the peaks of
binding energies at 37.79-37.93 eV represented the W 4fs;, peak of W®* and the peaks at
35.65-35.81 eV corresponded to W 4f;; of W>*.1> The broad peak at around 45.1 eV
corresponded to the energy loss feature of W®*. In XPS spectra taken from N,-calcined WO3
samples and Hx-calcined WO3 samples, another two peaks at 36.8 eV and 34.7 eV represented
W 4fs/; and W 4f7/2 of W**, indicating the presence of oxygen vacancies in the surface regions.
The O 1s spectra showed the peaks of surface lattice oxygen at 530.29-530.47 eV and the
peaks of hydroxyl radicals at 531.79-532.31 eV on the WOj3 surfaces.'® The percentage of
surface hydroxyl radical sharply increased in H,-calcined WO3 comparing to samples calcined
in air or N2. Previous work suggested that hydroxyl radical was chemisorbed at to surface
oxygen vacancies for stabilization.'®® A larger area of the hydroxyl radical in the XPS spectrum
indicated more oxygen vacancies on the sample surfaces. The calculated percentage of
hydroxy!| radical was more than twice of the ones in either air-calcined WOs3 or N»-calcined
WO:s. It suggested that oxygen vacancies were largely generated on the surface sites. Electron
spin resonance (ESR, a.k.a., electron paramagnetic resonance) spectroscopy further
supported the results from XPS spectra. ESR/EPR spectroscopy showed a peak at g=2.0024
which corresponded electrons trapped at surface oxygen vacancies.’®>” A higher peak

indicated more surface oxygen vacancies in the samples (figure 21). In general, calcination by
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air, N2, or 20% Hx/Ar did not change the crystal structure of solvothermal synthesized WOs.
WOs3 nanosheets calcined in air exhibited no oxygen vacancy. WOs nanosheets calcined in 20%
H2/Ar were rich in oxygen vacancies while N3 calcination resulted in moderate levels of oxygen

vacancies (table 6).

air-calcined WO,
N,-calcined WO,
H./Ar-calcined WO,

Intensity (a.u.)

\I J’\W

bt o i e
SR e

1.98 1.99 2.00 2.01 2.02 2.03
g value

Figure 21. ESR/EPR spectra of W03, peak at g=2.0024. A large peak indicates higher concentration of oxygen

vacancies in the sample. Adapted from Article 4.

Vo enabled superhydrophilicity and anti-protein-adsorption of WO; thin films. Water
contact angle is an important benchmark to characterize wetting behavior of thin films. A
plane is considered superhydrophilic if its optical water contact angle is below 10°. WOs inks
were prepared by dispersing WOs nanosheets with controlled oxygen defects into
isopropanol, based on an optimized protocol. Electrodes covered with WOs thin films were
further fabricated by spin-coating WOs inks onto commercial ITO/SiO, substrates. The
commercial ITO/SiO; substrate exhibited an average optical water contact angle of 36.2 + 2.3°.
Air-calcined WOs thin films exhibited an average water contact angle of 17.5+ 0.6°. The optical
contact angles of water on N,-calcined WOs thin films and H,-calcined ones were further
decreased to 13.7 £ 1.1° to 8.38 £ 0.7°. Such results indicated that rich surface Vo led to

superhydrophilicity of in WOs thin films. Fibrinogen (FIB), human serum albumin (HSA),
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immunoglobulin G (IgG), and lysozyme (LZM) were selected as model proteins to study their
irreversible adsorption on ITO substrate, WOs3 thin film with no Vo and rich in Vo. Individual
model protein was incubated with different thin films for 5 minutes and 2 hours. The
adsorption of HSA, FIB, and IgG to tungsten trioxide thin films without Vo was much lower
than their adsorption to ITO. The adsorption of HSA and IgG to WOs thin films saturated after
5 minutes, while the adsorption of FIB continued to increase with extended incubation. At 5
minutes, the adsorption of LZM to WOs thin films was double that of the adsorption to ITO.
Optical water contact angles were decreased to 8.38 + 0.7 ° for WOs thin films rich in Vo, and
the adsorption of HSA, FIB, LZM, and IgG was significantly reduced. Adsorption of HSA, LZM,
and IgG remained at the same levels below 5 ng/cm? as the exposure time extended from 5
minutes to 2 hours, while the adsorption of FIB decreased from 17.3 ng/cm? to 5.6 ng/cm?.
Adsorption of HSA, FIB, LZM, and IgG onto WOs thin films rich in surface Vo was reduced by
95.5%, 95.8%, 98.6%, and 98.7% compared to ITO substrate. Adsorption of HSA, FIB, LZM, and
IgG was reduced by 79.8%, 92.7%, 98.8%, and 82.2% compared to WOz with no surface Vo. To
further examine the properties of WOs films, different WOs films were treated with human
plasma. Adsorption of HSA, FIB, LZM, and IgG from human plasma was quantified using the
micro-BCA method. The trends of protein adsorption from plasma between bare ITO, ITO
coated with air-calcined W03, and Hy/Ar-calcined WOs3 were the same as the adsorption from
as-prepared solutions, except for LZM. The decrease in protein adsorption at longer exposure
may be attributed to the Vroman effect. Compared to bare ITO, the adsorption of HSA, FIB,
LZM, and IgG onto WOs thin films rich in surface Vo were reduced by 71.4%, 75.2%, 49.7%,
and 50.0%. Compared to WO3 with no surface Vo, the adsorption of HSA, FIB, LZM, and IgG
was reduced by 63.4%, 87.4%, 60.5%, and 26.3%.
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Figure 22. (a) Optical contact angles of water on ITO substrate, air-calcined W03, N,-calcined WOs, and H,-
calcined WOs thin films. Adapted from Article 4. (b) Irreversible adsorption of HSA, FIB, LZM, and IgG to ITO/SiO,
substrates, WOs; thin film with no oxygen vacancy (air calcination), WOs thin film rich in oxygen vacancy (20%
H,/Ar calcination). Adsorption was characterized by ELISA. (c) Irreversible adsorption of 4 proteins for human

