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GLOSSARY AND ABBREVATIONS

A. fischeri Allivibrio fischeri

a.u. arbitrary units

AFP aloha-fetoprotein

AgNPs silver nanoparticles

Al artificial intelligence

ALP alkaline phosphatase

ASOs antisense oligonucleotides

Au NBPs gold nanobipyramids

Au-IrO2 NFs gold and iridium oxide nanoflowers
AuNCs gold nanoclusters

AuNMs gold nanomaterials

AuNPs gold nanoparticles

AuNRs gold nanorods

AuNSs gold nanospheres / gold nanostars
AuNTs gold nanotriangles

BB borate buffer

BBLISA bioluminescent bacteria-linked immunosorbent assay
BL bioluminescence

BSA bovine serum albumin

CBS carbonate-bicarbonate buffer

CDs carbon dots

CEA carcinoembryonic antigen

cfDNA circulating cell-free DNA

ChOx cholesterol oxidase

CL control line

COVID-19 coronavirus disease 2019

CQDs carbon quantum dots

CRISPR clustered regularly interspaced short palindromic repeats
CRP c-reaction protein

Cryo-TEM cryogenic transmission electron microscopy
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CTCs
Ccv
Cys-AuNPs
DLS

E coli
EC50
EDX
ELISA
et al.
EXPAR
FRET
GO
GOQDs
GOx
GSH
HCR
HigG
HIV
HRP
IAVs
ICs0
ICP-OES
IFE

IgG

IrO2
LAMP
LFA
LFIA
LFS

LOD

circulating tumor cells

coefficient variation
cysteamine-capped gold nanoparticles
dynamic light scattering

Escherichia coli

half maximal effective concentration
energy dispersive X-ray
enzyme-linked immunosorbent assay
et alia (and others)

exponential amplification reaction
Forster resonance energy transfer
graphene oxide

graphene oxide quantum dots

glucose oxidase

glutathione

hybridization chain reaction

human immunoglobulin

human immunodeficiency virus
horseradish peroxidase

influenza A virused

half-maximal inhibitory concentration
inductively coupled plasma optical emission spectroscopy
inner filter effect

immunoglobulin

Iridium oxide

loop-mediated isothermal amplification
lateral flow assay

lateral flow immunoassay

lateral flow strip

limit of detection
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LOQ limit of quantification

LOx lactate oxidase

LSPR localized surface plasmon resonance
mAbs monoclonal antibodies

MBs magnetic beads

MEF metal-enhanced fluorescence

mMiRNA microRNAs

ML machine learning

NA nucleic acid

N-CDs nitrogen-doped carbon dots

NIR near-infrared fluorescence

NP nucleocapsid protein

oD optical density

pAbs polyclonal antibodies

PBS phosphate buffered saline

PBST phosphate buffered saline with Tween-20
PCR polymerase chain reaction

PDI polydispersity index

p-ELISA plasmonic ELISA

PNA peptide nucleic acid

POC point-of-care

POCT point-of-care testing

PSA prostate-specific antigen

QDs quantum dots

RBD receptor-binding domain

RBP4 retinol-binding protein 4

RPA recombinase polymerase amplification
RT room temperature

RT-LAMP reverse transcription loop-mediated isothermal amplification

RT-RPA reverse transcription recombinase polymerase amplification
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SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SD standard deviation

SELEX systematic evolution of ligands by exponential enrichment
SEM scanning electron microscope

SERs surface-enhanced Raman scattering

SPR surface plasmon resonance

T2DM type 2 diabetes

TE tyndall effect

TEM transmission electron microscopy

TL test line

TMB 3,3',5,5'-tetramethylbenzidine

UCNPs upconversion nanoparticles

usD Unites States dollar

WHO World Health Organization

XPS X-ray photoelectron spectroscopy

€ extinction coefficient
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THESIS OVERVIEW

This thesis is organized in five chapters. The first chapter is a general overview on the gold
nanomaterials-based optical biosensors for point-of-care diagnosis. The experimental work
conducted throughout this PhD project is described in the next four chapters of the thesis. Each
chapter is presented as a scientific paper and consists of different sections, including a general
introduction, a description of the relevant experimental details, a presentation of the results,
discussions and conclusions and the references. A brief explanation of each chapter is given

below:

Chapter 1. Introduction. This chapter begins with a general introduction to the concepts of
biomarkers and point-of-care diagnostics. Next, examples (from 2020 to 2023) of various optical
biosensors based on gold nanomaterials (AuNMs) for point-of-care (POC) diagnostics are
presented and classified according to different signal transduction mechanisms, including
aggregation of AuNMs, etching/growth of AuNMs, and inner filter effect (IFE)/metal-enhanced
fluorescence effect (MEF)/ fluorescence resonance energy transfer (FRET) between fluorophores
and AuNMs. In particular, different signal enhancement strategies proposed to enhance the

sensitivity of gold nanoparticles-based LFAs for SARS-CoV-2 diagnosis, are reported.

Chapter 2. Objectives of the thesis. This chapter briefly describes the objectives that motivated

and conducted this work.

Chapter 3. AuNPs as colorimetric labels in LFAs for detection of SARS-CoV-2
nucleoprotein. Gold nanoparticles are commonly used in lateral flow assays for point-of-care
diagnosis due to unique optical properties, ease of synthesis, functionalization, conjuation and
labelling with bioreceptors, rapid signal generation, and cost-effective production. In this chapter,
| first screened over 80 antibody pairs to find those providing the highest sensitivity and specificity
using ELISA. Then | used the 5 best couples in a half-stick format, to select those providing the
best analytical performance in a lateral flow assay. Of the 3 antibody couples that worked better
in the lateral flow assay format (Figure 0.1). Although | achieved to develop a working lateral flow
assay, in the chapter | want to emphasize that the antibody selection process that could and
should be a relatively straightforward and quick procedure, it required over 10 months and
24,422 .6 €. This is unacceptable if | want to develop effective diagnostics technologies in a short

period of time such as during the current COVID-19 pandemic. This chapter aims to focus the
3
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attention of the scientific community on the need for better characterized bioreceptors for faster
development of point-of-care diagnostic devices, e.g. antibodies with fast binding kinetics for a

LFA.

Nucleoprotein LFA development:antibodies selection
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Figure 0.1. The screening process to select antibody couples to use in lateral flow assay for detecting
nucleoprotein of SARS-CoV-2. Adapted with permission from Hu, L. et al. Selection and characterisation of
bioreceptors to develop nanoparticle-based lateral-flow immunoassays in the context of the SARS-CoV-2

outbreak. Lab Chip 22, 2938-2943 (2022).

Chapter 4. Au-IrO2 NFs as novel colorimetric labels in LFAs. | introduced the use of gold and
iridium oxide nanoflowers (Au—IrO2 NFs) as colorimetric labels in LFAs to improve the analytical
performance of the platform. The idea is to exploit their dark color to create a higher contrast
with the white background of the lateral flow strips, and therefore to improve the sensitivity of
nanoparticle-based LFAs. These Au—IrO2 NFs display strong optical properties, but due to their
size (over 100 nm), not ideal for LFAs. Specifically, they would be more prone to precipitation and
aggregation once dried on the LFA, limiting their flow through the membrane. Therefore, |
rationally adapted their synthesis to decrease the size of Au—IrO2 NFs without compromising their
stability. In particular, | achieved it by changing the reaction time and the reducing agent (citrate)

concentration while keeping their optical properties. As a test bed, | successfully used the Au—
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IrO2 NFs in a LFA for the detection of human immunoglobulin G (HIgG). Due to their unique optical
and redox properties, their bioconjugation capabilities and the synergistic combination of the
individual components, Au—IrOz NFs therefore appear to be potential candidates for the next

generation of optical LFAs (Figure 0.2).

Figure 0.2. Use of Au—IrO2 NFs as potential candidates for the next generation of optical LFAs. Adapted with
permission from Rivas, L., Hu, L., Parolo, C., Idili, A. & Merkogci, A. Rational Approach to Tailor Au-IrO2

Nanoflowers as Colorimetric Labels for Lateral Flow Assays. ACS Appl. Nano Mater. 6, 4151-4161 (2023).

Chapter 5. AuNPs and Au-IrO2 NFs as bioluminescence absorbers in bioanalytical platform
based on inner filter effect. In this chapter a new bioanalytical platform, Bioluminescent
Bacteria-Linked Immunosorbent Assay (BBLISA), is presented. BBLISA is an enzyme-free assay
that utilizes the inner filter effect (IFE) between the bioluminescent bacteria Allivibrio fischeri and
a molecular absorber, specifically metallic nanoparticles (i.e., AUNPs and Au-IrO2 NFs). The
nanoparticles can be easily functionalized with antibodies that allow their absorption in the well in
the presence of the molecular target, by forming of the classical immune sandwich. Thanks to
their ability to adsorb the light emitted by the bacteria, the nanoparticles can suppress the
bioluminescence signal, and thus allow rapid quantification of the target (Figure 0.3). Taking
advantage of the modularity and versatility of the BBLISA, two clinically relevant biomarkers
(human 1gG and nucleoprotein of SARS-CoV-2) are detected in serum with the same or even
better sensitivity and precision as a conventional ELISA. The IFE between natural bioluminescent
bacteria and established nanomaterials is exploited for the first time, and the results show that

the BBLISA is faster, safer, cheaper, and more user-friendly than the current ELISA platform.
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Figure 0.3. Schematic illustration of Bioluminescent Bacteria-Linked Immunosorbent Assay (BBLISA).

General conclusions. In this chapter, a summary of the objectives achieved, concluding remarks,

future perspectives and ongoing work are reported.



CHAPTER 1

Introduction






CHAPTER 1. Introduction

1.1. Biomarkers and point-of-care diagnostics

1.1.1. What is a biomarker?

A biomarker, short for biological marker, is a measurable and quantifiable characteristic or
substance that serves as an indicator of a biological process, condition or disease state!.
Biomarkers can be found in various biological samples, such as blood, urine, tissues, or even
breath. They play a crucial role in medical research, diagnostics and clinical practice by providing
valuable information about the health status of an individual or the progression of a disease. There
are several types of biomarkers, including diagnostic biomarkers, which are used to identify the
presence or absence of a disease?, prognostic biomarkers, which help predict the likelihood of
disease progression or outcome3, predictive biomarkers, which indicate the response to a
particular treatment4, and pharmacodynamic biomarkers, which measure the biological effects of

a drug®.

1.1.2. Diagnostic biomarkers detection

In recent decades, high-throughput sequencing® and mass spectrometry techniques’ have
accelerated the discovery of novel biomarkers. Among them, nucleic acid-based biomarkers have
gained considerable importance in the field of diagnostics. These biomarkers provide valuable
information on the presence, progression, and characteristics of various diseases®-'°. In particular,
liquid biopsy, which detect various biomarkers, such as circulating cell-free DNA (cfDNA)',
circulating tumor cells (CTCs)'?, extracellular vesicles' and microRNAs (miRNAs)'™, in bodily
fluids such as blood, urine or saliva, is an alternative to invasive traditional biopsy, providing
valuable information on genetic mutations, gene expression profiles, and epigenetic changes
associated with cancer, thus enabling early cancer detection and personalized treatment
approaches. Currently, polymerase chain reaction (PCR) is a widely used technique for
amplification and detection of specific DNA/RNA sequences''6. Recently, isothermal
amplification methods, such as loop-mediated isothermal amplification (LAMP)' and
recombinase polymerase amplification (RPA),'819 have gained attention due to their simplicity
and rapidity. Additionally, tests based on CRISPR (Clustered Regularly Interspaced Short

Palindromic Repeats) could detect specific genetic sequences and offer potential advantages in
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terms of simplicity, cost-effectiveness, and speed, which are being explored for rapid and portable

testing20-22.

Proteins play a crucial role in various diseases, and their detection can provide valuable
diagnostic information. Advances in genomics?3, proteomics?4, and metabolomics?® have enabled
researchers to identify a wide range of potential biomarkers associated with various diseases?6.
Enzyme-linked immunosorbent assays (ELISAs)?2° are commonly used to detect specific
proteins in patient samples. However, newer technologies such as multiplex immunoassays?°® and
microarray-based assays3' enable the simultaneous analysis of multiple proteins in a single test,
providing more comprehensive diagnostic information. Additionally, advancements in
microfluidics32 and lab-on-a-chip technologies3? have led to the development of portable and cost-

effective protein detection platforms.

1.1.3. Point-of-care diagnostics

Point-of-care (POC) diagnostics refers to medical tests, assessments, and diagnoses performed
at or near the site where the patient is being treated, rather than sending samples to a centralized
laboratory for analysis. This approach offers several important benefits that make it a crucial
aspect of modern healthcare. These include rapid results (within minutes to hours)3*, early
detection and timely treatment decisions (i.e. for cancers?®), public health benefits (i.e. for
infectious diseases of COVID-19'536 HIV37), better accessibility (i.e. particularly valuable in
remote and resource-limited areas38), improved patient management (i.e. regular testing and
monitoring for chronic diseases®), cost-effectiveness, personalized medicine, and minimized

patient stress and anxiety.

Currently, POC diagnostics are widely used in infectious disease testing® (such as influenza*!,
COVID-19%2, HIV43, tuberculosis?, hepatitis** and sexually transmitted infections5), in emergency
medicine (e.g., rapid determination of cardiac markers such as troponin, diagnosis of heart
attacks,*® blood gas analysis to assess the patient's oxygen supply and acid-base status*?), in the
monitoring and treatment of chronic disease (such as diabetes*®, cardiovascular disease through
the monitoring of cholesterol*® and C-reactive protein (CRP) levels®?), in cancer screening

(detecting specific tumor markers)3*, in hematology (e.g., blood counts and coagulation tests to

10
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assess blood disorders®'), in allergy®2 and immunology (e.g., skin prick test and immunoglobulin
levels measurement for the diagnosis and management of autoimmune and immunodeficiency
disorders), and in home testing and monitoring%® (such as pregnancy testing, blood pressure and

blood sugar monitoring) (Figure 1.1)%4.

Urgent Care Setting

POC Diagnostics
=Decentralized
=Fast
=Sensitive
=Selective

=Cost-effective

Hospital

Emergency Medical
Services

Figure 1.1. Schematic illustration of the applications of point-of-care diagnostics. Adapted with permission

from ref. 54 and copyright 2021 American Chemical Society.

POC devices are designed to provide rapid and accurate diagnostic information at the point of
care, allowing healthcare professionals to make quick decisions for patient management.
Commercialized POC devices play a crucial role in various healthcare settings, including hospitals,
clinics, and even home care. There are several representative and commercialized POC devices
across various medical fields, including glucose meters (e.g., OneTouch, Accu-Chek, and
FreeStyle), pregnancy tests (e.g., Clearblue and First Response), cardiac markers diagnostics
(e.g., i-STAT for Troponin tests), hematology analyzers (e.g., HemoCue Hb 201+ and i-STAT),
infectious disease tests (e.g., ID NOW Influenza, OraQuick HIV test and BinaxNOW COVID-19
Antigen Test), coagulation monitors (e.g., CoaguChek), hemoglobin A1c analyzers (e.g., DCA
Vantage), cholesterol monitors (e.g., CardioChek), urinalysis strips (e.g., Siemens Multistix and
ACON Urinalysis Reagent Strips), digital thermometers (e.g., Braun and Omron), and blood gas

analyzer (e.g., GEM Premier and ABL90 FLEX).
11
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Although POC diagnostics offers several advantages in terms of speed, accessibility, and early
intervention, it also presents challenges in terms of accuracy, quality control, and regulatory
considerations. Nanomaterials®5, lateral flow assays®¢, microfluidics®’, miniaturized molecular
testing devices®, lab-on-a-chip systems?*® and smartphone®®, are currently being developed to
enhance POC diagnostics. Advances in nanotechnology have led to the development of various
nanomaterials®%, such as nanoparticles®’, nanowires®2, and nanotubes®, which can be used in
biosensors for sensitive and rapid detection. These nanomaterials can enhance signal generation,
improve sensitivity, and enable multiplexed detection, contributing to cost-efficient diagnostic

tests®4.

Furthermore, rather than relying on a single biomarker, diagnostic tests able to detect a panels of
multiple biomarkers, can improve sensitivity and specificity®®, enhancing the accuracy of disease
diagnosis and risk assessment®. Artificial Intelligence (Al)¢7-88 and Machine Learning (ML)
algorithms®%70 can be helpful to analyze complex datasets from biomarker studies. These
algorithms can identify patterns, classify disease states, and predict treatment outcomes based
on biomarker profiles. Integrating Al and ML into diagnostic tests can further enhance accuracy,
speed, and cost-effectiveness, enabling more efficient and reliable diagnostics”'. Currently, Al-
based diagnostic tools are being developed for a wide range of diseases, including cancer’?,

neurological disorders’3, and infectious diseases™.

Overall, the discovery of novel diagnostic biomarkers, coupled with technological innovations,
holds great promise for the development of rapid and cost-efficient diagnostic tests. These
advancements have the potential to revolutionize healthcare by enabling early detection,

personalized treatment selection, and improved patient outcomes.

1.2. Gold nanomaterials-based optical biosensors for POC diagnostics

Gold nanomaterials (AuNMs) refer to structures or particles made of gold that have at least one
dimension in the nanoscale range, typically ranging from 1 to 100 nanometers. These materials
exhibit unique physical, chemical, and optical properties due to their small size and high surface-
to-volume ratio. AuNMs are widely employed in optical biosensors for POC diagnostics”® due to

several key advantages, including surface plasmon resonance (SPR) properties, good
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biocompatibility and stability, ease of synthesis, functionalization, conjugation and labelling,
tunability of size and shape, rapid signal generation, ease of miniaturization and integration with
optical device, and cost-efficient production. AuNMs can be categorized based on their shapes,
structures, and dimensions. Here are some common types of gold nanomaterials used in

medicine and diagnostics.