plasma, measured by micro-BCA.
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Figure 23. Cellular toxicity of WO3 nanosheets. HUVECs were incubated with WO3 nanosheet for 24 h and 48 h,

with its cell activity measured by (a) CCK-8 assay and (b) CTG assay. Adapted from Article 4.

The influence of tungsten trioxide on human somatic cells remains largely unexplored,
particularly in the context of its use as electrodes in implantable sensors, where the
detachment of WO3 nanosheets from the thin film could potentially pose a risk to human
health via adsorption in blood vessels. To address this knowledge gap, we evaluated the
toxicity of WO3 nanosheets on human umbilical vein endothelial cells (HUVECs). We exposed
HUVECs to W03 nanosheets with varying concentrations from 0 to 800 pug/ml for 24 and 48
hours and analyzed the resulting cytotoxicity using both CCK-8 and CTG assays. CCK-8 results
(figure 23a) revealed that HUVECs exhibited a significant decline in cell activity when HUVECS
were exposed to 200 ng/mL WOs nanosheets for 24 hours, with near-total cell death observed
after 48 hours, thus indicating a time- and dose-dependent relationship. Interestingly, we
observed a modest increase in cell activity at low WOs concentrations (0.5 and 5 pg/mL),
suggesting a biphasic effect of WO3 on cells. To further verify our findings, we utilized the CTG
method (figure 23b), which relies on ATP activity for cell counting, and found that exposure to

200 pg/mL WOs nanosheets for 24 hours resulted in a 50% reduction in cell activity. While
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low-concentration WOs3 treatment did not show an effect on cell growth after 24 hours, an
increase in cell activity was observed after 48 hours, indicating that low-dose WQOs3 can
promote cell growth. Our findings suggest that WOs nanosheets have a biphasic effect on
HUVECs, with concentrations below 0.5 pg/mL promoting cell growth and higher

concentrations leading to significant apoptosis. Detailed discussion can be found in article 4.

4 Conclusion and outlook

This dissertation focuses on developing COPD PoC diagnostics of COPD through human saliva
and blood samples, as well as studying the potential of using emerging functional
nanomaterials in biosensors. The thesis reviewed the COPD PoC technology, which includes
(1) specific blood and salivary biomarkers related to COPD exacerbation and different COPD
endotypes, (2) sampling technology to acquire blood and saliva samples to be used for paper
based PoC diagnostics, and (3) paper-based biosensors that specifically detect COPD
biomarkers in human blood and saliva samples. The thesis also reviewed defects and their
manipulation in emerging functional nanomaterials, i.e., 2D black phosphorus, to boost
development of biosensors and PoC devices to detect COPD biomarkers in human body fluids.
It includes methods to control its properties by defect-tailoring and surface functionalization,
and its applications in biosensors and disease diagnostics. It also presents critical insights on
the future synthesis, modification, and further applications in biosensor. The prior reviews
contributed to KOLS project, selected salivary CRP, PCT, and NE as the biomarker combination
to monitor COPD and its progression, and selected quantitative LFA to detect these
biomarkers in saliva. It also recognized major challenges including the hook effect, matrix
effect, and biofouling that interfered detection of biomarkers in human biofluids. These
challenges were tackled in the following papers. From the second review, tungsten oxide rich
in oxygen vacancy was selected as the electrode coating to minimize biofouling from non-

specific proteins in biofluids.

The thesis studied a novel hook-effect-free design in one-step sandwich LFA which
qguantitative detected CRP in saliva. The hook effect causes false-negative results in sandwich
assay when biomarker concentrations exceeded predetermined range of detection. This work