Spherical gold nanoparticles (AuNPs)7®77 are among the most widely studied and utilized
nanomaterials. They can range in size from a few to hundreds of nanometers in diameter. Their
optical properties, particularly surface plasmon resonance, make them useful in various
applications, including diagnostics, imaging, and drug delivery (Figure 1.2A). Gold nanorods
(AuNRs)™8, elongated nanoparticles with a rod-like shape, exhibits unique optical properties, and
their absorption and scattering characteristics can be tuned by adjusting their aspect ratio. This
tunability is widely exploited in applications such as biosensing (Figure 1.2B). Gold
nanobipyramids (Au NBPs) have two distinct pyramid-shaped ends connected by a central axis,
exhibiting anisotropic properties due to their distinctive bipyramidal shape. This anisotropy can
result in enhanced electromagnetic fields at the tips of the bipyramids, which is advantageous for
certain applications, such as surface-enhanced Raman scattering (SERs)”® (Figure 1.2C). The
plasmonic properties of Au NBPs can be tuned based on their size and aspect ratio, making them
useful for applications in sensing, imaging, and photothermal therapy®. Gold nanostars
(AuNSs)?!" have multiple branches radiating from a central core, resembling a star. The branches
of gold nanostars contribute to enhanced surface plasmon resonance (Figure 1.2D). Gold
nanoflowers (AuNFs)8 with a flower-like morphology at the nanoscale, are characterized by
multiple branches or petals radiating from a central core. The branched structure of AuNFs results
in a high surface area, contribute to enhanced plasmonic properties, and provides numerous sites
for functionalization with various molecules, such as targeting ligands or biomolecules, making
them suitable for applications in drug delivery®® and diagnostics®? (Figure 1.2E). In addition, the
high surface area and unique morphology of AuNFs make them promising candidates for catalytic
applications. Gold nanoclusters (AuNCs) are ultra-small assemblies of a few to several gold
atoms. Due to their discrete electronic states, AUNCs exhibit unique properties. They are

employed in catalysis, imaging, and sensing applications® (Figure 1.2F).
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Figure 1.2. Schematic illustration of the synthesis or applications of different types of AuNMs. (A)

Schematic presentation of AuUNPs-based assays for various targets detection for the 1VDs application. (B)
Synthesis of AUNRs from crystal seed using the seed-mediated growth method. (C) Schematic illustration
of the solution-based SERS detection protocol and the influence of NaCl as aggregating agent on SERS
enhancement due to different aggregation states of (left) PSS-Au NBPs and (right) Cit-AuNPs. (D) Synthesis
methods, properties and applications of AuNSs. (E) Schematic of lateral flow strips based on AuNFs with
different sizes for human chorionic gonadotropin detection. (F) Synthesis of AUNCs according to Bottom-up
and Top-dow methods. Adapted with permission from ref. 76 (A), 78 (B), 79 (C), 81 (D), 82 (E) and 84 (F).
Copyright 2015 American Chemical Society (A), 2020 MDPI (B), 2022 American Chemical Society (C), 2020

Taylor & Francis Online (D), 2019 Elsevier (E) and 2023 Elsevier (F).

1.2.1. AuNPs aggregation-based assays

Gold nanoparticles aggregation refers to the phenomenon where individual AuNP come together
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to form larger clusters or aggregates. The color of the dispersed AuNPs is due to their SPR, which
is typically red. When nanoparticles aggregate, the SPR shifts, leading to changes in color (e.g.,
from red to blue). This aggregation can be induced by electrostatic interaction (e.g., changes of
pH or the presence of ions), ligand-receptor binding (e.g., antibody-antigen and aptamer-target
specific binding), enzyme-substrate interaction (enzymatic reaction producing a product or
byproduct that induces AuNP aggregation), and changes of temperature and environment.
Aggregation-based biosensors that utilize AUNPs have gained significant attention due to their
sensitivity, simplicity, and versatility in various bioanalytical applications. The mechanisms of
AuNPs aggregation-based biosensors involve the controlled assembly or disassembly of AUNPs
in response to specific target molecules®. In the AuNPs aggregation-based assays, AuNPs could
be functionalized or non-functionalized with a recognition element (i.e., antibodies, aptamers,

DNAs, RNAs, PNAs, etc.).

Antibodies were mostly used to conjugate with AuNPs for specific recognition of target molecules.
Ventura B. et al.? developed a reliable, fast and cheap colorimetric biosensor based on AuNPs
interaction with SARS-CoV-2 cell for detecting viral particles in nasal and throat swabs. The
AuNPs were functionalized with three antibodies targeting spike, envelope and membrane protein
of SARS-CoV-2, respectively. The spectrum of AuNPs-antibody conjugates is red-shifted in
presence of SARS-CoV-2 viral particles and the optical density at 560 nm was measured for
quantitative detection. This approach could be particularly useful in microbiology for detecting the
bacteria particles (Figure 1.3A). Park Y. et al.8” reported an ultrasensitive (sub-fM), rapid and
simple “mix-and-read” plasmonic colorimetric assay for the detection of large-size (~180 KDa)
proteins using an ultralow-noise multilayer molybdenum disulfide (MoS2) photoconducting
channel. The multilayer MoS: operated under near-infrared illumination, enables the detection of
a subtle plasmonic extinction shift caused by by antigen-induced nanoprobe aggregation. After
mixing a biofluid sample (such as whole blood, urine, and saliva) with antibody-modified AuNPs,
analyte-induced AuNP aggregation leads to the formation of an antibody-protein-nanoparticle
complex. The authors showed the quantitative detection of carcinoembryonic antigen (CEA) in
unprocessed whole blood with a dynamic range of 108 in 10 mins and a LOD of 0.1-3 pg/mL,

~100-fold more sensitive than the clinical-standard ELISA (Figure 1.3B).

15



CHAPTER 1

f-AuNPs SARS-CoV-2@f-AuNPs

400 450 500 550 600 650 700
. Whole blood Mixture of Plasmonic Multilayer M§§z ,
a Zlaa::::gtl)ce ‘ Nanoprobes and @bhoto conductqrieyice =
Whole blood -
= =

Plasmonic
Nanoprobe
Multilayer MoS,
10] 10} 10 ’“ﬁ,ﬁ‘ 3 l ]
0s] m] 08 Gl —_ i
7 el ) Tk -
3% B =i = 3 » =
i o4l Ehe 3 os R 5
1Al u :
n;w 400 600 800 M;oo 400 600 800 % 400 600 800
A(nm) A(nm) A(nm) Vs (V)

Figure 1.3. AuNPs (labeled with antibodies) aggregation-based assay for POC diagnostics. (A)
Schematic illustration of the reliable, fast and cheap colorimetric biosensor based on antibodies conjugated
AuNPs interaction with SARS-CoV-2 cell for detecting viral particles in nasal and throat swabs. (B) Concept
of multilayer MoS2 photoconductivity-enabled NIR “mix-and-read” plasmonic colorimetric assay for cancer

biomarker detection. (a) Mixing of antibody-conjugated AuNPs (AuNPs-Ab) and whole blood (WB). (b)
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Extinction spectrum of AuNPs-Ab (left), blood constituents (center), and aggregated/assembled AuNPs-Ab
(right). Adapted with permission from ref. 86 (A) and 87 (B). Copyright 2020 American Chemical Society (A)

and 2021 John Wiley & Sons (B).

Aptamers have been widely employed as recognition element to develop sensor for a wide range
of target8®-°0. Aptamers are short, single-stranded nucleic acid sequences (DNA or RNA) that can
be chemically synthesized with high reproducibility and purity by using the systematic evolution
of ligands by exponential enrichment (SELEX) assay and that can specifically bind to target
molecules with high affinity and selectivity. Aptamers offer several advantages over antibodies,
including ease of synthesis and modification, small size and excellent stability, low batch-to-batch

variability, low cost, and reduced immunogenicity.

Aptamers can be adsorbed on the AuNPs surface, protecting AUNPs from aggregation in high-
salt solution. In the presence of the target, aptamers bind with target and as results they are
detached from the surface of AuUNPs, inducing aggregation of AuNPs with a visible color change
from red to purple/blue andthis color change can be exploited for the target detection. As example,
Moabelo K. et al.®" developed a rapid AuNPs-based aptasensor for the detection of retinol-binding
protein 4 (RBP4), a potential biomarker for early diagnosis of Type 2 diabetes (T2DM). The assay
was finished within 5 min with a LOD of 90.76 + 2.81 nM (Figure 1.4A). Wen L. et al.%?, instead,
developed a rapid and visible colorimetric aptasensor based on sodium chloride-induced
aggregation of AuNPs for detection of clusterin, a potential biomarker for multiple disease. The
biosensor showed a linear range of 0.02-2 ng/mL with a LOD of 5.37 pg/mL. The detection results

of clusterin in spiked human serum showed an acceptable recovery.

Peptide nucleic acids (PNAs) is another class of recognition elements that can be used to develop
AuNPs aggregation-based assays. Specifically, PNA for its distinct backbone properties (such as
neutrality, high rigidity and peptide composition) induce AuNPs aggregation. Kumar N. et
al.93.used PNA as a bioreceptor and unmodified AuNPs as a reporter to develop a label-free visual
assay for detection and quantification of Influenza A Viruses (1AVs). The author shows that in the
presence of IAVs RNA target that is complementary to the PNA probe, the formation of a PNA-
RNA complex leads to change in color from blue/purple to red. Random sequences, instead, do

not have effect on the AuNPs aggregation. The assay could detect IAVs RNA with a limit of
17
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detection of 2.3 ng and the quantification of RNA was achieved by a simple spectrophotometer.
Additionally, the assay was validated on 419 avian clinical samples and showed high specificity
of 96.46% and sensitivity of 82.41%, comparable with the performance of RT-qPCR. This simple,
rapid and universal assay shows the potential for point-of-care diagnostic of viral infections and

biomolecules in resource-limited settings (Figure 1.4B).

Other recognition elements could be used. For example, Landa G. et al.%* reported the use of
sialic acid for the detection of pathogenic bacteria. A rapid optical biosensor based on sialic acid-
functionalized gold nanoparticles was developed for selective screening of Gram-positive and
Gram-negative bacteria in wound bed tissue of chronically infected local wounds, obtaining

results consistent with culture methods the result of (Figure 1.4C).
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Figure 1.4. AuNPs (labelled with other bioreceptors) aggregation-based assays for POC diagnostics.
(A) Schematic illustration of the colorimetric aptasensor for the detection of RBP4. (B) Schematic
presentation of the design of the label-free visual assay showing agglomerative behavior of AUNPs in the
presence and absence of complementary RNA sequence to peptide nucleic acid (PNA). (C) Schematic
presentation of the rapid optical biosensor based on sialic acid functionalized AuNPs for selective screening
of Gram-positive and Gram-negative bacteria by choosing the appropriate dispersing media. Adapted with

permission from ref. 91 (A), 93 (B), and 94 (C). Copyright 2022 MDPI (A), 2020 Elsevier (B) and 2021
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Elsevier (C).

The aggregation of AUNPs as a means of detecting specific targets can also be achieved by using
mechanisms that are independent of specific biological receptors such as aptamers, DNA, RNA,
PNA, and antibodies. Bastami T. et al.®> developed an optical nanosensor based on hyrids of
AuNPs and phosphomolybdic acid (AuNPs@ PMo12) for accurate and rapid detection of the drug
acetaminophen (AP) for clinical POC diagnostics. They used low-frequency sonication (20 kHz)
and reducing reagent and stabilizer of PMo12 to synthesis spherical AuNPs. The aggregation of
AuNPs@ PMo12 caused by the AP resulted in a red-shift in spectrum of AuUNPs@ PMo12. The
color change from red to purple was visible to the naked eye. The Asoo/Assonm values of
AuNP@PMo12 nanosensor showed a concentration range of AP (1-30 mg/L) and a LOD of 0.42
mg/L. In addition, the results were also recorded using the smartphone and the images were
analyzed using eyedropper in Microsoft PowerPoint or RGB model of Image to quantitatively
determine the AP concentrations (Figure 1.5A). Mo X. et al.®® reported a new colorimetric
nanosensor based on unmodified AUNPs and TMB to detect Fe3* ions using the Tyndall effect
(TE). In the presence of Fe?* ions, the TMB was oxidized to positively charged TMBox, which
triggered the aggregation of the negatively charged AuNPs by electrostatic interaction and led to
a significant enhancement of the TE. The assay can be completed in 15 mins using only a laser
pointer (as a hand-held light source) and a smartphone (as a TE reader). The results show that
the platform was able to linearly detect the Fe3* ions in a range from 0.5 to 64 uM with a LOD of
~370 nM, and to detect Fe®* in tap water, commercial drinking water, and human serum with

recoveries ranging from 85.96 to 115.52% (Figure 1.5B).
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Figure 1.5. AuNPs (non-labeleled with bioreceptors)-based aggregation assay for POC diagnostics.
(A) Schematic illustration of the synthetic strategy for AuNPs@PMo+2 showing the preparation and reduction
of PMo+2 under ultrasonic irradiation ((a) PMo12040%" solution, (b) reduced PMo12040*", (c) AUNP@PMo12).
(B) Schematic representation of the working principle of the proposed AuNP-based sensor for visual Fe3*
detection via TE signaling (red light path). Adapted with permission from ref. 95 (A) and 96 (B). Copyright

2020 Royal Society of Science (A) and Elsevier 2022 (B).

A limitation of these AuUNPs aggregation-based assays could be the low sensitivity®”. However,
Signal amplification strategies can be integrated in AuNPs-based colorimetric assay for enhance
the sensitivity. With this aim, Wang L. et al.?® developed a simple colorimetric assay for the
detection of miRNA-155 in real serum samples without complex sample pretreatment by
combining unmodified AuUNPs and magnetic 3D DNA walker, reaching a a LOD of 16.7 fM ,. In the
proposed platform, hundreds of substrate strands (DNA tracks) and dozens of DNAzyme strands
initially locked by a complementary locking DNA (blocked walking strands) were attached on an
Au-Fes04 nanocomposite, which serves as a 3D magnetic DNA walker. The target was able to
activate this DNA walker to liberater the walking strands, which moved along the track via the
DNAzyme-induced cleavage reaction, resulting in the release of the leavage fragments (displaced
ssDNA). After magnetic separation, the resulting displaced ssDNA in supernatant was incubated
with AuNPs to protect the unmodified nanoparticles from aggregation in high-salt solutions.
(Figure 1.6A). Lépex-Valls M. et al.?® presented a CRISPR/CAS-based Colorimetric nucleic Acid
DEtection (CASCADE) system based on Cas13a and AuNPs for fast and specific naked-eye
detection of SARS-CoV-2 RNA. In this system, the collateral nuclease activity of Cas13a triggered
by the presence of target viral RNA lead to the cleavage of ssRNA oligonucleotides conjugated
to AuNPs, causing the AuNPs aggregation. CASCADE can detect the SARS-CoV-2 RNA at pM
level and it was tested also in clinical samples from nasopharyngeal swabs level. If coupled to
RPA or NASBA isothermal nucleic acid amplification the system can reach a sensitivity of 3 fM
and 40 aM, respectively. (Figure 1.6B). Alafeef M. et al.'% reported a RNA-extraction-free nano-
amplified colorimetric biosensor, which integrates nucleic acid amplification and plasmonic
sensing for visual and POC diagnostics of SARS-CoV-2 within 1 h. In this biosensor, AuNPs are

modified with antisense oligonucleotides (ASOs), specific for the SARS-CoV-2 N-gene, and the
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binding of the ASO to the target nucleic acid causes the aggregation of AuNPs, leading to a
change in the plasmonic response of the AuNPs. When tested in clinical smaples, the accuracy,
sensitivity and specificity of the biosensor were >98.4%, >96.6% and 100%, respectively, with a
LOD of 10 copies/yL. This biosensor has great versatility and can be easily adapted to diagnose
other viral infectious disease with a simple modification of specific ASOs and primer sequences.
(Figure 1.6C). Wei S. et al.’® reported a miRNA detection method based on exponential
amplification reaction (EXPAR) and triplex DNA mediated aggregation of AUNPs. Specifically, the
system includes two classed of AuNPs, one class of AuNPs functionalized with EXPAR probe with
a complementary sequence of the target miRNA, and one conjugated with a single DNA probe.
The EXPAR reaction is triggered and duplex DNA is formed on the surface of AuNPs in presence
of target miRNA. Then these two classes of AuNPs forms triplex DNA and aggregates, and
changes of spectrum could be quantified by UV-vis. The method with highly selectivity achieves
a LOD of 0.23 fM. All of reagent could be pre-add to a tube and the whole detection process could

be finished within 30 min (Figure 1.6D).
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diagnostics. (A) Schematic illustration of the simple colorimetric assay by combining unmodified AuNPs
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and magnetic 3D DNA walker for miRNA-155 detection: (up) magnetic 3D DNA walker amplification and
magnetic separation; (middle) AuNPs-based detection by naked-eyes; (below) Materials used in the
colorimetric assay. (B) Schematic representation of CRISPR/CAS-based Colorimetric nucleic Acid DEtection
(CASCADE) sensing system. (C) Schematic illustration of the RNA-extraction-free nano-amplified
colorimetric test (NACT) for POC diagnostics of COVID-19: (a) Schematic representation of the hybridization
process of the ASO-capped AuNPs to the complementary target gene sequence to enable colorimetric,
naked-eye detection of SARS-CoV-2; (b) The workflow of NACT. (D) Schematic illustration of the miRNA
detection method based on exponential amplification reaction (EXPAR) and triplex DNA mediated
aggregation of AuNPs. Adapted with permission from ref. 98 (A), 99 (B), 100 (C) and 101 (D). Copyright

2021 Elsevier (A), 2022 Elsevier (B), 2021 Springer Nature (C) and 2020 Elsevier (D).

1.2.2. AuNMs etching/growth-based optical biosensors for POC diagnostics

1.2.2.1. H20: and TMB?*-mediated etching of AuNMs

The HRP, H202 and TMB system is widely employed to develop etching AuNPs-based optical
biosensors for POC diagnostics. In the system, the enzyme HRP hydrolyses TMB into TMB*,
which is oxidized into TMB2* in acid environment. TMB?2* acts as an etchant for the AUNPs and
leads to their size and shape transformation, resulting in a shift in their plasmonic spectrum and
a change in color. Gold nanorods (AuNRs) have gained significant attention in etching-based
assays for POC diagnostics. This etching process involves controlled chemical reduction to tailor
the nanorods' shape and size, which adjusts the nanorods' aspect ratio and alters the localized
surface plasmon resonance (LSPR) peak wavelength, making it suitable for specific detection
purposes. Yadav S. et al'92 developed an AuNRs competitive p-ELISA for the detection of human
IgG, which showed an ultra-low visual LOD of 1 fg/mL (~6.54 aM), without complex or large
equipment, using a strategy that can be easily adopted for biomarkers diagnosis of various
diseases (Figure 1.7A). In particular, they showed that AuNRs produced a higher change in
spectral shift and absorbance intensity compared to other shapes (i.e., nanotriangles (AuNTS)

and nanospheres (AuSs)).

Liu D. et al.’® have integrated a AuNRs-etching based HRP-linked immunoassay in a single

microfluidic chip to develop a multicolorimmunosensor for sensitive and reliable semi-quantitative
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analysis of HIV-1 p24. In the HRP-linked immunoassay, the magnetic beads coated with capture
antibody was used for capturing, separation and enrichment of target from the different aqueous
solution containing various immunoassay reagents. HRP-catalyzed TMB?* is used to induce
AuNRs etching to producing visible multicolor changes. The fully integrated immunosensor with
sample-to-answer capability allows sensitive and reliable semi-quantitative detection of HIV-1 p24
within 1h by naked eye. (Figure 1.7B). Similarly, Ma L. et al.’® developed an AuNRs etching-
based p-ELISA integrated with a paper/poymer hybrid microfluidic devices for POC diagnostics
of hepatitis C virus core antigen (HCV antigen), a biomarker of hepatitis C. The integrated system

provided fast assays in 50 min, with a LOD of 9.1 ng/uL of HCV antigen.

Other enzymes and nanoparticles that mimic HRP activity can also be used in etching-based
assays. LiD. et al.'% reported a multicolor visual biosensor for POCT of prostate —specific antigen
(PSA) using target-induced ftripedal G-quadruplex DNAzyme (TGD) and electrospun
nanofibrous films decorated with AuUNRs. The TGD, including recycling amplification cascades of
target-triggered catalytic hairpin assembly (CHA), mimick the enzymatic activity of HRP, in
presence of H202 to oxide TMB into TMB*, which is then converted into TMB2* under acidic
condition, triggering the etching of AuNRs for the blue shift of longitudinal LSPR. The strategy
showed naked-eye visible multicolor changes of green, cyan, violet and red allowing the semi-
quantitative detection with cutoff values near 4.0 and 10.0 ng/mL in human blood and serum. in
addition, this strategy could be integrated with a portable and lable-free TDG device to improve
the sensitivity of PSA protein to 61.1 fg/mL, indicating great versatility and potential for early
disease diagnosis (Figure 1.7C). The peroxidase-like property of AUNRs has been exploited by
Wang F. et al.’% to distinguish native from thermally denatured protein, providing a new chance
for studying the conformational information of protein, and also can efficiently differentiate the

pure protein from binary protein mixtures in urine samples.

In order to enhance the sensitivity of the etching-based assay, many strategies can be adapted.
As example, Zhou J. et al.’%” exploited enzyme-nanozyme cascade reaction to trigger the
etching of AuNRs for the ultrafast and ultrasensitive detection of 3-galactosidase (B-gal). The
proposed platform consists of two main parts, one part of MnO2 nanosheets as a mimicked

oxidase to catalyze the oxidation of TMB to TMB?2* in acidic condition, and one part of B-gal to
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hydrolyze p-aminophenyl [-d-galactopyranoside (PAPG) to p-aminophenol (PAP), which
mediates the reduction of MnO2 nanosheets, destroying their oxidase-mimicking activity, thus
decreasing the amount of TMB?2* generated. The whole assay can be completed in 37 min with
great rapidity and efficiency. Zhao X. et al'%, instead, exploited hybridization chain reaction (HCR),
magnetic beads (MBs), and oxidized TMB (TMB?2*)- for detection of Dengue nucleic acid. In this
approach, the HCR was applied for amplifying the nucleic acid signal and MBs for separation and
enrichment of target from the reaction solution. With this approach, the authors were able to detect
Dengue sequence in 40 min with a LOD of 1.25 nM and excellent selectivity for distinguishing

single-base mutation (Figure 1.7D).
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Figure 1.7. H202 and TMB?*-mediated etching of AuNPs. (A) Schematic illustration of etching-based
plasmonic ELISA (p-ELISA) strategy developed by employing gold nanospheres (AuNSs), gold nanorods
(AuNRs), and gold nanotriangles (AuNTs). (B) Working principle of the microfluidic-integrated multicolor
immunosensor for POCT of HIV-1 p24 antigen by the naked eye using HRP-linked immunoassay assisted
by magnetic actuation and TMB2*-mediated etching of AuNRs. (C) Schematic illustration of the target-
triggered tripedal G-quadruplex DNAzyme (TGD) for the visually point-of-care testing of PSA biomarker by
using Au NRs-decorated electrospun nanofibrous films. (D) Schematic illustration of smartphone-assisted

POCT of nucleic acids based on hybridization chain reaction (HCR), magnetic beads (MBs), and TMB?2*-
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mediated etching of gold nanorods. Adapted with permission from ref. 102 (A), 103 (B), 105 (C) and 108 (D).
Copyright 2022 Royal Society of Chemistry (A), 2020 American Chemical Society (B), 2021 Elsevier (C) and

2023 Elsevier (D).

In addition of AUNRSs, gold nanobipyramids (Au NBPs)'%2.110 gre nanostructures made of gold and
have a bipyramid shape, meaning they have two pyramid-like ends. The unique structure and
shape of the Au NBPs provides an enhanced LSPR effect compared to traditional spherical
AuNPs, which makes them promising candidates for POC diagnostics. Yu L. et al.""! fabricated a
multicolored visible immunosensor for POCT neurotrophic tropomyosin receptor kinase (NTRK)
gene fusion, a biomarker of tumor and multiple cancers. The HRP-TMB immunobiosensor
combined with Au NBPs, which were etched by TMB2*, produced multicolor in different
concentration of NTRK gene, achieving qualitative and semi-quantitative analysis within 20 min

by naked eye, with a relevant linear range from 7.7 pg/mL to 240 pg/mL (Figure 1.8).
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Figure 1.8. Schematic illustration of the principle of the multicolor immunosensor for point-of-care testing
NTRK1 gene fusion using HRP-linked immunoassay and TMB?2*-mediated etching of gold nanobipyramids

(Au NBPs). Adapted with permission from ref. 111 and copyright 2021 Elsevier.

1.2.2.2. H20: and iodide ions-mediated etching of AuNMs

Recently, various etching assays mediated by iodine ions'2113 have been proposed, as iodine
ions as etchant have several advantages over TMB?2*, including milder etching conditions (e.g. no

need for HRP enzyme), faster etching kinetics, better stability and lower toxicity. Zhang X. et al. 12
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reported a simple, convenient, highly sensitive and noninvasive colorimetric assay based on gold
bipyramids (GBPs) for detection of glucose in urine samples. In this approach, glucose oxidase
is used to catalyze the glucose to generate H202, with the help of iodide ions to etch GBPs,
resulting in the shift of the absorption peak of GBPs for quantitative detection of glucose. This
colorimetric assay with optimal optimized condition shows a dynamic range of 0.5-250 yuM and a
LOD of 3.4 uM in artificial urine samples. The high sensitivity is attributed to the unique sharp tips
morphology and the etching from tips of GBPs. Moreover, the multicolor changes of GBPs can
be easily distinguished by naked eyes for semi-quantitative analysis of glucose. Furthermore, in
this assay, the iodide ion was used as mimicked HRP to reduce H202 and as etchant of GBPs,

without HRP enzymes, simplifying the reaction and reducing costs (Figure 1.9A).

The iodine mediated-etching assays have also been integrated with paper-based devices for
rapid, real-time and on-site POC diagnostics'4-"16. For example, Pomili T. et al."'* developed a
fully integrated paper-based multiplexed colorimetric device for the simple, convenient and non-
invasive detection of three prognostic biomarkers in saliva samples. The device includes a central
sample zone and three individual arms, each containing a pre-treatment and a test zone, all cut
with a COz laser with remarkable parallelization and speed. The device uses cholesterol oxidase
(ChOx), glucose oxidase (GOx) and lactate oxidase (LOx) to catalyze the corresponding target
and to generate H202. The iodide ions, acting as catalyst, trigger the target-induced reshaping of
the plasmonic multi-branched AuNPs to produce a color change from blue to pink and a significant
spectral shift which can be detected by the naked eye and smartphone. The entire test can be
completed within 10 min. Moreover, a prototype kit for POCT was developed, showing the great

robustness and ease of use of this test (Figure1.9B).
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Figure 1.9. H20: and iodide ions-mediated etching of AuNMs. (A) Schematic illustration of the
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colorimetric assay for sensitive visual readout of the glucose content based on GOx catalytic activity and the
iodide-promoted etching of gold bipyramids (GBPs). ((B) Schematic illustration of the monolithic paper-
based device for the simultaneous detection of three salivary biomarkers. Adapted with permission from ref.

112 (A) and 114 (B). Copyright 2020 American Chemical Society (A) and 2021 MDPI (B).

1.2.2.3. Other ions-mediated etching of AuNMs

In addition to the commonly used etchants, such as TMB?* and iodine ions, some other chemical
reagents (e.g. ascorbic acid, superoxide radicals and HAuUCI4)"6-1"8 are also employed as
etchants for developing AuNPs etching-based assays for POC diagnostics. Zhang Y. et al.?
proposed a highly sensitive plasmonic colorimetric biosensor for the quantification of exosomes
using an exosome-triggered competitive assay and ascorbic acid (AA)-mediated etching of gold
nanobipyramid@MnO2 nanosheet nanostructures (Au NBP@MnO2 NSs). In the competitive
reaction, the hybridization complex of a sort of ubiquitous tetraspanins enriched on the surface of
exosomes of CD63 aptamer, placeholder chain 1 and 2 labeled with ALP (P1-ALP and P2-ALP)
were conjugated onto magnetic beads. In presence of CD63 exosome, the combination of CD63
and CD63 aptamer leads to the release of P1-ALP, and P2-ALP, both of which catalyzed the
dephosphorylation of AAP to produce AA. The produced AA reduced the MnO2 nanosheets to
generate Mn?*, resulting in a morphological change of Au NBP@MnO2 NSs and a blue-shift of
the LSPR band of Au NBPs, leading to a color change of Au NBPs. Due to the ALP-triggered
signal amplification and superior plasmonic properties of Au NBPs, this assay shows high
sensitivity to exosomes from 8.5 x 102 to 8.5 x 10* particles /uL, along with a LOD of 1.35 x 102
particles/uL, which is more sensitive than previously reported colorimetric methods. Moreover, a
sensitive visual multicolor detection was realized by adjusting the aspect ratio of the Au NBPs

(Figure 1.10A).

Yi J. et al."6 used core-shell Au@Ag nanostars (Au@Ag NSs) to develop an agarose-based
plasmonic test strip for the detection of antioxidants based on HAuCI* induced etching and the
antioxidant anti-etching of the Ag shell of Au@Ag NSs. In this sensor, the antioxidants are able to
react with HAuCl4, which prevents HAuCls-induced etching of the Ag shell of Au@Ag NSs. The
anti-etching effect of the antioxidants modulate the Ag shell of Au@Ag NSs, inducing a significant

change in the SPR spectrum (quantified by smartphone) and the color of the solution (visible to
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naked-eye). The sensor detects antioxidants such as cysteine and gallic acid with a linear range
of 0.1-10 yM. The Au@Ag NSs can be immobilized in agarose gels to produce plasmonic test
strip in 10 min, which can display multicolor changes in a range of 0-1000 uM in the presence of

HAuCl4 (Figure 1.10B).
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Figure 1.10. Other ions-mediated etching of AuNMs. (A) Schematic illustration of the plasmonic
colorimetric for exosome detection via competitive reaction (a) and ascorbic acid mediated-etching of Au
NBP@MnO2 NSs (b). (B) lllustration of the fabrication and detection principle of this paper-based sensor: (a)
Gold nanostars are loaded on paper substrate by simply immersing in AuNSs solution. (b) Detection principle
and signal readout of the POC paper-based sensor. Adapted with permission from ref. 117 (A) and 116 (B).

Copyright 2020 American Chemical Society (A) and 2023 American Chemical Society (B).

1.2.2.4. In situ formation of AuNMs

The in situ formation of gold nanomaterials involves the synthesis or creation of AuNMs directly
within a system or environment of interest, without pre-synthesizing and subsequently introducing
the nanoparticles. Some common methods for the in situ formation of AuNMs are used, including
chemical reduction, biological synthesis (green synthesis), photochemical reduction,
electrochemical synthesis, and thermal reduction. The choice of method depends on the specific
requirements of the application, such as the desired size, shape, and stability of AuNMs. In situ
formation offers advantages in terms of simplicity, control over the reaction conditions, and the
ability to integrate nanoparticle synthesis directly into various systems and environments. The in
situ formation of AuNPs has attracted considerable attention for POC diagnostics in recent
years''%-122. The ability to synthesize AuNPs directly at the site of analysis offers several
advantages, including simplified assay procedures, enhanced sensitivity, and reduced risk of

contamination. Zhou J. et al.""® reported a colorimetric assay based on multiple hybridization chain
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reactions (HCR) on AuNPs for signal amplification and alkaline phosphatase (ALP)-mediated in
situ growth of Au NBPs for the ultrasensitive detection of the mecA gene of Staphylococcus
aureus. In this assay, the target DNA is hybridized with biotin-labeled hairpin DNA modified on
magnetic beads (MB) and then amplified on AuNPs by multiple HCRs. The biotin and streptavidin-
based reaction together with the large specific surface area of AuNP leads to a large amount of
ALP on AuNP. The ALP-mediated in situ growth of AUNBPs results in a series of rainbow-like
colors related to the different concentrations of target DNA. The results of this assay show a LOD
of 2.71 pM of target DNA with high specificity. Moreover, the authors were able to successfully
detect the mecA gene extracted from S. aureus, indicating the potential of this method for clinical

diagnosis (Figure 1.11A).

Sivakumar R. et al.'?2 presented the ultraviolet-induced in situ formation of AUNPs coupled with
loop-mediated isothermal amplification (LAMP) for POC diagnostics of two infectious agents,
such as SARS-CoV-2. Au®* ions were reduced by the reducing agent trisodium citrate and red-
colored AuNPs were produced upon UV illumination in the presence of LAMP amplicons. The
nitrogenous bases of the target DNA serve as a physical carrier for the capture of Au3* ions. The
high affinity of Au with the nitrogenous bases enabled rapid detection within 10 mins with a LOD
of SARS-CoV-2 plasmid of 42 fg/uL. Furthermore, the assay was integrated into a portable device
containing reagent chambers (dried colorimetric reagents such as HAuCls and NasCt) and
detection champers (presented LAMP amplicons), allowing convenient sample delivery and
multiplexing detection. This fabricated portable device could serve as a kit for instantaneous

POCT of infectious disease (Figure 1.11B).
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Figure 1.11. In situ formation of AuNMs. (A) Schematic illustration of the principle of the multicolor
colorimetric DNA biosensor for visual determination of target DNA: (a) the hybridization process of capture
probe, target DNA and signal probe; (b) the signal producing process by using NADPH-assisted ALP-
mediated in situ growth of Au NBPs. (B) Schematic presentation of the ultraviolet-induced in situ formation
of AuNPs coupled with loop-mediated isothermal amplification (LAMP) for POC diagnostic of infectious
pathogens: (a) Scheme of DNA detection process using in situ formation of AuNPs and LAMP; (b) Scheme
of the procedure of the portable device for visual detection of LAMP amplicons. Adapted with permission

from ref. 119 (A) and 122 (B). Copyright 2021 Elsevier (A) and 2021 Royal Society of Science (B).

1.2.3. AuNMs and IFE/MEF/FRET-based optical biosensors for POC diagnostics

1.2.3.1. Inner filter effect (IFE) between AuNPs and fluorophores

Inner filter effect (IFE) was normally considered a negative effect that should be avoided in
fluorescent measurements’23. Recently, however, IFE between absorber and fluorescent emitter
has been widely used to develop biosensors. To use this optical effect, the absorption spectrum
of the absorber must overlap with the emission spectrum of the fluorophore'23. Compared to the
most used FRET, IFE is quite easy and does not require a complex design. Most IFE-based
fluorescent biosensors rely on target-induced aggregation or dispersion of AuNPs, which leads to

the significant reduction or increase of IFE between AuNPs and fluorescent dyes. There are
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several commonly used fluorophores in the IFE-based fluorescent biosensor, including organic

dyes, carbon dots (CDs), quantum dots (QDs) and gold nanoclusters (AuNCs).