introduced a sucrose-treated intermediate pad which hindered sample flowing between the
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nitrocellulose membrane and detection antibody immobilized on the conjugate pad, and thus
delay releasing conjugate antibody and subsequent reaction between conjugates and analytes
to avoid the hook effect. It exhibited a 10 times improvement in range of detection than
conventional LFAs. The thesis further described an attempt integrating electrochemical
biosensors with LFAs. A novel chronoamperometricimmunosensor combing lateral flow strips
was developed to detect a representative COPD biomarker, CRP, in saliva. Enzymatic
catalyzation of TMB oxidation was demonstrated on nitrocellulose membranes in order to
realize electrochemical LFA. The immunosensor exhibited a linear detection range covering
0.5 nM to 10° nM and a detection limit as low as 0.07 nM with high reproducibility. Such range
covered the requirement for monitoring of chronic disease like COPD. This work studied two
guantitative biosensing mechanisms in LFA. It also studied the origin of the hook effect in
sandwich LFAs and mitigated the hook effect by adding an intermediate pad between the
nitrocellulose membrane and the conjugate pad. The hook effect was a result of competitive
interactions between free analytes, analyte-QD complexes at the test line where free analytes
occupied binding sites of capture antibodies which would otherwise bound with analyte-QD
complexes at high analyte concentrations. Addition of an intermediate pad treated with
saturated sucrose solution delayed release of conjugate antibody and thus allowed free
analytes to be captured at the text line before analyte-QD complexes were formed. Future
LFAs may combine a new module consisting of saliva sampler and buffer storage to the LFA

stripe to further reduce operations.

The thesis also studied a spontaneous anti-biofouling strategy by controlling oxygen vacancies
in WOs3 nanosheets. Intrinsic surface oxygen vacancies in as-prepared WQOs thin film led to
hydrophilicity-superhydrophilicity transformation of WO;s thin films by chemisorption of
hydroxyl groups at the surface oxygen vacancy sites. Since a compact water layer was formed
on superhydrophilic surfaces, superhydrophilic WOs thin films thus significantly adsorbed less
proteins and exhibit longer electrode lifetime. Cellular toxicity of WO3 was studied by exposing
HUVECs to WOs3 nanosheets. Our findings suggest that WOs nanosheets have a biphasic effect
on HUVECs, with concentrations below 0.5 pg/mL promoting cell growth and higher
concentrations leading to significant apoptosis. Regarding antifouling strategies based on WO3

to be used as implantable sensor electrodes, future studies need to answer (1) formation of
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water layer on superhydrophilic Vo-rich WOs3 thin films at atomic scale, (2) composition of
adsorbed protein layer in human blood and the relationship protein layer composition and
biocompatibility of the thin film, and (3) the mechanism of WO3 biphasic effect on HUVECs,
especially its cellular toxicity at high concentration, which need to be studied from the aspects
of protein corona formed around WO3 nanosheets, uptake of WO3 nanosheets into cells, and

potential DNA damage after uptake.
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Sandwich lateral flow assay (LFA) is one of the most successfully commercialized paper-based biosensors, which
offers a rapid, low-cost, one-step assay. Despite its advantages, conventional sandwich LFA is fundamentally
limited by the high-dose “hook” effect—a phenomenon that occurs at very high analyte concentrations and
results in false-negative results. In this paper, we present a novel strategy of automatic timed detection antibody
release to mitigate the hook effect in sandwich LFA without additional manual steps. We introduced an inter-
mediate pad treated with saturated sucrose solution to regulate the flow between the nitrocellulose membrane
and the conjugate pad in order to delay the reaction between detection antibodies and analytes. Using C-reactive
protein (CRP) as a representative analyte, we demonstrated that our strategy exhibited a range of detection 10
times wider than that of our conventional LFA, without sacrificing the limit of detection. Comparing to other
published strategies, our work could offer a one-step, cost-effective approach that is closely unified with the

benefits of the LFA.

1. Introduction

Sandwich lateral flow assay (LFA) has been widely applied in the
rapid point-of-care (POC) testing industry due to its low cost, rapid
response, and one-step operation [1]. Despite the advantages and the
broad applications, sandwich LFAs produce false-negative results at very
high concentrations of analytes, which is described as the high-dose
“hook effect” [2-8]. T/C intensity initially increases monotonically
but eventually decreases when the analyte concentration surpasses a
certain level, exhibiting a hook-like curve in the T/C intensity vs. analyte
concentration diagram. First observed in one-step sandwich immuno-
assays in the 1980s, the hook effect is an intrinsic phenomenon in
sandwich assays [9]. Assuming analytes bind to detection antibodies
and capture antibodies simultaneously, the widely accepted explanation
is that unlabeled analytes occupy sites at the test line that would have
captured labeled analytes. In other words, there is a shortage of free
detection antibodies to bind analytes, which are captured at the test
lines. Hook effect limits the clinical applications of LFA where bio-
markers in real human samples could increase significantly when

* Corresponding author.
E-mail address: Tao.Dong@usn.no (T. Dong).

https://doi.org/10.1016/j.talanta.2021.123157

patients were experiencing severe diseases. Taking the example of
C-reactive protein (CRP) concentration in serum, it is below 1 mg/mL for
healthy people but can roar up to more than 250 mg/mL in case of severe
infection [10].

In conventional sandwich immunoassays, the problem is solved by
sample dilution [11], addition washing step [12], and increasing con-
centrations of detection antibody [13]. Similar strategies have also been
applied in LFAs [6]. Increasing detection antibody leads to higher
background noise that limits the lower limit of detection. Attempts have
been made to alleviate the hook effect by adding a third line that only
binds conjugates [14] and introducing multiple test zones for one ana-
lyte [5]. E.G. Rey et al. adapted kinetic measurement with an algorithm
to measure the speed at which both sample and control line develop
instead of measuring the final intensity [4]. Other researchers also tried
to provide theoretical explanations of the “hook” effect in LFAs due to
high analyte concentration [3,6]. Hook effect is affected by the capture
antibody’s avidity to both free analyte and analyte-detection antibody
complex [6], while in most cases, both avidities need to be measured
experimentally. Oh et al. reported a timed reagent release strategy by
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adding a sample injection zone in the middle of the strip while placing a
commercial asymmetric polysulfone membrane (ASPM) with asym-
metric pole distribution located horizontally between the buffer pad and
sample pad to delay the conjugate release [15].