Organic dyes'24125 are commonly used as fluorescent labels because they offer several
advantages, including strong fluorescence emission (high quantum yield), spectral diversity, low
cost, biocompatibility, and compatibility with various assay formats (e.g., lateral flow assays,
microarrays, and microfluidic devices). Liu D.'25 et al. proposed a "turn-on" fluorescence system
based on IFE between 7-hyfrixycoumarin (emission peak at 458 nm) as fluorescent molecule and
Rutin-AuNPs (absorption peak at 528 nm) as absorber and quencher for the detection of the
antibiotic etimicin. In this system, rutin-AuNPs can efficiently absorb and quench the fluorescence
of 7-hydroxycoumarin in the absence of target. In the presence of the target, instead, due to
strong binding of etimicin with AuUNPs through electrostatic interaction, 7-hydroxycoumarin is
released bringing to the aggregation of AuNPs, resulting in the restoration of fluorescence of 7-
hydroxycoumarin. This method showed a LOD of 0.12 yM. The integration of this system into
smartphone enables rapid quantitative detection and application for POCT (Figure 1.12A).
Despite their advantages, organic dyes also have some limitations including a tendency to
photobleach, potential of false negatives or positives due to endogenous fluorophores leading to
background interference, a relatively low signal-to-noise ratio compared to inorganic
nanomaterials. Among inorganic nanomaterials, carbon dots'?6.'27 are an attractive choice thanks
to their unique combination of strong fluorescence properties, biocompatibility, ease of
functionalization, stability, and cost effectiveness. Le T. et al.’?” developed a "turn-on"fluorescent
sensor based on IFE between nitrogen and phosphorus co-doped carbon dots (NPCDs) as
fluorescent donors and AuNPs as fluorescence absorber to detect GSH, which plays an important
role in nutrient metabolism, antioxidant defense and regulation of cellular processes. Interestingly,
the formation of AuNPs in this system was directly reduced with HAuCl4 salt by NPCDs without
additional reducing agents and stabilizers. The closed binding of NPCDs and AuNPs by the rich
negative charge and amine groups of NPCD, enhances the IFE and quenching efficiency of
fluorescence, resulting in a very low fluorescence background. GSH molecules with multidentate
and steric structure show strong binding ability with AuNPs through the sulfhydryl group, resulting

in aggregation of AUNPs, which decreases the FE and restores the fluorescence of NPCD. In
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addition, the GSH "turn-on" biosensor showed reduced false positive with high specificity and a
good sensitivity (i.e., LOD of 0.1 uM in human serum). In addition to the NPCD, Bao Q. et al.'?8
reported an "off-on-off" fluorescent nanosensor based on IFE between nitrogen and sulfur doped
carbon dots (N,S-CDs) as fluorescent reporters and AuNPs as fluorescent absorber for the
ultrasensitive detection of protamine and trypsin. In this assay, the binding of protamine and
AuNPs leads to aggregation of AUNPs by electrostatic interaction and Au-N bonds, resulting in
the restoration of absorbed fluorescence of N,S-CDs by dispersed AuNPs. In addition, typsin can
specifically hydrolyze the arginine of protamine, leading to the release of protamine from AuNPs
and the deaggregation and redispersion of AuNPs, thus absorbing the fluorescence of N,S-CDs.
This "off-on-off" nanosensor developed under optimal conditions showed a good linear range of
20-260 ng/mL with a LOD of 4.7 ng/mL for protamine, and a range of 10-140 ng/mL with a LOD
of 4.3 ng/mL for trypsin. Moreover, this fluorescent nanosensor was also successfully validated in

human serum for the detection of protamine and trypsin (Figure 1.12B).

Quantum dots (QDs)'2%130 are nanometer-sized semiconductor nanocrystals that possess unique
optical properties, making them excellent candidates for fluorescent labeling in optical biosensor
for POC diagnostics. QDs-based optical biosensor show several advantages, including size-
tunable emission, strong fluorescence intensity due to high quantum yield, photostability, high
sensitivity due to the large stoke shift, multiplexing capabilities due to the broad excitation and
narrow emission spectra. Li M. et al.’3 developed a fluorescent aptasensor based on IFE
between graphene oxide QDs (GOQDs) as fluorescencer and AuNPs as absorbers for the
detection of kanamycin in food samples and clinical specimens. In the presence of kanamycin,
the aptamers bound to kanamycin were released from the surface of the AuNPs, leading to the
aggregation of the AuNPs in high-salt solution, and thus restoring the fluorescence of the GOQDs.
Under optimal conditions, the aptasensor showed a range of 5-600 nM with a LOD of 3.6 nM. In

addition, the aptasensor was successfully used in milk, honey and human serum (Figure 1.12C).

Gold nanoclusters''.132 consist of a few to several tens of gold atoms and exhibit fluorescence
properties that differ from those of bulk gold or conventional fluorophores. These include strong
and stable fluorescence with high quantum yield, size-tunable emission and multiplexing

capability, low toxicity and biocompatibility, small size that allows easy penetration into tissues
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and cells, flexibility in conjugation, and enhanced sensitivity. Pezhhan H. et al.'33 presented a
simple fluorescence method based on IFE between histidine-capped gold nanoclusters (His-
AuNCs) as fluorescencer and H202-induced magnification of AUNPs as absorbers to detect
glucose and H20:. In this system, AuNPs as mimicked glucose oxidase (GOXx) catalyze glucose
to produce H202, which reduces HAuCls to Au® to deposit on the AuNPs core, resulting in
enlargement of AUNPs and a change in the absorption spectrum of AUNPs. As the concentration
of glucose and H20: increass, the fluorescence of His-AuNCs by IFE decrease because the
absorption spectrum of the enlarged AuNPs and the emission spectrum of His-AuNCs overlap.
The assay exhibited a linear range of 5-135 yM with a LOD of 3.6 uM for H202, and a range of
5-125 uM with a LOD of 3.4 uM for glucose. The method was successfully applied in human urine

samples from diabetic patients to detect glucose (Figure 1.12D).
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Figure 1.12. Fluorescent biosensors based on IFE between AuNPs and fluorophores for POC
diagnostics. (A) Scheme of the fluorescent system based on 7-hyfrixycoumarin fluorophores and rutin-
functionalized AuNPs for sensitive detection of emiticin in food and human samples via smartphone. (B)
Scheme of the “off-on-off” fluorescent nanosensor using sulphur doped carbon dots (N,S-CDs) and AuNPs
for the detection of protamine and trypsin. (C) Schematic illustration of the IFE-based fluorescent aptasensor
using graphene quantum dots and AuNPs for kanamycin detection. (D) Scheme of the fluorescent glucose

biosensor based on the IFE between His-gold nanoclusters (fluorescencer) and the self-catalyzed
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enlargement of AuNPs (absorber). Adapted with permission from ref. 125 (A), 128 (B), 130 (C) and 130 (D).

Copyright 2022 Elsevier (A), 2021 Elsevier (B), 2022 Royal Society of Chemistry (C) and 2020 Elsevier (D).

1.2.3.2 Metal-enhanced fluorescence (MEF) between AuNPs and fluorophores

Metal-enhanced fluorescence (MEF) is a phenomenon that occurs when the fluorescence of a
fluorophore is significantly enhanced in the presence of metal nanostructures, such as gold
nanoparticles (AuNPs). When fluorophores are in close proximity to AUNPs (usually at a distance
of a few nanometers), they experience an enhanced local electromagnetic field. This enhanced
electromagnetic field in turn leads to an increased excitation rate of the fluorophores, resulting in
higher fluorescence emission. The MEF effect is strongly dependent on the distance between the
fluorophores and the AuNPs, with optimal enhancement occurring at specific nanoscale distances.
The size, shape, and surface properties of the AuNPs also play a crucial role in determining the
degree of enhancement. In the context of POC diagnostics, the use of MEF in optical biosensors
can enable more sensitive and faster detection of specific biomarkers or analytes. This enhanced
sensitivity can improve the accuracy of disease diagnosis, especially when dealing with low-
concentration samples. Various MEF-based assays have been proposed to increase the
sensitivity in POC diagnostics by using AuNPs and fluorophores'3+-136 and integrating with the
CRISPR/Cas12 system37, paper-based devices'36.138 and microneedle patches3%.140 especially

for multiplexed sensing'41.142,

Liu J. et al.’™* proposed a fluorescence method based on binding-induced DNA assembly and
fluorescence signal enhancement by AuNPs for direct nucleocapsid protein (N protein) analysis
in saliva samples. In this method, aptamer 1 (Apt-1) labelled with FAM, a fluorescent dye, was
functionalized with 13 nm AuNPs and then hybridized with a portion of Apt-2 to form a stable stem
duplex. In the absence of N protein, the fluorescence is minimal due to the distance between FAM
and AuNPs. In the presence of N protein, the formation of a closed-loop conformation due to the
specific recognition of two aptamers on N protein results in two aptamers approaching the AuNPs,
leading to a metal-enhanced effect, and thus an enhancement of fluorescence. The assay shows
a LOD of 150 fg/mL, which is 1-2 orders of magnitude lower than existing commercial antigen
ELISA kits and comparable or better than PCR. Moreover, the whole diagnosis is completed in

about 3 min, much faster than existing nucleic acid tests (Figure 1.13A).
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Choi J. et al.’3” used the MEF between AuNPs and fluorophores to develop a CRISPR/Cas12-
based fluorescent and colorimetric dual-mode DNA sensor for the detection of cell-free DNA
(cfDNA), a biomarker for cancers. There are two types of AuNPs in this system. The smaller
AuNPs are functionalized with ssDNA labeled with fluorophores, and the larger AuNPs are linked
to the smaller AuNPs by the complementary strand of the fluorophore-labeled ssDNA, and are
located near the fluorophores, resulting in queching of the fluorescence of the fluorophores. Once,
Cas12 was activated by target cfDNA, the complementary strand is cleaved resulting in the
release of AuNPs functionalized with DNA-fluorophores. The fluorescence of the fluorophores
increases due to dequenching of the large AuNPs and MEF from the small AuNPs, and the color
changes from purple to red-purple. The authors have used this system for the detection of breast
cancer gene-1 (BRCA-1). The detection is highly sensitive and completed in 30 min without

conventional nucleic acid amplification. (Figure 1.13B).

Minopoli A. et al.’! reported a fluorescent apta-immunoassay based on double-resonant AuUNPs
immobilized onto a glass slide and two types of fluorescent reporters (5-FAM and Cy5) for
multiplexing detection. In this system, hexagonal plasmon-coupled AuNPs are arranged along
multibranched surface with a resonance in the red region (~675 nm), which overlaps with the
excitation/emission peaks of Cy5. The plasmon-uncoupled AuNPs exhibit a narrow resonance at
524 nm, which overlaps with the emission peak of 5-FAM. In order to detect the plasmodium
falciparum lactate dehydrogenase (PfLDH), a biomarker of malaria, the authors used double-
resonant AuNPs functionalized with anti- PfLDH Abs as the capture layer, and 5-FAM and Cys5
reporters modified with anti-PfLDH aptamers as the detection layer. The results show a linear
range of five orders of magnitude with a LOD of 50 pM (1.6 ng/mL) for the 5-FAM probe and 260
fM (8.6 pg./mL) for the Cy5 probe. The high sensitivities are due to the 160-fold amplification of
the fluorescence signal of for 5-FAM and 4500-fold for Cys5 by the double-resonant
nanostructured AuNPs surface. The application shows great potential for the simultaneous
detection of two analytes using different fluorophores and for high-throughput analysis (Figure

1.13C).
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Figure 1.13. (A) Schematic lllustration of fabrication of binding-induced DNA assembly assay for N protein.
(a) Conformation of the two aptamers on the surface of AUNP (up). The process of the synchronous
recognition of N protein by binding-induced two-aptamer assembly (middle). Performance comparison
between the nucleic acid testing and the proposed assay (below). (b) Fluorescence emission spectra (Aem
= 524 nm) of Apt-1 in the presence of different mixture systems. (B) Schematic diagram of the
CRISPR/Cas12a-based fluorescent system using DNA-functionalized AuNPs via colorimetric and MEF for
detection of cell-free DNA (cfDNA). (C) Scheme of double-resonant nanostructure consisting of branch
hexagonally arranged and sprinkled AuNPs. Adapted with permission from ref. 134 (A), 137 (B) and 141 (C).
Copyright 2022 American Chemical Society (A), 2020 American Chemical Society (B) and 2022 American

Chemical Society (C).

Luan J. et al.’3¢ developed a plasmonic construct consisting of a BSA scaffold with approximately
210 IRDye 800CW fluorophores, a polymer-coated AuNR as a plasmonic antenna and a biotin as
a high-affinity bioreceptor. The fluorescence intensity of 800CW fluorophores embedded in BSA
increases 6700-fold compared to a single 800CW fluorophore. When used in fluorescence-linked

immunosorbent assays (FLISA) to detect of urinary biomarkers in patient samples, the construct
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improves the LOD of FLISA by up to 4750-fold and can be easily used in multiplexed bead-based
immunoassays, immunomicroarrays, flow cytometry and immunocytochemistry assays. In
addition, the assay requires less analysis time (about 20 min) and lower sample volumes.
Furthermore, the emission peak of the plasmonic construct can be easily tuned across the visible
and near-infrared spectral regions by changing the shape, size and composition ratio, indicating
great potential for multiplexing analysis. In addition, the same researchers *2 used plasmonic
fluor to develop a plasmonically-enhanced competitive fluorescent immunoassay for small
molecules detection. They showed the application of the detection of cortisol with a 30-fold lower
LOD than the existing commercial ELISAkit. Moreover, they demonstrated a spatially-multiplexed

competitive assay for the simultaneous detection of cortisol and fluorescein (Figure 1.14).
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Figure 1.14. Schematic illustration of the plasmonically-enhanced competitive fluorescent immunoassay for
(A) single and (B) multiplex analysis. Design and characterization of plasmonic-fluor: (C) Schematic
presentation of plasmonic-fluor as an ultrabright nanolabel. (D) Normalized visible—NIR extinction spectra of
plasmonic-fluor 800. Inset: TEM images of AuNRs for plasmonic-fluor 800. (E) Fluorescence images and
corresponding intensity of streptavidin-CW800 fluorophores and plasmonic-fluor 800. Data are mean * s.d.

Adapted with permission from ref. 142 and copyright 2022 Elsevier.
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They'39.140 have also successfully proposed an ultrasensitive method for the detection of protein
markers in interstitial fluid (ISF) using microneedle patches for minimally invasive in vivo sampling
and on-needle quantification. The same plasmonic fluor, used in the microneedle patch, improved
the LOD of various protein biomarkers in ISF by almost 800-fold compared to conventional
fluorophores and significantly decreasing the sampling time (Figure 1.15A). Similarly, Miranda B.
et al.’#0 demonstrated an array of hollow microneedles (HMNs) for the detection of biomarkers in
interstitial fluid. The core element of the plasmonic transducer in HMNSs, consists of AuNPs
embedded in poly (ethylene glycol) diacrylate (PEGDA) hydrogels'#3, filled in the inner cavity of
the HMNSs. The optical properties of the AuNPs before and after embedding in PEGDA change
slightly, and the absorption peak of AuNPs embedded in PEGDA overlaps precisely with the
excitation peak of Cy3 fluorophores. The authors used this system to detect a model target of
biotin, which has a high affinity for streptavidin. In this assay, the Cy3-labeled streptavidin was
able to bind specifically to biotin, which initially bound to the cysteamine-modified AuNPs,
resulting in fluorescence enhancement of Cy3 via MEF due to the close distance of Cy3 and

AuNPs (Figure 1.15B).
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Figure 1.15. (A) (a) Schematic presentation of the workflow of microneedle-based assay involving in situ
sampling and on-needle detection of protein biomarkers in ISF. (b) Optical image of a microneedle patch
with the magnetic backing layer (black) and pristine polystyrene needles (hazy) (left). SEM image of as-
fabricated microneedle patch (middle). Fluorescence microscopy image demonstrating efficient and uniform
adsorption of antibodies on polystyrene microneedles. (B) Schematic presentation of Hollow Microneedles
(HMNs)-based plasmonic sensor for on patch detection molecules in dermal interstitial fluid. (a) Scheme of
the fabrication of PEGDA 10 kDa embedding AuNPs. (b) Schematic illustration of filling, UV polymerization,
and LSPR measurement steps performed on a single HMN. (c) Optical images of a single HMN and of an
array of empty HMNSs (left) and HMNs filled with PEGDA/AuNPs nanocomposites (right). (d) Schematic
illustration of the functionalization and sensing protocols in solution consisting of AUNPs capping by cys,

covalent immobilization of biotin, and incubation in fluorescent Cy3-labeled streptavidin (left), and
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Fluorescence and dark field (DF) images of HMNs bases after interaction with Cy3-streptavidin at for four
different biotin concentrations of 1 mM, 100 uM, 10 uM, and 1 puM, respectively) (n = 3) (right). Adapted with
permission from ref. 139 (A) and 140 (B). Copyright 2021 Springer Nature (A) and 2023 John Wiley and

Sons (B).

1.2.3.3 Forster resonance energy transfer (FRET) between AuNPs and fluorophores

In Forster resonance energy transfer (FRET) the energy of an excited fluorophore is transferred
non-radiatively to an acceptor, which lead to the quenching of the fluorophore's emission. AUNPs
can be used as energy acceptors. The FRET efficiency strongly depends on the distance between
the AuNPs and the fluorophore, with the donor and acceptor molecules having overlapping
emission and absorption spectra, respectively. Recently, many fluorophores of organic dyes,
upconversion nanoparticles (UCNPs), quantum dots (QDs), carbon dots (CDs), and gold
nanoclusters (AuNCs) have been combined with AuNPs to develop FRET-based fluorescent

Sensors.

Wu Y. et al.’* reported a dual-color fluorescent aptasensor based on FRET between spherical
AuNPs and fluorophores (TAMRA and FAM) for specific quantification of human epidermal growth
factor receptor 2 (HER2) and estrogen receptor (ER), and classification of breast cancer. In this
approach, HER2 and ER aptamers were functionalized with AUNPs and then hybridized with
fluorophore-labeled complementary aptamers to form duplexes that bring the fluorophores in
proximity to the AuNPs, resulting in quenching of the fluorescence of TAMRA and FAM. The
fluorophore-labeled aptamers were displaced by the binding of HER2 or/and ER protein with their
anti-aptamers, leading to the restoration of fluorescence of TAMRA and FAM. The sensor can
specifically and simultaneously detect HER2 and ER, enabling the quantitative classification of

breast cancer subtypes (Figure 1.16A).

Fu X. et al.'® developed a novel CRISPR/Cas12a-based fluorescent biosensor in which spherical
AuNPs were anchored with a spherical nucleic acid (SNA) reporter to enable stable and sensitive
biosensing. The authors showed different trans-cleavage activity of several types of Cas12a
systems on the AuNPs surface and reported that the trans-cleavage activity of LbCas12a on

AuNPs surface is strongly dependent on the density and length of DNA strands. (Figure 1.16B).
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Figure 1.16. Fluorescent biosensors based on FRET between AuNPs and organic dyes for POC
diagnostics. (A) lllustration of classification of breast cancer by dual-aptamer functionalized gold nanoprobe
(DA-GNP). (B) Schematic lllustration of the CRISPR/Cas12a-based fluorescent biosensor using AuNPs
anchored with a spherical nucleic acid (SNA) reporter for stable and sensitive biosensing. Adapted with
permission from ref. 144 (A) and 145 (B). Copyright 2022 Elsevier (A) and 2021 American Chemical Society

(B).

Upconversion nanoparticles (UCNPs)'#6-148 gre a unique class of nanomaterials that can convert
low-energy photons, typically in the near-infrared (NIR) region, into higher-energy emissions,
such as visible light or ultraviolet light. This allows UCNPs to overcome some of the limitations of
conventional organic fluorophores used in FRET-based biosensors. These include near-infrared
excitation that causes less damage to samples and enables deep tissue penetration suitable for
in vivo diagnosis, efficient upconversion emission that ensures a strong and detectable
fluorescence signal even at low excitation power, reduced background autofluorescence that lead
to improved sensitivity and signal-to-noise ratio, and long lifetime emission that enables time-
triggered detection to further improve sensitivity. Liu Z. et al.’*® reported for first time a 'head-to-
tail' system using NaYF4:Yb,Er nanoparticles (UCNPs) as donor and nanoquencher of AuUNPs as
acceptor for the detection of long-chain DNA (i.e., HIV DNA, 52 bp). The 5' end of the capture
DNA strand was covalently modified with the carboxylated UCNPs and the reported DNA was
functionalized with AuNPs. The AuNPs were brought ito proximity with the UCNPs by forming a
'head-to-tail' sandwich hybridization, resulting in quenching of the upconversion luminescence of
the UCNPs. The assay shows several advantages: strong photobleaching and stability, high

sensitivity with a nanomolar LOD, and high selectivity (Figure 1.17A). Li L. et al.'#" introduced a
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FRET-based upconversion luminescence nanosystem between upconversion nanoparticles
(UCNPs) and AuNRs for rapid, ultrasensitive, quantitative and on-site detection of SARS-CoV-2
spike protein (S protein). In this system, the surface of the UCNPs with high positive charge can
efficiently capture the free S protien and then be combined with anti-S protein antibody modified
onto AuNRs (Au-ab), leading to quenching of upconversion luminescence (UCL) due to the high
energy transfer efficiency between UCNPs and AuNRs. Here, the emission peak of the UCNPs
is at 800 nm in near-infrared (NIR) region, which avoids autofluorescence and false-positive
results. The assay can be performed within minutes with a LOD of 1.06 fg/mL for S protein and

with comparable performance for the nucleocapsid protein using a commercial test kit (Figure

1.17B).
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Figure 1.17. Upconversion luminescence biosensor based on FRET between AuNPs and
upconversion nanoparticles (UCNPs) for POC diagnostics. (A) Schematics of the traditional “tail-to-tail”
FRET system and the novel “head-to-tail” UCNP-based FRET system presented in this work. (B) Schematic
illustration of ultra-rapid S protein detection using UCNPs and AuNR system. Adapted with permission from

ref. 146 (A) and 147 (B). Copyright 2020 |IOP Publishing (A) and 2022 Elsevier (B).

Graphene quantum dots are small, nanoscale carbon-based materials with excellent optical
properties. By introducing nitrogen atoms into the graphene structure (doping), their properties

can be tuned to enhance fluorescence emission. Nitrogen-doped graphene quantum dots (N-
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GQDs) exhibit high quantum yield, good photostability and biocompatibility, making them ideal
candidates as fluorescence donors. Chen X. et al.'9 reported a fluorescent aptasensor based on
FRET between N-GQDs (donor) and spherical AuNPs (acceptor), both functionalized and linked
to aptamers, to detect C-reactive protein (CRP), a biomarker for acute inflammation response
and with a level in human serum which is closely associated with the severity of acute myocardial
infarction (AMI). When CRP binds to the aptamers, the conformational change of the aptamers
bring in close proximity the N-GQDs and the AuNPs, resulting in quenching and decrease of
fluorescence of the N-GQDs. The aptasensor shows good rapidity a LOD of 0.2 ng/mL of CRP in
PBS, which is much lower than the physiological CRP level in human serum. The sensor has also
been validated for the detection of CRP in human serum from patients. In addition, the whole
assay is very simple (one-step and easy operation) and can be completed within 40 min,
indicating great potential for POCT (Figure 1.18A). CdSe/CdS/ZnS core/shell/core quantum dots
are another example of QDs used as FRET donors in optical biosensors. The CdSe core provides
high fluorescence quantum yield, while the CdS and ZnS shells improve the QDs' stability,
preventing potential toxicity and photobleaching issues. The shells also help tune the emission
wavelength by controlling the size and composition of the QDs. Lu X. et al.'® proposed a dual-
color CdSe/CdS/ZnS QDs aptasensor based on FRET between QDs and gold
nanorods@polydopamine (AuNRs@PDA) for simultaneous detection of amyloid-B oligomers
(ABO) and tau protein, two important biomarkers of Alzheimer’s disease (AD). In absence of
targets, both types of CdSe/CdS/ZnS core/shell/core QDs labeled with aptamers were modified
via TT—1T stacking and hydrogen bonding to AUNRs@PDA, which triggered quenching of the QDs’
fluorescence of. In the presence of targets, the aptamer-labeled QDs were released from the
surface of AuNRs@PDA due to the specific binding between targets and aptamers and
conformational change of aptamers, which led to the restoration of the fluorescence of QDs. The
dual-color aptasensor exhibits a LOD of 50 pM for ABO and 20 pM for the tau protein (Figure

1.18B).

Carbon dots are carbon-based nanomaterials with excellent biocompatibility, low toxicity, and
tunable fluorescence emission, making them ideal candidates for biomedical applications. By

introducing nitrogen atoms during the synthesis of carbon dots, their optical and chemical
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properties can be tuned. Nitrogen doping enhances the fluorescence intensity and stability of
carbon dots, making them more suitable for sensing applications. Mahani M. et al.’®! have
developed a "turn-on" fluorescent DNA nanosensor based on FRET between N-doped carbon
dots (NCDs, donors) and AuNPs (acceptors) for the detection of the transcription factor NF-kB
p50. The single-stranded DNA functionalized onAuNPs hybridizes with duplex DNA strands
modified with NCDs to form a triplex DNA in the absence of the target, leading to significant
quenching of the fluorescence of the NCDs. The AuNPs coated with single-stranded DNA were
released from the NCDs as the target sequences were bound very specifically to the duplex DNA
in the presence of the target. The results of the triplex-based biosensor showed a linear detection
range of 20-150 pM with a LOD of 9 pM of NF-kB p50, highly specific quantification and validated

application in synthetic medium (Figure 1.18C).

Gold nanoclusters are ultra-small, luminescent particles consisting of a few to several dozen gold
atoms. Their unique properties, such as size-dependent fluorescence emission and
biocompatibility, make them excellent candidates as FRET donors in biosensing applications. The
emission wavelength of AUNCs can be tuned by controlling their size and surface chemistry, to
ensure efficient energy transfer to a suitable acceptor. Gu Y. et al.'®? developed a "turn-on"
fluorescent nanoprobe using AUNCs@GSH-cys and AuNRs/end-NH2/side-SiO2 linked by a low
molecular weight heparin (LMWH) for ultrasensitive detection of heparanase activity,
dysregulation of which promotes cancer metastasis. The longitudinal absorption peak of AUNRs
at 825 nm and the emission peak of AUNCs at 824 nm overlap exactly, which increases FRET
efficiency and eliminates background autofluorescence, both of which enable highly sensitive
detection. The nanoprobe shows a dynamic range of 0.125 ng/uL - 0.01 pg/uL with a LOD of
82.15 pM (0.43 pg/uL) in vitro, as well as excellent specificity and simplicity (one-step) (Figure

1.18D).
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Figure 1.18. Fluorescent aptasensors based on FRET between AuNPs and QDs or CDs or AuNCs for
POC diagnostics. (A) Scheme of the fluorescent aptasensor based on the FRET between N-GQDs
modified aptamers and AuNPs. (B) Schematic illustration of the simultaneous detection of ABO and tau
protein using the QDs and AuNRs-based FRET aptasensor. (C) Scheme of the label-free triplex DNA-based
biosensor for detection of transcription factor NF-kB p50 using the FRET between NCD and AuNPs. (D)
Schematic illustration of the “turn-off’ fluorescent nanoprobe based on FRET between AUNCs@GSH-cys
and AuNRs/end-NH2/side-SiOz for ultrasensitive detection of heraranase activity. Adapted with permission
from ref. 149 (A), 150 (B), 151 (C) and 152 (D). Copyright 2022 Elsevier (A), 2022 MDPI (B), 2021 Elsevier

(C) and 2023 Elsevier (D).

1.2.4. AuNPs-based LFAs for SARS-COV-2 diagnosis

Lateral flow assays (LFAs), also known as lateral flow tests or immunochromatographic assays,
are simple paper-based devices designed for the rapid detection and quantification of target
analytes without the need for specialized equipment. The structure and main components of a
typical LFA are shown in Figure 1. 1953, These assays are widely used in various fields, including
medical diagnostics, food safety testing, and environmental monitoring. In particularly, due to their
simplicity, rapidity and ease of use, the LFAs are commonly used for point-of-care testing,
especially in resource-limited settings. They are applied for detecting various analytes, including

proteins, pathogens, virus, antibodies, antigens, nucleic acids, and hormones etc. While LFAs
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offer several advantages for POC diagnostics, they also have some limitations, including lower
sensitivity compared with laboratory-based tests, qualitative or semi-quantitative results, and
interference of sample matrices. Various signal amplification strategies'®-157 and the integration
with portable device (i.e. smartphone) were introduced in LFAs for enhancing the sensitivity,

quantitative analysis and better display of results, especially in response to the COVID-19

pandemic.
Detection bioreceptor- Test line Control line
nanoparticle conjugate capture bioreceptor  capture bioreceptor
Sample pad Absorbent pad
" ! YR -

\

Conjugate pad Membrane Laminated card

Figure 1.19. Schematic illustration of the structure and main components of a typical LFA. Adapted with

permission from ref. 153 and copyright 2020 Springer Nature.

1.2.4.1. Modification of physical structure for delayed flow of LFAs

Adapting and modifying the physical structure of LFA hs been explored and widely used to
slightly amplify the signal and increase the sensitivity'58-160_ Srithong P. et al.’®* developed a
sensitivity-enhanced competitive LFIA using a delayed hydrophobic barrier fabricated with
trimethylsilyl cellulose (TMSC). The platform was used to detect the SARS-CoV-2 spike receptor-
binding domain (RBD) antigen as a model analyte to demonstrate feasibility. The novel platform
(i.e. delay LFIA, d-LFIA) consisted of two separate layers, an upper layer for analyte or sample
flow, where the solution flowed directly into the detection zone to bind with the primary Abs, and
a lower layer located below and loaded with the signal reporter of SARS-CoV-2 SP RBD-coated
AuNPs conjugates. This layer was fabricated with a TMSC barrier to delay the flow of SARS-CoV-
2 SP RBD-AuNPs, allowing the antigen to bind more efficiently to the primaryAbs. Under optimal
conditions, the d-LFIA platform showed a LOD of 0.11 ng/mL of SARS-CoV-2 RBD, which is
9.1times lower than conventional LFIA. Moreover, the total assay time of 15 min was still

comparable to conventional LFIA (Figure 1.20A).
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Kim K. et al.’® demonstrated an ultrafast PCR testing kit comprising a lateral flow paper strip
(LFS) with a nichrome-based thin film heater (i.e., Joule heater). In the novel platform, the LFS
was used as a container for the PCR-solution, which resulted in a fast thermocycling without a
cooler due to the high specific surface area of the paper heated by the Joule heater and also
enabled visual detection of PCR amplicons in the detection zone of the LFS with the naked eye.
In demonstratingthe detectability of the novel device, the platform was used to detect SARS-CoV-
2 viral RNA with a LOD of 1 copy/uL with naked eye, within 30 min after addition of the PCR
solution, while conventional PCR and real-time PCR require 130 min and 90 min, respectively.
The sensitivity of colorimetric signal detection based on the PCR kit was comparable to
fluorescence detection using conventional PCR and real-time PCR devices. In the platform, LFTS
not only provides a flow channel, but also represents a promising platform for fast PCR and

detection (Figure 1.20B).

Boumar |. et al.'®2 developed a novel hybrid (vertical-lateral-vertical) flow assay assembled in a
finger-stick POC device, similar to an adhesive bandage for the timely detection of IgM and IgG
against the S and N proteins of SARS-CoV-2, enabling further screening of SARS-CoV-2
infections.The platform, which consists of a vertically stacked plasma/serum separation
membrane, a conjugate pad and a detection zone, uses S and N protein-coated AuUNPs as probes
and reporters to specifically and efficiently capture the IgM and 1gG Abs from a pinprick of ~15 pL
of blood in just one step. The platform shows the immune response of no immune IgM-/IgG-,
early immune IgM+/IgG-, active immune IgM+/IgG+ or immune IgM-/IgG+ in a few minutes with

a LOD of less than 1 ng/mL of IgM and IgG spiked in healthy plasma (Figure 1.20C).
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Figure 1.20. Delay flow based on modification of physical structure for enhancing sensitivity of LFA
with/without auxiliary device. (A) Schematic illustration of delay-LFIA based on trimethylsilyl cellulose
(TMSC) barrier. (B) Schematic illustration of Joule heater-integrated lateral flow PCR kit. (a) advantages of
the rapid PCR kit; (b) procedure of the POC PCR kit. (C) Schematic illustration of an adhesive bandage
based on hybrid (vertical-lateral-vertical) flow assay (HFA) for detection of SARS-CoV-2 IgM and IgG. (a)
schematic of finger-stick adnesive bandage; (b) Valid outcomes: 1) negative (IgM-/IgG-) or 2-4) positive
(IgM+/1gG-, IgM+/IgG+, IgM-/IgG+, respectively) for SARS-CoV-2 infection, C represents valid control; (c)
Schematic illustration of the HFA'’s bioactive layers and their working mechanism for AuNPs-based capture
and detection of IgM and 1gG Abs from a pinprick (~15 pL) of blood; (d) Schematic presentation (up) and
photographs (below) showing the back readout of the HFA when a mixture of IgM and IgG Abs was
introduced to the conjugate pad. Adapted with permission from ref. 154 (A), 161 (B) and 162 (C). Copyright

2022 Springer Nature (A), 2023 Royal Society of Chemistry (B) and 2023 Springer Nature (C).
1.2.4.2. Gold nanocomposites-based LFAs

Wang C. et al.'®® proposed a colorimetric-fluorescent dual-mode lateral flow immunoassay (LFIA)

using spike (S) protein-conjugated SiO2@Au@QD nanobeads (NBs) as labels for the
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simultaneous detection of IgG and IgM antibodies against SARS-CoV-2. The assay can be
performed in 15 min, requiring only 1 uL of human serum and the sensitivity is 100 times higher
than colloidal gold-based LFIA. The colorimetric mode is used for visual detection and qualitative
screening of the patients with suspected SARS-CoV-2 infection. The fluorescent mode is used for
sensitive and quantitative analysis of IgM/IgG in human serum using a portable fluorescence
device. When validating real samples, the results of the assay show sensitivity of 100% and a

specificity of 100% (Figure 1.21A).