To resolve the hook effect in sandwich LFA without additional steps
and costs, we proposed a strategy based on delaying the release of
detection antibodies from the conjugate pad to avoid the competition
between free and labeled analytes at the test line. We hypothesized that
by avoiding the competitive reactions between the analyte, capture
antibody, and detection antibody, the hook effect could be mitigated.
We re-designed the lateral flow assay and introduced an intermediate
pad treated with sucrose between the nitrocellulose membrane and the
conjugated pad to demonstrate our strategy. The intermediate pad
regulated the liquid flow into the conjugated pad [16] to achieve the
timed-release of detection antibody. The advantage of sucrose treatment
was that the sucrose did not interfere with the CRP-antibody binding,
while the cost of sucrose treatment was neglectable. We experimentally
proved that our designated LFA mitigated false-negative results caused
by the high-dose hook effect.

2. Experimental section
2.1. Reagents and instruments

Anti-CRP antibody [C2] (ab136176), anti-CRP antibody [C6]
(ab8278) were purchased from Abcam in both Norway and China. High
purity native CRP purified from human serum was purchased from
Sigma Aldrich (both Norway and China). Nitrocellulose (NC) mem-
branes CN140 of 25 mm width were purchased from sartorius. Glass
fiber membranes, polyester fiber membranes, absorbent pads, and ad-
hesive backing cards were purchased from Jieyi Biotech. CO., LTD.
Bovine serum albumin (BSA) and Tween 20 were purchased from Bei-
jing Solarbio Science & Technology Co., Ltd.

Saliva oral swab was purchased from Salimetrics, State College, PA.
Sucrose (S0389) was purchased from Sigma Aldrich. CdSe-TiO, quan-
tum dots were purchased from Kundao Biotech, Shanghai. CRP human
ELISA kits were purchased from Thermo Fisher.

2.2. Quantum dots conjugation

We used a commercial CdSe-TiO; core-shell quantum dot with
polyethylene glycol (PEG) modification as the fluorescence label. Ul-
traviolet (UV) light was applied as the light source for excitation. The
commercial CdSe QD exhibited an excitation range between 365 and
450 nm and a fluorescence peak at 570 nm. No photobleaching was
observed. As-purchased QDs were linked to anti-CRP antibody C6
(detection antibody, CdSe-C6) via EDC-NHS linking. CdSe-C6 was
immobilized onto the glass fiber conjugate pad.

2.3. Preparation of the intermediate pad

We compared cellulose membranes treated with different sucrose
saturation as the intermediate pad. To treat cellulose membranes with
sucrose, we first dissolved excess sucrose in deionized water (DI water)
at room temperature for several days to create a saturated sucrose water
solution. Sucrose settlements were removed from the saturated solution.
Subsequently, the saturated sucrose solution was diluted to prepare
10%-100% saturated solution. Cellulose membranes were also treated
with DI water for comparison, noted as 0% saturation. Cellulose mem-
branes were firstly wicked from the edges and then immersed into the
sucrose solution. After that, cellulose membranes were dried in a vac-
uum chamber at 36 °C until they were completely dried.

2.4. Preparation of the lateral flow strips

The lateral flow strip is assembled with a sample pad, a conjugate
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pad, an NC membrane, an absorbent pad, and an intermediate pad
(Fig. 1). Anti-CRP antibody C2 is applied as the capture antibody (500
pg/mL in 0.01 M phosphate-buffered saline (PBS) solution, pH 7.4),
which was dispensed in a line onto CN140 NC membranes at a jetting
rate of 0.5 pL/cm. The NC membranes were subsequently dried at 37 °C
for 2 h in vacuum. NC membranes immobilized capture antibodies were
blocked with 2% w/v BSA and 0.02% w/v Tween-20 in 0.01 M PBS
solution (pH 7.2) at room temperate. Both sample pad and conjugate
pad are made of glass fiber membranes. To realize timed-release of
detection antibody, an intermediate pad was placed at the bottom of the
conjugate pad.

2.5. Sampling of human saliva

Human saliva samples were taken from three nominally healthy
volunteers using SalivaBio Oral Swabs. We received consent from the
volunteers to use their saliva for research. Before each sampling, vol-
unteers were restrained from food, alcoholic or carbonated drinks,
smoking, and physical exercises. The protocol of sample collection fol-
lowed recommended instructions from Salimetrics, through which the
volunteer kept the oral swab in the mouth for 2 min. The swab was
immediately transferred to a centrifuge tube after sampling. To extract
the saliva, the swab was centrifuged at 1500 g for 15 min. Saliva samples
were stored at —20 °C and analyzed within 4 months. Saliva samples
were defrosted before each assay. Initial CRP concentrations in saliva
were determined using ELISA human CRP kits, following the test pro-
tocol provided by the supplier. CRP was subsequently spiked into saliva
samples to reach desired concentrations. Sampling and storage of human
saliva were approved by the Regional Committees for Medical and
Health Research Ethics. Data were stored according to the regulations of
the Norwegian Center for Research Data.