Hong D. et al.'63 designed a sensitive LFIA using isolated spherical AuNPs-assembled SiO2 core-
satellite NPs (SiO2@Au CSNPs). The SiO.@Au CSNPs have significantly enhanced light
absorption compared to isolated AuNPs, which increases the sensitivity and lowers the LOD by 2
orders of magnitude compared to conventional colloidal gold. The proposed assay can be
completed in 20 min, with a visual and quantitative LOD of 10 pg/mL and 0.24 pg/mL of SARS-
CoV-2 nucleocapid (N) protein, respectively. For the detection of heat-inactivated SARS-CoV-2
viral culture fluid, the assay shows a visual and quantitative LOD of 3.8x102 and 4.9 TCIDso/mL.
The simple assay, which only modulates the absorbance of the AuNPs labels, shows great
potential to serve as an effective strategy for monitoring the pandemic situation and preventing

the spread of the viruses (Figure 1.21B).
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Figure 1.21. Gold nanocomposites-based LFA for COVID-19 diagnosis. (A) Dual-mode QD nanobeads-
based LFIA for detection of SARS-CoV-2 IgM/IgG. (a) Schematic illustration of the colorimetric-fluorescent
dual-mode LFIA biosensor; (b) fabrication procedure of dual-mode SiO2@Au@QD fluorescent labels. (B)

Schematic presentation showing the synthesis of AuNP-assembled SiO2 core—satellite nanoparticles
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(SiO2@Au CSNPs) and the integration with an LFIA for highly sensitive detection of SARS-CoV-2 N
protein. Adapted with permission from ref. 155 (A) and163 (B). Copyright 2020 American Chemical Society

(A) and 2022 American Chemical Society (B).

1.2.4.3. AuNPs clusters or in situ growth of AuNPs-based LFAs

OH H. et al.’®® reported a plasmon color-preserved (PLASCOP) AuNPs cluster-based LFIA for
highly sensitive detection of SARS-CoV-2 NP. Specifically, the PLASCOP AuNPs cluster
consisted of a streptavidin-coated AuNPs core and a biotinylated Abs-coated AuNPs satellite, with
the biotinylated Abs-streptavidin forming a gap of more tham 15 nm to avoid the aggregation of
AuNPs, thus preserving the plasmonic color while increasing the overall light absorption. Under
optimal conditions, the total assay can be completed within 10 min. The LFIA based on the
PLASCOP AuNPs-clusters consisiting of 40 nm AuNPs showed good specificity and high
sensitivity for the detection of SARS-CoV-2 NP with a LOD of 0.038 ng/mL, which was 23.8-fold
and 5.9-fold lower than single 15 nm and 40 nm AuNP conjugates, respectively. In the clinical
validation test, the proposed assay showed a LOD of 54 TCID50/mL of SARS-CoV-2 particles
spiked in human saliva. Overall, the PLASCOP AuNPs clusters showed great potential as the
promising colorimetric reporters with enhanced sensitivity in LFA sensing for broad POC

diagnostics (Figure 1.22A).

Ruantip S. et al.’™® developed a self-enhanced LFIA that avoids complex multi-step
proceduresand the use of enhancers to detect a model analyte of SAR S-CoV-2 antigens as in
saliva.The self-enhanced LFIA was composed not only of the conventional conjugate pad and the
sample pad, but also of an additional enhanced pad consisting of gold ions and a reducing agent,
which was adhered tothe sample pad with a common ashesive tape. The one-step self-enhanced
LFIA achieved ten-times higher sensitivity than the conventional visual LFIA, with a visual LOD of
0.5 ng/mL and a quantitative LOD of 1.0 ng/mL in nucleocapsid protein spiked saliva samples.
When validating 207 real human saliva samples confirmed by RT-PCR, the assay showed a
sensitivity of 96.10% and a specificity of 99.23%, while being large-scale producible and easy to

use, showing great potential for POC diagnostics and on-site mass screening (Figure 1.22B).
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Figure 1.22. AuNPs clusters or in situ growth of AuNPs-based LFA for COVID-19 diagnosis. (A)
Schematic illustration of plasmon color-preserved AuNPs clusters and their absorption properties when
using proteins such as streptavidin and biotinylated antibodies as proposed herein. (B): (a) Schematic
illustration of a self-enhancement LFIA for COVID-19 diagnosis; (b) Schematic presentation showing the
flow behavior of self-enhancement of enhancing-LFIA. Adapted with permission from ref. 156 (A) and 164

(B). Copyright 2022 Elsevier (A) and 2023 Elsevier (B).

1.2.4.4. Integration with CRISPR-Cas system with AuNPs-based LFAs

CRISPR, which stands for Clustered Regularly Interspaced Short Palindromic Repeats, is a
revolutionary technology that allows precise editing of DNA within living organisms. It originated
from the natural defense mechanisms of bacteria and archaea (the domain of single-celled
microorganisms). CRISPR-based diagnostics (e.g., SHERLOCK and DETECTR) leverage the
precision and specificity of the CRISPR-Cas system to detect and identify specific nucleic acid
sequences, such as DNA or RNA. In particular, the integration of the CRISPR-Cas system with
AuNPs-based LFAs has been explored for COVID-19 diagnosis, offering a rapid and specific
approach for detecting the presence of the SARS-CoV-2 virus or its genetic material. This hybrid
method combines the precision of CRISPR-mediated nucleic acid detection with the simplicity

and visual readout of LFAs.

Xiong E. et al.’® developed a CRISPR/Cas9-mediated dual-test line LFA combined with
multiplexed RT-RPA for the simultaneous detection of the envelope (E) and open reading frame
1ab (ORF1ab) genes of SARS-CoV-2 in a single strip test. For detection of the E and ORF1ab
genes from cell-cultured SARS-CoV-2 and SARS-CoV-2 viral RNA standards, the assay showed

a visual LOD of 100 RNA copies/reaction (i.e. 4 copies/pL), and for genes detection from
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nasopharyngeal swab samples, the assay showed 97.14% positive predictive agreement (PPA)
and 100% negative predictive agreement (NPA). The whole procedure can be complete in 1h,
providing a more sensitive, accurate and convenient tool for the diagnosis of COVID-19 or other

infectious diseases in resource-limited settings (Figure 1.23A).

Li Z. et al.'® developed an instrument-free, CRISPR/Cas12a-based LFA using a self-contained
microfluidic and RT-RPA amplification technique for the simple and cost-efficient detection of
SARS-CoV-2 RNA. In the system, a portable hand warmer was used to incubate the microfluidic
chip, enabling current-free molecular diagnostics. The self-contained microfluidic system showed
a visual sensitivity of 100 RNA copies per test with the naked eye. In the validation application
with clinical nasopharyngeal swabs confirmed by real-time RT-PCR, the system demonstrated a
sensitivity of 94.1%, specificity of 100% and accuracy of 95.8% for SARS-CoV-2 RNA detection,

showing potential for POC diagnostics of COVID-19 disease (Figure 1.23B).

C _ Cas9isgRNA/

T
|
Py o : RT-RF"Aamphcons lx‘
O I 'Y i
7
a Sample collection v Multiglex RT-RPA " ! o
gg s» | it N\ Cline
30 g : ]
min o ' 4 L =
S | e e T e
Viral RNA y : ]
Ampl | 15°
Total time: Less than 1h : Cas9/sgRNA/ i
Vi 1 readout —a Py | RT-R?Aamphcons ¥ (f
@ ( ) < > | 3 y v L
() ( | o " ¥ .'
- Lateral flow assay JL)L _J'Lj( CRISPR-Cas9 reaction I | | T = o
H H 3min gl e el O Smin ! A
| é """""""""""
| .
_____________________________________________________________ - 1C*
: Cas9/sgRNA/
b Flow direction ! RIAC sptoons I of
= I 4
Streptavidin  Anti-digoxin antibody : {
Sample pad AuNP-DNA probe Control line probe | §
Absorbentpad |
|
® % % |
" ///’1 ) 74 7 / : Cas9/sgRNA/ | |
.‘//,/’ n;// /’/r /) I RT-R?-Aamphcons ] X TT
L F y y
: l’ / l'
Conjugate pad Testline 1 Testline2 Controlline NC membrane Adhesive pad | | | | i\ N
B a

Heater case Self-contained
microfluidic chip

‘Qo-v -Q.m "49._:> e

11 n

RPA + Sumples NF water ¥ Dilution buffer AUNTs
@ RPA+ CRISPR RPA + CRISPR + Dilution buffer

Positive [o}
e

T
|} £
0 || ¥
1

Negative C T

Figure 1.23. Integration with CRISPR-Cas system with AuNPs-based LFAs. (A) Simultaneous dual-gene
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diagnosis of SARS-CoV-2 using CRISPR/Cas9-mediated LFA: (a) Workflow and time requirements for
clinical diagnosis of SARS-CoV-2 using CRISPR/Cas9-mediated LFA; (b) Design of the tripe-line LFA (TL-
LFA); (c) Visual CRISPR/Cas9-mediated TL-LFA readout by naked eye, and four potential test results for
TL-LFA including negative test result, E-gene positive, Orf1ab-gene positive, and both E-gene and Orf1ab-
gene positive. (B) CRISPR-based LFA integrated with a self-contained microfluidic system for diagnosis of
SARS-CoV-2: (a) Photograph of the self-contained microfluidic system, including the self-contained
microfluidic chip and hand warmer-powered heater case; (b) Process of operating the self-contained
microfluidic system: RT-RPA amplification, CRISPR-Cas12a cleavage, dilution, and LFA; (c) The cleavage
of ssDNA-BF probe by CRISPR-Cas12a activated by RPA amplicons (left), schematic of visual detection
mechanism of LFA (middle), and photographs of LFA visual detection for positive and negative samples in
the self-contained microfluidic chip. Adapted with permission from ref. 157 (A) and 165 (B). Copyright 2021

John Wiley and Sons and 2022 Elsevier (B).

1.3. Conclusions

AuNPs have gained significant attention in the development of optical biosensors for POC due to
their unique optical properties, biocompatibility, and ease of functionalization. These sensors offer
rapid, sensitive, and specific detection of various biomolecules, making them valuable tools for
medical diagnostics. AuUNPs are widely used as colorimetric labels for POC diagnostics. This is
due to the distinctive optical properties set by the size and shape of the AuNPs (e.g. SPR or
LSPR), the easy functionalization with different biorecognition elements (e.g. antibodies,
aptamers, or DNA probes), the aggregation or dispersion of AUNPs leading to a shift in the SPR
of the AuNPs and casuing a color change visible to the naked eye, the signal amplification by
different strategies In this introduction, optical biosensors based on AuNPs aggregation, etching
and , growth for POC diagnostics were introduced, reporting works published from 2020 to 2023.
Various AuNPs aggregation-based assays can be divided into label-free and recognition element-
labeled AuNP. Etching-based optical biosensors have been developed by introducing common
etching agents (e.g., TMB2* and iodine ions) or some other chemical reagents (e.g., ascorbic acid,
superoxide radicals, and HAuCls). Optical biosensors based on AuNPs growth or metallization, in
which AuNPs are formed in situ by enzymes or reducing agents, have been developed, especially

in conjunction with portable devices for POC diagnostics.
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In addition to AuNPs as colorimetric labels for POC diagnostics, AUNPs have also been widely
combined with various fluorophores (e.g., organic dyes, carbon dots, quantum dots and gold
nanoclusters, and upconversion nanoparticles), even CRISPR systems and microfluidic platforms
to develop fluorescent biosensors to increase sensitivity for POC diagnostics, especially for
infectious diseases and cancer diagnosis. The various fluorescent biosensors were constructed
based on the inner filter effect (IFE), metal-enhanced fluorescence effect (MEF) and Forster
resonance energy transfer (FRET) between AuNPs and various fluorophores, combining
sensitivity, specificity, and rapidity in a compact and cost-effective format. Their versatility and
ability to detect multiple analytes simultaneously make them valuable tools in healthcare and

diagnostics.

In addition, AuNPs-based optical biosensors integrated with smartphone for diagnostic of

biomarkers were included in the published chapter, attached in the annexes section
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CHAPTER 2. Thesis objectives

The main aim of this PhD was to investigate and advance the field of optical biosensors based
on gold nanomaterials for point-of-care (POC) diagnostics. This included not only the exploration
of gold nanomaterials as efficient colorimetric labels in lateral flow assays, but also as superior
bioluminescence absorbers within a novel bioanalytical platform for enzyme-free bioluminescent

bacteria-linked immunosorbent assays.

Over the course of this research several key projects and milestones have been achieved, all of

which have contributed significantly to the overall goal. These are described below:

+ Development of LFAs to detect the SARS-CoV-2 nucleoprotein.

® Rigorous screening and selection of antibody pairs from the extensive range of
newly developed commercial antibodies that can be used effectively in LFAs.

® Evaluation and application of AuNPs-based LFAs in artificial saliva samples.

+ Commitment to improving the sensitivity of LFAs, a critical aspect for the effectiveness of

POC diagnostic tools

® Synthesis and characterization of size controllable Au-IrO2 nanoflowers (NFs).
® Design and preparation of LFAs using Au-IrO2 NFs.
® Adetailed comparison and evaluation of the performance of AuNPs-based and Au-

IrO2 NFs-based LFAs, highlighting the advantages of the latter.

+ Use of AUNPs and Au-IrO2 NFs as bioluminescence absorber for bioluminescence based
ELISA (BBLISA), a faster, safer, cheaper and more user-friendly alternative to conventional

ELISA.

® Study of the inner filter effect (IFE) between bioluminescent bacteria Allivibrio
fischeri and metallic nanoparticles (AuNPs and Au-IrOz NFs).

® The thoughtful design and development of BBLISA using AuNPs and Au-IrO2z NFs,
demonstrating their versatility.

® Evaluation and comparison of the performance of BBLISA and traditional ELISA for
the detection of two clinically relevant biomarkers (i.e., human IgG and

nucleoprotein of SARS-CoV-2)
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Chapter 3. AuNPs as clolorimetric labels in LFAs for detection of SARS-CoV-2 nucleoprotein

3.1. Introduction

The COVID-19 pandemic!-3 has shown the importance of developing reliable yet easy-to-
use, cheap, fast, and portable diagnostic devices to support mass testing4-1°. Diagnostic
testing is fundamental for a rapid screening of the population, to identify and track positive
cases (i.e. both symptomatic and asymptomatic individuals), and immunity
assessment!l12, As suggested by World Health Organization (WHO), in order to meet
such a high demand of testing, countries have been relying on Lateral Flow Assays
(LFAs)®3. Indeed, such molecular sensing platforms allow to achieve the rapid (< 30 min),
low-cost (5 USD), and single-step detection of the SARS-CoV-2 biomarkers'4. Moreover,
LFAs are an evolving platform with constantly improving sensitivity>-17. Our group recently
provided a protocol describing the fabrication of a LFA to detect human IgG!8. This is a
generalisable protocol that can be easily adapted to other targets, such as SARS-CoV-2
virus, only by changing the bioreceptors (e.g. antibodies or aptamers). However, the
selection of suitable bioreceptors for the detection of SARS-CoV-2 unveiled several
experimental hurdles, which | want to share with the community. More specifically, | want
to raise the attention towards the importance of a comprehensive characterisation of
bioreceptors (in this case, antibodies) before their implementation into LFAs. Many studies
compare the performance of commercial SARS-CoV-2 diagnostic kits19-2%, but to the best
of our knowledge, only one recent work focuses on the technical challenges behind the

bioreceptor selection?’.

The COVID-19 pandemic represents a unique situation due to the scarcity of antibodies against
SARS-CoV-2 antigens at the beginning of the outbreak (from December 2019 to May 2020).
During this period, the research community made an important effort in the characterisation
process to select the proper antibodies to rapidly face the fast spread of the virus. The main goal
of this characterisation is to understand if the selected antibodies exhibit the required binding
properties to work in a LFA platform. Specifically, antibodies have to display: (1) stability, in order
to work at variable environmental conditions (temperature, humidity, pressure) and support long-
term storage; (2) fast binding kinetics, due to the short time window for the bioreceptor analyte

interaction in LFA assay (in the range of seconds to few minutes); (3) strong binding affinity, as |
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want the signal to remain stable while and after the assay takes place.'® Unfortunately, besides
already identified technical problems associated with antibodies such as batch to batch
differences?®-31, suppliers do not provide enough characterisation of important binding parameters
(e.g. binding and kinetic constants), and they test antibodies using only standard laboratory
procedures (e.g., ELISA, Western Blot). A parallel approach could be the estimation of these
parameters through thermodynamics, binding, and kinetics studies, but this requires resources,
time, and facilities that private companies may not be willing to implement'8. This lack of
experimental data does not allow developers to pursue a rational selection of the antibodies
forcing them into a trial-and-error approach. Since this can hide many technical challenges, here
| present a study which describes how to proceed in such circumstances with experimental tools
that are more available and can be performed by any laboratory, always keeping in mind that the
final goal is the development of a colorimetric LFA to be implemented in COVID-19 diagnostics,

and considering that similar scenarios can occur in the future.

3.2. Materials and methods

3.2.1. Reagents and devices

17 commercial anti-SARS-CoV-2 nucleoprotein antibodies are listed in Table 3.1. For further
information, contact the authors. Artificial saliva for medical and dental research (part number
1700-0305) was purchased from LCTech GmbH (Obertaufkirchen, Germany) and it was used as
received. Tetrachloroauric acid trihydrate 99%, sodium citrate, phosphate buffer saline (PBS)
tablets, disodium hydrogen phosphate heptahydrate, monosodium phosphate, sodium
bicarbonate, sodium carbonate anhydrous, boric acid, sodium tetraborate decahydrate,
hydrochloric acid, sodium hydroxide, bovine serum albumin (BSA), Tween-20, 3,3',5,5-
Tetramethylbenzidine (TMB, cat no. T0440), and sulfuric acid were purchased from Sigma-Aldrich
(Spain). Secondary antibodies labelled with horse radish peroxidase (HRP) chicken anti-rabbit
IgG (ab6829) and chicken anti-mouse IgG (ab6814) was purchased from Abcam (Cambridge,
United Kingdom). SARS-CoV-2 nucleoprotein-his recombinant protein (40588-V08B) was
purchased from Sino Biological. Transparent immuno nonsterile 96-well microplates (10777621)
was purchased from Thermo Fisher (Spain). Nitrocellulose membrane CN150 was purchased

from Sartorius Stediem (Goéttingen, Germany). Cellulose membrane (CFSP001700) and glass
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fibre were purchased from Merck Millipore (Billerica, MA, USA). Supporting adhesive cards were
purchased from Kenosha (Amstelveen, The Netherlands). TEM grids (Ted Pella carbon film 300
MESH Copper grids CF300-CU 01843-F) were purchased from Monocomp Instrumentacion

(Spain).