2.6. Detection of CRP in artificial saliva and human saliva using
fluorescence lateral flow strips

Due to the scarcity of human saliva samples, we prepared artificial
saliva to develop LFAs. Mucin-based artificial saliva was prepared ac-
cording to a reported method [17]. Human saliva was used during the
validation of LFA. Both artificial and human saliva were spiked with
CRP. Initial CRP concentrations in human saliva were measured by
ELISA. For each assay, we added 200 pL sample solution with desired
amounts of CRP onto the sample pad. Fluorescence was recorded by a
single-lens reflex camera. Images were first transformed into grayscale,
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Fig. 1. (a) Scheme of the lateral flow assay structure with an intermediate pad.
(b) Wetting of the conjugate pad was initially prevented by the hindrance
induced by the sucrose-treated intermediate pad. (c) Release of detection
antibody was delayed in order to mitigate the hook effect.
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and fluorescence intensities were obtained using the measurement
function in ImageJ. Intensities of T lines and C lines were calculated by
subtracting background fluorescence intensity from the overall inte-
grated intensity of the selected areas.

3. Results and discussion
3.1. Principle of the lateral flow assay with timed conjugate release

In conventional lateral flow sandwich assays, a conjugated pad is
placed directly between the sample pad and nitrocellulose membrane so
that detection antibodies flow with the analyte together when the con-
jugate pad is wetted. In this scenario, analytes will bind both detection
antibody and capture antibody simultaneously [18,19]. At high analyte
concentrations, when the detection antibody is deficient, unlabeled
analytes compete with analytes bound to detection antibody at the test
line, leading to false-negative results.

To resolve this hook effect, we hypothesized that by delaying the
detection antibody entering the sandwich assay system, the competition
between CRP captured at the test line and free CRP could be potentially
avoided. In other words, reactions between CRP at the test line and
detection antibody would be favored by setting a time interval between
the presence of CRP and detection antibody at the sandwich assay sys-
tem. We studied two approaches— (1) manually adding CRP and
detection antibody in sequence; adding an intermediate pad that is (2)
treated by sucrose to delay the release of detection antibody—to step-by-
step verify our hypothesis. We deployed an intermediate pad with flow-
tuning characteristics to bridge the sample pad and nitrocellulose
membrane (Fig. 1). The intermediate pad sits above the conjugate pad in
which the detection antibody is immobilized. Such an intermediate pad
exhibits a slower vertical flow rate than its lateral counterparts to delay
the flow entering the conjugate pad. Detection antibody is released at
certain times when analytes are mostly bound to the test line to avoid
competitive reactions.

3.2. Intermediate pad treatment with sucrose solution

We dedicatedly designed the intermediate pad by testing different
materials and treatments to control the release time smartly. We finally
selected a commercial cellulose membrane treated with sucrose to treat
the pad. The intermediate pad should not affect the antibody-antigen
reaction. It excludes the pad to be treated with most salts since salts
significantly affect antibody conformation and their reactions with an-
tigens. Sucrose was selected due to its low price and biocompatibility
[16]. Sucrose did not interfere with the CRP-antibody binding, nor did it
induce false-positive results. It is also believed to be an inexpensive
stabilizer against degradation of proteins dried on paper substrates [20].
A barrier with tunable permeability is desired for lateral flow assays to
control the delayed release of detection antibody smartly. For this pur-
pose, we investigated paper-based barriers consisting of cellulose
membrane treated with sucrose solution. We compared cellulose mem-
brane treated with different concentrations as the intermediate layer
bridging the sample-conducting nitrocellulose membrane and conjugate
pad. We treated 330 pm thick cellulose membranes with DI water
(which was considered as the blank group with 0% sucrose) and 10%-—
100% sucrose saturated solutions. We mixed red dye with sample so-
lutions before wicking the LFA strips. The wetting performance was
evaluated by recording the time spent before intermediate pad
completely turned red (Fig. 2). For a blank intermediate pad without
sucrose, it took around 4 min to turn red completely. At the interface
between the intermediate pad and the NC membrane, the vertical fluidic
resistance was larger than the horizontal fluidic resistance due to gravity
and permeability difference in different porous materials. Thus, the fluid
initially traveled in the horizontal direction. The intermediate pad also
stored solution before it fully turned red. As the sucrose saturation
percentage increased, it gradually took more time to completely color
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Fig. 2. Characterization of time spent to fully wet intermediate pads treated
with sucrose solution at different saturation percentages (n = 3). The inset
shows representative images of characterization taken from intermediate pads
treated by 80% and 90% sucrose saturated solution.