AuNPs were synthesised on an IKA® RCT basic IKAMAG™ hot plate magnetic stirrer (Merck
Millipore, USA). The conjugates of AuNPs with antibodies was performed in a PCMT
ThermoShaker (Grant Instruments, UK). Nanoparticles were centrifuged in an Allegra 64 R
centrifuge from Beckman Coulter (USA). A lateral flow reagent dispenser was used to deposit the
antibodies on the nitrocellulose membrane (IsoFlow Bioreagent, Imagene Technology, Germany).
The SkanMulti reader was provided by Skannex (Oslo, Norway). Colorimetric signal from ELISA
assays was acquired by the spectrophotometer SpectraMax iD3 from Molecular Devices (San
José, CA, USA). TEM analysis was performed using HR TEM Tecnic G2-F20 from FEI (Hillsboro,
OR, USA). DLS and Z-potential measurements were performed using ZetaSizer Nano ZS

(Malvern, United Kingdom).

3.2.2. ELISA assay for selection of antibodies

A solution of anti-nucleoprotein monoclonal antibodies (anti-nucleoprotein mAbs, capture
antibodies M1, M2, M3, M4, M5, H1, and H2) was prepared in carbonate-bicarbonate buffer (CBS,
0.05M, pH 9.6) at a concentration of 5 pg/mL, and 100 pL was used to coat the ELISA wells
overnight at 4 °C. Then, the antibodies solution was removed and the wells were washed three
times using 250 pL of washing buffer PBST (0.01M PBS, 0.1% Tween-20, pH 7.4). Next, 200 pL
of a solution of 3% BSA in PBS (0.01 M, pH 7.4) were added in the wells for blocking free sites
for 1 h at 37 °C and the BSA solution was removed and the wells were washed just like previous
washing steps. The solutions of nucleoprotein were prepared in PBS at concentrations of 0 ng/mL
(blank/negative) and 100 ng/mL (positive), and 100 pL of the solutions were added into the wells
and incubated for 1h at 25 °C. Then 100 pL of 0.5 ug/mL anti-nucleoprotein Abs (detection
antibodies R1, R2, R3, R4, R5, R6, R7, R8, R9, R10 or M1-M5) were added into the wells and
incubated for 1h at 25 °C. Next, 100 pL of secondary antibody modified with HRP (0.1 pg/mL)
were added into the wells and incubated for another 1h at 25 °C. After every incubation process

(incubation with nucleoprotein, detection antibodies, and secondary antibodies), three to five
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washing steps were followed. 100 pyL of TMB (substrate solution) were added into the wells and
incubated for 30 min at 25 °C and 50 pL of 1M H2SO4 (stop solution) were mixed in the wells. The

plates immediately were measured by a spectrophotometer at 450 nm and 620 nm.

Similarly, in order to select the best antibody pairs, we also performed three nucleoprotein
calibration curves based on three different pairs of anti-nucleoprotein antibodies. For the
experimental work, we followed sandwich ELISA protocol reported in the previous paragraph. In
particular, we coated the wells with the rabbit anti-nucleoprotein pAb antibody (R8). Then, we
used a series of nucleoprotein standard solutions (0, 1, 3, 10, 30, 100, 300 and 1000 ng/mL in
PBS), and 0.5 ug/mL in PBS of M2, M4, and M5 antibody solutions (used as detection antibodies).
Next, 100 pL of an HRP-modified anti-mouse pAb (0.1 ug/mL) were added. Finally, the enzymatic

reaction took place as described in the previous paragraph.

3.2.3. Gold nanoparticle synthesis

Following the Turkevich method'®32 AuNPs of approximately 20 nm diameter were synthesised
by citrate reduction of tetrachloroauric acid (HAuCls). Specifically, 200 mL of a 0.01 % (w/v)
solution of HAuCl4 prepared in Milli-Q water was taken to boiling point. Then, 5 mL of 1 % (w/v)
sodium citrate solution was added under continuous vigorous stirring with 600 rpm. The solution
was kept boiling for 10 more minutes and then allowed to cool down to room temperature taking
about 2 hours. And the AuNPs solution was stored at 4 °C away from light for further usage. The
characterization of morphology and size distribution of synthesized AuNPs was shown in Figure

3.1

c 151 = AuNPs
16.3+1.1 nm * AuNPs&Abs

27.2405nm 50-2£0.6nm

o Pd|=0.3380.012
oo

91 . PdI=0.262+0.004
¢ Z-P=-417:03mV

s, Z-P=35:05mV

Intensity (%)
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Figure 3.1. Characterization of AUNPs before and after conjugation with anti-nucleoprotein Abs. All

the characterisation results support the successful conjugation of the antibodies to the AuNPs and the
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stability of the conjugate particles. (A) TEM images of AuNPs with uniform shape distribution; (B) Histogram
of AuUNPs (Average size of AuNPs: 16.3 £ 1.1 nm, 150 particles); (C) The change of average hydrodynamic
diameters from 27.2 £ 0.5 nm (naked AuNPs) to 50.2 + 0.6 nm (AuNPs-Abs conjugate) proved AuNPs were
covered after conjugation and hence successfully conjugated to anti-nucleoprotein Abs. The change in zeta
potential values (-41.7+0.3 mV before and -35+0.5 mV after conjugation) further demonstrated a change on
the AuNPs surface attributed to the conjugation. The obtained values indicate that the conjugates remained
stable in colloidal solution (absolute Zeta potential value between 30 and 60 mV) [2]. Besides, particle
dispersion is better after (polydispersity index (Pdl) = 0.262+0.004) than before conjugation with antibodies

(PdI = 0.338+0.012).

3.2.4. Conjugation of AuNPs with anti-nucleoprotein antibodies (M5)

The conjugates AuNPs&anti-nucleoprotein Abs were prepared by following our protocol'®. The
optimal pH and optimised amount of anti-nucleoprotein antibodies were pH 7.0 and 5 pg/mL (Abs
amount/ AuNPs voulme) according to gold aggregation test (not shown). In the final step, the
pellet of AuNPs&anti-nucleoprotein conjugates was resuspended in 150 pL of 1% BSA solution
in PBS (0.01 M, pH 7.4) instead of 500 pL of the conjugated pad buffer. The characterization of

AuNPs before and after conjugation with anti-nucleoprotein Abs was shown in Figure 3.1C.

3.2.5. Fabrication of the half-stick lateral flow strips (Dot test)

CN150 nitrocellulose membrane was adhered to a laminated card. Absorbent pad (cellulose
membrane) was also assembled on the laminated card overlapping 2 mm with the membrane.
Then the card was cut into 3 mm-wide lateral flow strips. Anti-nucleoprotein Abs of R1, R7, RS,
and R9 were manually dropped (0.3 pL) onto nitrocellulose half-sticks as test dots (T-dot).
Additionally, anti-mouse secondary antibodies were as well dropped (0.3 pL) in the same fashion
to obtain the control dots (C-dots). The half-stick strips were dried for 1 h at 37 °C. The AuNPs
conjugates were first incubated with PBS buffer in presence of nucleoprotein (100 ng/mL) and
absence of nucleoprotein (0 ng/mL) for 10 minutes at room temperature (RT). Then, the half-stick
dotted strips were immersed vertically in 20 uL of pre-incubated AuNPs conjugates solutions (2
ML of 10X concentrated AuNPs + 18 L of sample). After 10 mins of flowing, the half-stick dotted

strips were scanned with a SkanMulti reader and the images analysed with ImageJ.
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3.2.6. Calibration curves of nucleoprotein detection based on half-stick LFA

In the Dot test, several pairs of antibodies showed similar performance. In order to decide which
one was the best performing couple, preliminary calibration curves were obtained based on half-
stick LFA. Here anti-nucleoprotein antibodies R1 or R8 were used as test line and anti-
nucleoprotein antibodies M4 or M5 were conjugated with AuNPs, obtaining the following
combinations: R1/M5, R8/M4 and R8/M5. A series of concentrations of nucleoprotein (0, 3, 10,
30, 100, 300, 1000 and 3000 ng/mL) were prepared in PBS. The process of preparation of
nitrocellulose membrane, deposition of antibody Test and Control dots, AuNPs conjugation and

detection of nucleoprotein was as described in the previous section.

For the final calibration curve, Test and Control lines were prepared using an automatic reagent
dispenser. 1 mg/mL of anti-nucleoprotein Abs (R8) and 0.75 mg/mL of anti-mouse secondary
antibodies were dispensed onto CN150 membrane as test line and control line, respectively. The
anti-nucleoprotein mAbs (M5) were conjugated with AuNPs. A series of concentrations of
nucleoprotein (0, 1, 3, 6, 10, 20, 30, 60, 100, 200, 300, 600, 1000, 2000, 3000, 6000 and 10000
ng/mL) were spiked in artificial saliva and incubated with AUNPs conjugates for 10 min at RT.
Afterwards, half-stick test strips were immersed vertically in 20 pyL of pre-incubated AuNPs
conjugates solutions (2 yL of 10X concentrated AuNPs + 18 uL of sample). After 10 min of flowing,
the half-stick LFA strips were scanned with a SkanMulti reader and the images of LFA strips

analysed with ImageJ, correcting the dot area with an equally sized background area’s.

3.2.7. Data analysis

Fiji Imaged software was used to analyse all the images from SkanMulti reader. Origin 2018

software was used for drawing all the bar charts and fitting four-parameters logistics curves's.

3.3. Results and discussions

3.3.1. ELISA tests for screening antibody combinations

Following our fabrication protocol for LFA'8, | characterized antibodies for their adaptation as
bioreceptors in an AuNPs-based LFA as they were released in the market. Specifically, among

the antigens of SARS-CoV-2, | decided to target the nucleoprotein since it is highly abundant in
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the virion3233, From April 2020 to February 2021, | purchased 17 commercial anti-nucleoprotein

antibodies from different companies (see Table 3.1).

Table 3.1. Information of all commercial anti-nucleoprotein antibodies.

Antibody
Code Host Company Price Isotype Proven application
Type
R1 Rabbit Polyclonal A 310€/100pg IgG WB, ELISA
R2 Rabbit Polyclonal B 258€/100ug IgG WB, ELISA
WB, Simple
Western, ELISA,
R3 Rabbit Polyclonal B 331€/100ug IgG ICC, IF, IHC, IHC-P,
Dual RNAscope ISH-
IHC
R4 Rabbit Monoclonal A 310€/100ug IgG WB, ELISA, IHC-P
R5 Rabbit Polyclonal C 585€/50ug IgG WB
WB, ELISA, FC,
R6 Rabbit Monoclonal D 345€/100ug IgG
IHC-P, IP
R7 Rabbit Monoclonal A 540€/100ug IgG WB, ELISA, IHC-P
R8 Rabbit Polyclonal A 310€/100ug IgG ELISA
WB,ELISA, IHC-P,
R9 Rabbit Monoclonal A 310€/100ug IgG
ICC/IF
WB, ELISA, FC, IHC,
R10 Rabbit Monoclonal E 303€/100ug IgG
IF, IP
M1 Mouse Monoclonal D 391€/100ug IgG WB, ELISA, IHC
WB, ELISA, ICC,
M2 Mouse Monoclonal D 390€/100ug IgG
IHC, IF, IP
M3 Mouse Monoclonal C 715€/100ug 1gG1 WB,ELISA
WB, ELISA, IHC-P,
M4 Mouse Monoclonal A 250€/100ug IgG1
FCM
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WB, ELISA, IHC-P,
M5 Mouse Monoclonal A 430€/100ug 1gG1
FCM
IgG1,
H1 Human Monoclonal D 371€/100ug WB, ELISA
kappa
H2 Human Monoclonal D 590€/100ug IgG WB, ELISA

The criteria for the selection were: (1) cost, (2) antibody concentration (over 1 mg/mL), (3) delivery
time, and (4) animal host used for its production. Since the recognition event in LFAs is based on
the formation of the classic immune-sandwich complex (Figure 3.2), | screened antibodies
through two phases: (1) ELISA, to quickly check antibody binding performance (Figure 1); and (2)
half-stick format, to check their compatibility with the conditions encountered in a LFA (i.e., under

a constant flow in a nitrocellulose membrane) (Figure 3.5A).
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Figure 3.2. Results of ELISA test and half-stick dot test. (A) Schematic representation of possible ELISA
outcomes (left) and all the results of antibody combinations in the table (right); (B) Images of possible
outcomes of half-stick dot test (left) and all the results of half-stick dot test (right); (C) Images of half-stick
dot test (R1/M5 and R8/M5 are the best two combinations by naked eye). X’ indicates a negative outcome
(lacking in specificity and/or sensitivity). \indicates satisfactory outcome OD siank < 0.2 and OD positive > 1.0),
N(P-)’and \(B+)’indicates less satisfactory results (OD posiive less than a little bit 1.0 and OD siank more than

0.2, respectively) (Figure S3A-left), and ‘N/A’ means not applicable antibodies groups; B and P indicate blank
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(0 ng/mL of nucleoprotein) and positive (100 ng/mL of nucleoprotein).

Firstly, | performed ELISA tests to identify the antibody combinations with the best binding
performance (Figure 3.3A). In order to carry out these measurements | followed a previously
reported ELISA protocol®435. The experimental criteria to identify such antibodies were similar to
the standard for evaluating antibody titre by the chessboard titration method, which allows to
assess two variables simultaneously: antibody couple and presence/absence of nucleoprotein.
Specifically, in the absence of target (i.e. blank) the background signal has to display a value
lower of 0.2 a.u. (OD Blank), while in the presence of a saturating concentration of nucleoprotein
(100 ng/mL) the produced signal should be higher than 1.0 a.u. (OD Positive). Surprisingly, | found
that out of 80 tested combinations only 10 met these two criteria (Figure 3.3B). Such low success
rate (12.5 %) is a consequence of the high cross-reactivity between antibodies (in most cases, a
blank signal as high as the positive can be observed (Figure 3.3C)) and their low affinity for the
target or slow kinetics (for antibody couples whose positive signals were lower than 1.0 a.u.)
(Figure 3.3D and 3.3E). And ELISA test results of all possible antibody groups for detection of
nucleoprotein were shown in Figure 3.3. It should be noted that all but one antibodies were

publicized to be working in ELISA and that none of them were part of a pre-validated matched

pair.
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Figure 3.3. ELISA tests were performed to screen antibody combinations with the best binding

performance against the nucleoprotein N protein of the SARS-CoV-2. (A) Schematic representation of
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the immunosandwich ELISA. (B) Antibody combinations with best ELISA performance. The nucleoprotein
concentrations of blank and positive solution are 0 ng/mL and 100 ng/mL, respectively. The antibody
combination that meets the performance requirements should have the following conditions: the OD value
of blank nucleoprotein solution is less than 0.2 a.u. and the OD value of positive nucleoprotein solution is
greater than 1.0 a.u.?” (C-E) Each individual graph shows the ELISA test results of same capture antibodies
(coated on ELISA plate wells) combined with multiple detection antibodies. (C) Capture Abs H1 and
detection Abs R1-R10 and M1/M5. None of the antibody combinations qualified because the OD value of
the blanks was much greater than 0.2, which means high cross-reactivity and poor specificity; (D) Capture
Abs M1 and detection Abs R1-R1. Only M1/R6 and M1/R8 were qualified with OD Blank < 0.2 and OD
Positive > 1.0 while the rest were not qualified due to OD Blank > 0.2 or OD Positive < 1.0; and (E) Capture
Abs M5 and detection Abs R1/R10. Couples M5/R1, M5/R6, M5/R7, M5/R8 and M5/R9 were satisfactory,

especially M5/R1 and M5/R8, and others were not qualified due to OD Blank > 0.2 (M5/R10) or OD Positive

<1.0.
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Figure 3.4. ELISA test results of all possible antibody groups for detection of nucleoprotein. Each
individual panel shows the ELISA test results of same capture antibody (coated on ELISA plate wells)

combined with various detection antibodies. The antibody combination that meets the performance
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requirements should have the following conditions: the OD value of blank nucleoprotein solution is less than
0.2 a.u. and the OD value of positive nucleoprotein solution is greater than 1.0 a.u. (A) ELISA results using
H2 as capture Ab with different detection Abs (R1-R10 and M1-M5). The results show that there is cross-
reactivity between all of the antibody couples, as the OD values of blank samples are far greater than 0.2
a.u. and the blank signal is comparable to that of positive samples. (B) ELISA results using M2 as capture
Ab with different detection Abs (R1-R10). The results show that there is high specificity and high affinity
towards target between antibody couples of M2/R6, M2/R8 and M2/R9, as the blank signal is less than 0.2
a.u. and the positive signal is more than 1.0 a.u. Antibody couples M2/R4 and M2/R10 show cross-reactivity,
as seen by the blank OD values greater than 0.2 a.u. The OD values of positive samples are comparable to
that of the blank samples, thus indicating that there is low affinity towards the target between antibody
couples M2/R1, M2/R2, M2/R3, M2/R5 and M2/R7. (C) ELISA results using M3 as capture Ab with different
detection Abs (R1-R10). The results show that there is cross-reactivity between all of the antibody couples,
as the OD values of blank samples are far greater than 0.2 a.u. and the blank signal is comparable to that
of positive samples. (D) ELISA results using M4 as capture Ab with different detection Abs (R1-R10). The
results show that there is cross-reactivity between all of the antibody couples, as the OD values of blank are

greater than 0.2 a.u..