the intermediate pad, which could be considered as an increase in the
ability of fluidic hindrance. As the saturation percentage exceeded 70%,
the wetting time increased dramatically, from 7.2 min (70% saturation)
to 31.3 min (100% saturation). We considered that saturation between
70% and 90% led to moderate time delays between 7.2 min and 19.3
min, which were chosen for further studied for timed-release of detec-
tion antibody. Such hindrance to the flow could be potentially attributed
to two reasons. Firstly, sucrose from the highly saturated solutions was
dried and subsequently formed large amounts of small crystals within
the pores of cellulose membranes. When sucrose encountered the flow,
sucrose started to dissolve quickly, resulting in a local region with
saturated sucrose concentration. Therefore, further dissolution of su-
crose was prohibited until local concentration was decreased due to
diffusion of sucrose molecules to areas where sucrose concentration was
low. Sucrose crystals blocked the solution into the conjugate pad,
forming a temporally water-proof barrier. On the other hand, the local
region with saturated sucrose concentration exhibited a high viscosity
and exerted high flow resistances that delayed the flow through the pad
[16]. When sucrose crystals gradually dissolved upon contact with the
aqueous solution, a route would be opened to release detection anti-
bodies in the conjugate pad into the assay.

3.3. Hook effect in conventional lateral flow assay

The conventional format of a lateral flow assay consists of a sample
pad, a conjugate pad, a nitrocellulose membrane immobilized with both
a test line and a control line, and a wick (adsorbent) pad. When a sample
was added to the test strip, it flowed uniformly without any delay in the
release of the detection antibody (detection antibody is also often called
the conjugate). To determine analyte concentrations quantitatively, re-
searchers often measure either the test line intensity or the ratio of the
test line intensity over the control line intensity (T/C). We compared
both the test line intensity and the T/C ratios to study their contributions
in the hook effect. We noticed that the test line intensity increased
monotonically for CRP detection as CRP concentration increased within
the region between 1 ng/mL to 1 pg/mL (Fig. 3a and b). The test line
intensity reached the peak and saturated around 1 pg/mL. As the CRP
concentration continued to increase, the test line intensity started to
drop.
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Fig. 3. (a) Greyscale photos of T and C line at different CRP concentrations. Calibration curve of conventional CRP LFA testing CRP in artificial saliva: (b) intensity of
test line and control at different CRP concentrations; (¢) T/C ratios at different CRP concentrations. (n = 3).

On the other hand, the control line intensity started at the highest
intensity and decreased as CRP concentration increased in the region
between 1 ng/mL to 1 pg/mL. However, the control line intensity
reached the lowest point at around 1 pg/mL while the test line intensity
reached the highest peak. With a further increase in CRP concentration,
the control line intensity increased while the test line intensity
decreased. T/C ratios exhibited a similar trend to the test line intensity
and reached a peak around 1000 ng/mL (Fig. 3c). A clear hook was
observed in both T line and T/C ratios (Fig. 3b and c). When CRP
increased above 1000 ng/mL, the lateral flow assay gave false-negative
results. Using T/C as the calibration curve did not exhibit any obvious
advantage comparing using the T line intensity. After the hook effect
happened around 1000 ng/mL CRP concentration, T intensity and T/C
ratios dramatically dropped.

The most widely-accepted explanation is that the hook effect is a
concentration effect [9,13]. Excess analytes hinder simultaneous bind-
ing of CRP to both capture antibody at the test line and detection anti-
body in solution. In conventional lateral flow assays, the detection
antibody dried on the conjugate pad diffused in the nitrocellulose
membrane with free CRP molecules together. Both detection antibody
and capture antibody may recognize more than one epitope of CRP.
Besides, one quantum dot was linked to three detection antibodies (C6)
on average through our protocol. The multivalent reaction may result in
higher-order antibody-CRP complexed and multiple configurations with
different binding affinities or associations. The antibody-CRP associa-
tion may also go through an intermediate state, forming a transient
complex [21]. For simplicity, we assume CRP-C2 binding and CRP-C6
binding are both a one-step reaction and result in a single configura-
tion for either CRP-C2 complex or CRP-C6 complex. Then, we will have
four association constants for four different reactions in the lateral flow
assay. We note these constants as K, for the reaction between free CRP
and capture antibody C2 immobilized at the test line, K}, for the reaction
between free CRP and detection antibody C6-QD conjugate in the so-
lution, K, for the reaction between C6-QD conjugate and CRP-C2 at the
test line, and K4 for the reaction between CRP-C6-QD complex and
antibody C2 at the test line. The magnitudes of these association con-
stants often lie in the following sequence: K. > K, > K, > Kq [22]. It

suggested that the association rate constant of analyte binding to either
detection antibody in solution or immobilized capture antibody was
around the same level. In contrast, these two constants would be 3 to 4
magnitude higher than the association rate constant of detection
antibody-analyte conjugate binding to capture antibody [22]. We can
also expect more free CRP molecules to bind to the conjugates in solu-
tion than they bind to the detection antibody. In case of excess CRP, the
binding equilibrium may shift further to the formation of CRP-C6
complexes.

The hook effect observed in the T/C ratio is a synergistic effect of
both test line and control line. Before the saturation point at 1000 ng/
mL, the test line intensity increased because of an increasing number of
C2-CRP-C6 complexes formed at the test line, while the control line
intensity decreased due to less available C6 conjugate could be captured
at the control line. It resulted in a monotonic increase in T/C ratios
before the hook effect. When the hook effect happened at CRP concen-
trations higher than 1000 ng/mL, unlabeled CRP molecules blocked
sites that would have captured CRP-C6-QD conjugates. It resulted in
increasing numbers of conjugates bound to the control line and an in-
crease in control line intensity. The C6-CRP complex usually has a lower
avidity than the free C6 antibody does when binding to IgG antibodies at
the control line [22]. It may explain that the control line intensity at CRP
concentrations between 10 and 100 pg was lower than its intensity at
CRP concentrations below 10 ng/mL.

Influence of timed conjugate release on the hook effect in artificial
saliva samples and human saliva samples.

Since K. is often larger than K,, we came up with a strategy to
mitigate the hook effect by avoiding the competition between CRP-C2
binding and CRP-C6 binding. We verified this strategy by comparing
premixing to sequentially adding CRP and detection antibodies (Fig. 4a).
By increasing the interval between adding CRP and detection antibody,
CRP is allowed to associate solely with the capture antibody C2 without
interferences from detection antibody C6. We observed the “hook” peak
gradually shifted to higher CRP concentrations and eventually dis-
appeared by prolonging the time interval (Fig. 4a). T/C signals started to
saturate after 10 pg/mL with a 15-min interval. To avoid manually
adding detection antibody at certain time intervals, we studied the
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Fig. 4. Calibration curve of (a) conventional LFAs testing premixed and sequential addition of CRP and detection antibody with manual time intervals; (b) LFAs
integrated with intermediate pads treated with saturated sucrose solution. Results were measured using artificial saliva (n = 3).

timed conjugate release controlled by intermediate pads treated with
sucrose solution. By increasing the sucrose concentration, the interme-
diate pad exerted more resistance to the flow passing through and
increased the delayed time to release detection antibodies from the
conjugate pad. The “hook” peak moved to higher concentrations
(Fig. 4b) and eventually disappeared, which exhibited a similar trend to
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Fig. 4a. The hook effect was resolved by our timed released strategy.
What’s more, sucrose treatment didn’t exert any negative influence on
CRP detection.

To elucidate the mitigation of the hook effect, we studied the
development of both T line and C line in a lateral flow assay with the
structure shown in Fig. 1. As the CRP concentration increased in the
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Fig. 5. Calibration curve of the CRP LFA with intermediate pad treated with 90% sucrose saturation, (a) test line and control line intensities, and (b) T/C ratios at
different CRP concentrations. Histogram of the specificity of the CRP LFA with intermediate pad, (c) test line and control line intensities, and (d) T/C ratios at analyte

concentrations of 5 pg/mL. Results were obtained using artificial saliva (n = 3).
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region between 1 ng/mL to 10 pg/mL, we observed a monotonic in-
crease in the test line intensity and a gradual decrease in the control line
intensity (Fig. 5a). The test line intensity stopped to increase in the re-
gion between 25 pg/mL to 100 pg/mL. It also leads to a continuous
increase in the T/C ratios (Fig. 5b). As the CRP concentration continued
to increase from 100 pg/mL to 1000 pg/mL, we observed a plateau in
both the test line intensity and the T/C ratios. No clear hook effect was
observed.

In conventional lateral flow assays with high-dose CRP, free CRP
competes with CRP-C6-QD conjugate at the test line. Free CRP molecules
will always exist at the test line regardless of the concentrations. Since
K. > K, > Kp > K4, more CRP will be associated with C6-QD than bind
with the test line. Around the saturated CRP concentration where the
hook effect happened (1000 ng/mL in Fig. 3), the test line intensity
would be largely governed by K. In the timed-release format (Fig. 5a
and b), the test line intensity would be primarily governed by Ky, It may
explain that timed-release of detection antibody not only mitigated the
hook effect but also resulted in a wider range of detection than its
conventional counterpart. The mechanism to avoid the hook effect is
still under debate [6,22,23]. Before the 1990s, it was widely accepted
that one-step sandwich assays were severely affected by the hook effect,
while two-step sandwich assays were generally hook-effect-free [9].
When researchers reexamined the hook effect in immunoassays in the
1990s, S.A. Fernando and G.S. Wilson argued that two-step immuno-
assays also exhibited the hook effect, if analytes underwent multiple
epitope interaction with detection antibodies [23]. However, recent
studies based on simulation and surface plasmon resonance suggested
that sequential injection of analytes and detection antibody could not
only avoid the hook effect but improve the limit of detection as well [6,
22], which agreed with our study. Usage of sucrose treatment did not
comprise the limit of detection to trade for a wide working range
(Table 1). Among all the strategies, sample dilution and washing step are
the simplest approaches to mitigate hook effect. Nevertheless, both
strategies introduced an additional manual step, which was contrary to
the designing principles and benefits of LFAs—an easy, inexpensive, and
one-step assay. Increasing detection antibodies and adding a third line
on the membrane would significantly increase the manufacture expense
due to the high cost of monoclonal antibodies. Antibody cost plays a
major role in expenses of raw materials. Among current strategies, ki-
netic measurement is the most cost-effective approach which requires no
additional manual step nor significantly increase in cost. The drawback
of current kinetic measurement is that the geometric derivative of T/C is
negatively correlated to the analyte concentration. The negative corre-
lation may limit the range of detection when a wide range detection is
needed. Oh et al. successful reduced the hook effect by applying strategy
was based on a two-step assay [15]. In their strategy, sample and buffer
solution were added onto a sample pad and a buffer pad respectively.
Since the sample pad was located between two NC membranes, samples
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would flow in both directions. It induced potential reaction between the
analytes and conjugated antibodies, which would lead to the hook ef-
fect. Even though our working range is no better than the three-line LFA
[14] or the multiple-zone LFA [5], our strategy offers a cost-effective
approach to avoid the hook effect. In the three-line LFA [14] and the
multiple-zone LFA [5], the amounts of detection antibodies were
significantly increased, which would greatly increase manufacturing
cost and hinder further commercialization. Compared to other strategies
without dramatically increase the amount of detection antibody [4,15],
our strategy successfully lower the limit of detection by two-fold without
compromising the working range.

Followingly, we tested the specificity of our improved hook-effect-
free lateral flow assay against other common protein analytes that
exist in human blood and saliva (Fig. 5¢ and d). We selected IL-8, hMMP-
9, and PSA, which co-exist in both saliva and serum of patients with
heart disease and chronic obstructive pulmonary disease, to verify the
potential of our modified lateral flow assay in screening chronic dis-
eases. Concentrations of these interferents and CRP were set to 5 pg/mL
for comparison. The T/C ratio of CRP test was around 100-fold higher
than the T/C ratios of IL-8, hMMP-9 and PSA tests. The interference was
neglectable comparing to the CRP result.

Lastly, we tested saliva samples to verify to hook-effect-free perfor-
mance of our LFA strips with an intermediate pad. Saliva samples were
collected from nominally healthy volunteers using Saliva oral swabs.
Initial CRP concentrations in saliva were determined using ELISA. CRP
was subsequently spiked into saliva samples to reach desired concen-
trations. As shown in Figure S1, no hook effect was observed at the test
line in the range between 1 ng/mL to 10 pg/mL; however, fluctuation in
T/C ratios was observed between 10 pg/mL to 100 pg/mL when fluo-
rescence intensities at T and C lines reached their limits. It resulted from
the changes in C line intensity while T line intensity gradually reached a
plateau. After all, T/C ratio was more sensitive to the variations than the
T line intensity. Accuracy of LFA strips with intermediate pad treated
with 90% saturation was evaluated against ELISA with human saliva
samples (Table S1). The relative errors of our method against ELISA
were lower than 15%.

4. Conclusions

We reported a new strategy based on automatic timed release of
detection antibody in sandwich lateral flow assay to resolve the hook
effect without additional manual operation. In our approach, timed
release was achieved by an intermediate pad between the nitrocellulose
membrane and the conjugate pad to regulate the flow and delay the
release of the detection antibody. We investigated sucrose treatment of
the cellulose membrane as the intermediate pad. Sucrose crystals served
as barriers to liquid displacement. Our improved LFA exhibited a
working range between 0.5 ng/mL-10 pg/mL, without observing the

Table 1
Comparison between our strategy and other strategies to mitigate the hook effect.
Strategy Limit of Working range Linear range Comments Ref.
detection
Colorimetric three-line LFA 0.649 ng/mL 0.69 ng/mlL-1.02 mg/ 1 ng/mL-500 A third line of antibody would increase fabrication cost. It [14]
mL; pg/mL requires suitable algorithm to calculate test results.
0.4-84.7 pg/mL in
clinical samples.
Colorimetric multiple-zone LFA 0.2875ng/mL  0.575 ng/L-1150 mg/ Not mentioned. Multiple test zones in circular shape would significantly [5]
L increase fabrication cost. Hook effect still exists.
Colorimetric LFA with kinetic not not mentioned 10-255 ng/mL kinetic measurement may result in complicity in readouts and ~ [4]
measurement mentioned large method bias.
Fluorescence LFA with sequential 43 ng/mL 119 ng/mL-100 pg/ not mentioned Sample and buffered solution are added separately. [15]
sample and buffer injection mL
Fluorescence LFA with intermediate 0.5 ng/mL 0.5 ng/mL-10 pg/mL 50 ng/mL - 2.5 This
pad pg/mL work

*Note: due to varieties of units being used in the references, we adapt molar concentration for better comparison. Since it was not classified whether monomeric or
pentameric CRP was studied in the references, we assume that pentameric CRP (115 kDa) was under investigation.
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hook effect. Compared to other published strategies, our work offers a
cost-effective, one-step approach that is closely unified with the benefits
of LFA.

In the future, researchers may combine new label-free strategies
based on acoustic, thermal, and other principles to replace the sandwich
format in LFAs. Other attempts may be made in researching new bio-
recognition elements compatible with LFA or other paper-based assays.
Researchers also need to better explain the delivery and distribution of
both analytes and detection antibodies and their reactions with each
other in the porous medium. After all, LFA is one of the most developed
and commercialized paper-based biosensors. Improving LFA is still by
large an empirical process. Input-output ratio (in this case, expense-
profit ratio) is always an essential factor to be considered when study-
ing the LFA and other paper-based biosensors.
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