3.3.2. Half-stick dot test for screening out antibody combinations

Among the 10 working antibody combinations, | selected the 5 combinations of capture and
detection antibodies (M2/R8, M5/R1, M5/R6, M5/R8 and M5/R9) with the best performance in
order to move on with the half-stick characterization. To do this, | used dotted half-sticks rather
than full LFA strips because they are faster to prepare (taking into account the number of antibody
combinations) and smaller reagent amounts are required'83¢. In order to identify the antibodies
with the best binding performance in the nitrocellulose membrane, | established that the blank’s
signal should be < 5.0 a.u. and the positive sample’s signal > 30.0 a.u. These values
approximately correspond with the dynamic range obtained in the provided protocol for human
IgG detection'®. With these criteria, only 6 couples of antibodies showed a suitable binding
performance in the half-stick format (Figure 3.5B). | hypothesise that the shorter time of
incubation/recognition and the absence of washing steps in half-stick dot tests compared to

ELISAs are the causes of the decrease in the number of antibody couples compatible with a
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Figure 3.5. Dot test for screening out antibody combinations and calibration curve of detection of
nucleoprotein spiked in artificial saliva based on half-stick LFA. (A) Schematic representation of the
dot test on half-stick LFA: anti-nucleoprotein Abs (capture Abs) and secondary Abs were manually dropped
on the nitrocellulose membrane as test dot and control dot, respectively. When the half-stick is tested with a
blank sample, only the control dot (or line) is visible, demonstrating that the assay functioned properly. If the
sample contains nucleoprotein, both control and test dots (or lines) are visible, and the intensity of the latter
will depend on the analyte concentration. (B) All antibody combinations with good performance in the dot
test (easy to distinguish between blank and positive samples with the naked eye). R1/M5, R8/M4 and R8/M5
elicit the best response. (C) Calibration curve of the half-stick LFA with R8/M5 antibodies. The data was
fitted to a four-parameter logistic curve (blue line). The fitted curve (obtained using Origin 2018 32-bit and
presented as value + standard error) corresponds to the following equation: y = start + (end — start) x x*n /
(k*n + xn), with start = 1.04 £ 1.09, end = 112.12 + 10.21, k = 169.28 + 44.06 and n = 0.90 + 0.12. The
reduced X2 = 2.58, R2 = 1.00 and the adjusted R2 = 0.99 Grey points were beyond the curve range due to
the saturation of bioreceptors binding sites. The dynamic range of the half-sticks is from 11.4 ng/mL to 791.0
ng/mL, calculated by signal change from 10 % to 90 %), and the graph were obtained by analysing at least

three (n = 3) independent LFAs for each target concentration. Fitting curve, LoD, LoQ, and dynamic range
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fully were acquired by the protocol from Parolo et al.'® (D) Half-stick LFA for detection of nucleoprotein,

responding to increasing concentrations of nucleoprotein.

3.3.3. Calibration curve of nucleoprotein detection based on half-stick LFA

To demonstrate the feasibility of the half-stick assay for further experimentation with
clinical samples, | tested it using artificial saliva, taking into account that COVID-19
diagnosis is possible using such kind of sample437. The dot test results showed that three
antibody couples (R1/M5, R8/M4 and R8/M5) had similar test line peak values for
detection of 100 ng/mL of nhucleoprotein (Figure 3.5B). Then, preliminary calibration curves
of R1/M5, R8/M4 and R8/M5 were obtained after testing the sensors with increasing
concentrations of nucleoprotein (0, 3, 10, 30, 100, 300, 1000, and 3000 ng/mL) (Figure
3.6). Fitting the curves with a four-logistic parameter equation, | calculated the EC50, that
is, the half maximal concentration of nucleoprotein that elicits a response halfway between
the baseline and saturation signal. Given the immune-sandwich nature of the system,
EC50 is a good indicator of affinity. The R8/M5 couple displays the lowest EC50 value
(134.7 ng/mL), while EC50 values for R8/M4 and R1/M5 are 197.9 ng/mL and 337.1 ng/mL
respectively (Figure 3.6 and Table 3.2). Moreover, R8/M5 showed the best sensitivity for
nucleoprotein detection, as observed by the steeper slope in the calibration curves (Figure
3.6A and B). Consequently, antibody couple R8/M5 was selected for the further
development of nucleoprotein LFA sensor. The half-stick was prepared by dispensing the
R8 antibody on the test line (TL), the secondary antibodies (anti-mouse IgG) on the control
line (CL), while the antibody nucleoprotein M5 was conjugated to AuNPs. In order to
characterise the sensor response, | challenged it using nucleoprotein-spiked artificial
saliva samples covering a nucleoprotein concentration range between 1 ng/mL (21.2 pM)
and 10 pg/mL (0.2 uM) (Figure 3.5C). Through the analysis of the obtained half-sticks, |
calculated a limit of detection (LoD) of 3.0 = 1.2 ng/mL, limit of quantification (LoQ) of 14.7
+ 2.0 ng/mL, a useful dynamic range of 11.4 — 791.0 ng/mL (Figure 3.5C). The test line
signals obtained using nucleoprotein concentrations higher than 10 ng/mL were clearly
seen by the naked eye (Figure 3.5D). In addition, recovery of nucleoprotein samples

ranged from 83.0 £ 2.0% to 116.7 + 16.7% demonstrating the accuracy of the test (Table
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3.3). The analytical performance of the described half-sticks is comparable to a full SARS-
CoV-2 nucleoprotein LFA recently published for the detection of the nucleoprotein8. To
further support our results, | found another recently published study by Cate et al., in which
1021 anti-nucleoprotein antibodies were tested in LFA, taking advantage of an
automatized, high-throughput robotic system?2” and the couple of antibody | independently

selected has been found among the top performing couples.
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Figure 3.6. Preliminary calibration curve for screening out the best antibody for detection of
nucleoprotein based on half-stick LFA. Preliminary half-stick LFA calibration curves with R1/M5, R8/M4
and R8/M5 antibody couples for nucleoprotein (0, 3, 10, 30, 100, 300, 1000 and 3000 ng/mL): (A) Calibration
curves fitted by using the original test line peak value and (B) Calibration curves fitted by using normalised
test line signal. The fitted curve (obtained using Origin 2018 32-bit and presented as value * standard error
corresponds to a four parameter logistic equation (sigmoidal curve): y = start + (end — start) x x*n / (k*n +
x"n). And the normalised signal was calculated by the equation of (test line peak value — start) / (end - start)
and the normalised calibration curve was fitted by the same mode. All parameters of calibration curve

equation are shown in Table 3.2.

Table 3.2. The equation parameters of half-stick LFA calibration curves (original OD a.u.) for

detection of nucleoprotein based on three different pairs of antibodies (R1, R8 as the capture
90



AUNPS AS COLORIMETRIC LABELS IN LFAS FOR DETECTION OF SARS-COV-2 NUCLEOPROTEIN

antibody, and M4 and M5 as detection antibodies).

R1-M5 R8-M4 R8-M5
START 05+2.1 -3.6+10.8 23%15
END 181.3+11.4 208.3£43.6 183.8+1.6
k 337.1+£925 197.9 £ 116.0 1347+ 11.4
n 1.1+£02 0.9+03 1.7+£0.2
RSS 24 57.4 1
Adj. R2 0.999 0.9841 0.9994

Table 3.3. Recovery of nucleoprotein detection based on half-stick LFA.

Spiked (ng/mL) Calculated (ng/mL) Recovery (%)
6 7.0+1.0 116.7 £ 16.7
20 16.6 +0.4 83.0+2.0
60 51.6 3.0 86.0+5.0
200 214.3 £ 9.1 107.2+4.6
600 557.3+4.7 929+0.8

a Recovery (%) = (concentration of calculated nucleoprotein / concentration of spiked nucleoprotein) *100%

Finally, to make stronger our message that knowing beforehand the binding behaviour of
bioreceptors would speed up the development of diagnostic tests, | studied the binding constant
of three couples of antibodies selected according to their performance in the preliminary steps,
which goes as follows. One of them had worked in ELISA but did not in half-stick (R8/M2), while
the other two couples did work in both types of assay (R8/M4 and R8/M5). R8/M2 showed an
EC50 at least 72% higher than the other two couples (R8/M4 and R8/MS) and also a higher
working range, thus indicating a lower affinity, which is not suitable for LFAs (Table 3.4 and Figure

3.7).
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Figure 3.7. ELISA calibration curves of three antibody pairs for detection of nucleoprotein. ELISA
calibration curve using R8 as capture Ab with different detection Abs (M2, M4 and M5). R8/M2 had previously
worked in ELISA but not in half-stick, while R8/M4 and R8/M5 had worked in both assays. (A) Calibration
curves fitted by using the original absorbance value and (B) calibration curves fitted by using normalised
ELISA signal. The fitted curve (obtained using Origin 2018 32-bit and presented as value * standard error)
corresponds to a four parameter logistic equation (sigmoidal curve): y = start + (end — start) x x*n / (k*n +
x"n). And the normalised signal was calculated by the equation of (OD value — start) / (end - start) and the
normalised calibration curve was fitted by the same mode. All parameters of calibration curve equation are
showed in Table S3. The k in the equation corresponds to the EC50. Nonetheless, it can be used to study
the affinity of the antibody couple for the antigen. The k values of three antibody couples, R8/M2, R8/M4 and
R8/M5, for detection of nucleoprotein are 219.54 + 4.20, 127.53 + 4.85 and 107.77 + 11.12 ng/mL,
respectively (Table 3.4). The k of R8/M5 is the smallest and also showed the best affinity with the

nucleoprotein.

Table 3.4. The equation parameters of ELISA calibration curves (original OD a.u.) for detection
of nucleoprotein based on three different pairs of antibodies (R8 as the capture antibody, and M2,

M4 and M5 as detection antibodies, respectively).

M2 M4 M5
START 0.2+£0.0 0.2+0.0 0.2+£0.0
END 1.2+£0.0 24+0.0 24+01
k 219.5+£42 127.5+4.38 107.8 £ 11.1
n 3.1+£0.1 35+05 25+£02
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RSS 0.4 43.0 13.0

Adj. R? 0.9998 0.9990 0.9992

3.4. Conclusions

Despite the successful implementation of the LFA development protocol'8, the significant amount
of invested economic resources (~25,000 €), personnel, and time (over 10 months) to identify
working antibodies is alarming. | understand that the majority of the antibodies are validated for a
few specific applications, generally traditional laboratory-bound techniques (e.g. ELISA, Western
Blot). However, the COVID-19 pandemic has demonstrated that | cannot rely exclusively on long
(hours) and cumbersome (multistep) diagnostic techniques to effectively diagnose infectious
diseases because | need sensing platform able to support massive (or high-frequency) testing.
Therefore, | urge antibody producers and distributors to consider the implementation of more
extensive characterization of their products, which would allow researchers to make better-
informed purchases. At the same time, the integration of new antibodies into point-of-care devices
would also be faster. The availability of information such as the binding kinetics of bioreceptors
could lead researchers towards purchasing antibodies that better suit their platform’s needs, e.g.
antibodies with fast binding kinetics for a LFA, which features a short receptor analyte interaction
time. | realize that a longer bioreceptor characterization implies higher costs for the company (e.g.
new instrumentation, delayed commercial availability), nonetheless | truly believe that
researchers would rather buy more expensive, but well characterized antibodies than cheaper
but poorly characterized ones. This in turn would optimize the time and economic resources
required for the development of a point-of-care diagnostic device, speeding up its placement in

the market.
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CHAPTER 4. Au-IrO2 NFs as novel colorimetric labels in LFAs

4.1. Introduction

The recent COVID-19 outbreak has highlighted again the clinical relevance of lateral flow assays
(LFAs) as simple and rapid diagnostic tools with an ability to support mass-scale
screening!2. They consist of a series of connected paper-like pads that, by capillarity, move the
liquid sample along the strip, allowing for the rapid, low-cost, and naked-eye detection of the
target molecule in its clinical range3. Because the signal transduction mechanism is based on the
detection of the target through the formation of an adsorbed immune complex on the test line,
they can be designed to detect any arbitrary molecule by simply changing the antibody receptors.
To date, LFAs have been widely exploited in real-world applications ranging from clinical (e.g.,
pregnancy test, antigen detection, serological application, etc.)*°to environmental monitoring
(e.g., detection of heavy metals, bacteria, and contaminants)®-8. Besides their versatility, the
success and popularity of LFAs rely on their simple operation, fast response (approximately 15
min), low cost, and naked-eye-readable results. Despite the success and popularity of LFAs due
to their simple operation and fast response, their sensitivity is lower than that of well-established
laboratory-based detection methods [e.g., polymerase chain reaction (PCR) and enzyme-linked
immunosorbent assay (ELISA)]. In consequence, LFA’s potential cannot be fully exploited yet for
applications requiring the detection and quantification of ultra-low-concentrated biomarkers (e.g.,
circulating tumor DNA, tumor proteins)®1°, Therefore, the development of novel approaches with
an ability to improve the sensitivity of LFAs without compromising their ease of use could reduce
the burden of expensive laboratory-based methods, allowing a more efficient early diagnosis to

support the mass-scale screening of biomarkers at the point of care!?.

The sensitivity of an LFA depends on a wide range of physical-chemical and biological factors
including, but not limited to, the type of label (e.g., colorimetric, fluorescent, electrochemical, etc.),
the affinity of the selected bioreceptors toward the targets, and the flow rates of different pads213,
Among them, the selection of the optical label plays a key role because it can affect important
parameters of the LFAs, from the flow of the sample to the signal-to-noise ratio (which is defined
as the optical contrast between the test/control line and the nitrocellulose background) and must
guarantee the naked eye detection, which is crucial for their use at the point of care!*. The

development of nanotechnology has boosted the synthesis and the generation of new labels (i.e.,
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nanomaterials) with exceptional optical properties (e.g., absorption, transmission, scattering, and
light emission), creating a new set of ideal candidates for biosensing purposes>-'’. However,
other features of the selected nanomaterial must also be considered, such as their size, shape,

surface chemistry, and stability, to fully adapt it on an LFA.

To improve the sensitivity and limit of detection of LFAs, several experimental strategies have
been developed over the last 2 decades!®1°. Generally, those strategies aimed at improving the
different components of the LFAs, such as labels?%-24, strip design?>-27, readout (optical or
electrochemical)?8-39, and microfluidics3! with the final goal to enhance the overall analytical
response of the LFAs. Among them, the development of new labels with the ability to generate a
stronger optical signal has been a simple yet effective approach to improve the sensitivity of
LFAs?®®. For example, nanodiamonds, upconverting nanoparticles, quantum dots, and magnetic
nanoparticles have been used to develop LFAs for the detection of clinically relevant targets23.32-
35, In particular, AUNPs are the most used colorimetric LFA labels that allow efficient naked eye
detection due to their strong surface plasmon resonance, simple synthesis, and conjugation.
Indeed, their surface plasmon resonance in the visible region produces a strong red color, which
makes the iconic red lines that are ideal for the naked eye detection34. Other examples of metallic
NPs used for the development of colorimetric LFAs include iridium oxide nanoparticles
(IrO2 NPs)??2, rhodium nanoparticles®®, copper oxide nanoparticles®’, and Prussian blue
nanoparticles®. Each NPs display different colorimetric properties, which allow the generation of
test lines with different colors and better performances than the classical AuUNPs-based LFAs,
albeit higher costs, more complex synthesis, and different morphology and size which affect the

bioconjugations.

Besides the composition of the label, the morphology and the size of the nanopatrticles also play
important roles in the sensitivity of LFAs3%40. For example, increasing the surface area of a
nanoparticle allows it to load more bioreceptors (e.g., antibodies, proteins, or aptamers), or the
presence of spiked structures can provide different optical properties due to surface-enhanced
plasmons. In this context, several research groups have demonstrated how the use of non-
spherical nanoparticles with strong plasmonic behaviors (e.g., nanorods, nanocubes, and

nanostars) generally produces an improvement in the LFA sensitivity when compared to the use
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of classical quasi-spherical AuNPs#-43, Looking in particular at mono- and bimetallic non-
spherical nanopatrticles, | found studies reporting up to 5-fold and 10-fold improvements in the
sensitivity of LFAs when using gold and platinum nanoflowers, respectively4-47. Uniquely of
bimetallic nanoparticles, they have ability to display both plasmonic and catalytic behavior (e.qg.,
Au-based alloy nanoparticles)*®49, This feature has been recently harnessed by two works, where
AuPt core—shell and AuPt nanoflowers have been described as dual labels for LFAs, increasing
dramatically the sensitivity of the assay up to 2 orders of magnitude®%51, Thus, non-spherical and
hierarchical nanoparticles appear as promising labels to enhance the analytical properties of

LFAs.

Given the background, | were inspired by the plasmonic behavior of gold and iridium oxide (Au—
IrO2) nanoflowers that were recently reported by de Freitas and co-workers®2. More specifically,
harnessing their unique morphology and composition that provide excellent biocompatibility and

plasmonic properties, | decided to use them as colorimetric labels in LFAs.

On the one hand, while the debate about the optimal size of a LFA’s label remains open
(depending on the type of nanoparticles, the porosity of the pads, the size of the bioreceptor, etc.),
the ideal choice would be one that ensures optimal nanoparticle’ stability and bioreceptor
coverage without sacrificing the sensitivity of the assay. Bottom-up synthesis of mono- and
bimetallic nanoparticles is a versatile tool to achieve this chemical and physical balance.
Specifically, it is possible to tune their size and shape by simply changing the amount of reducing
agent, pH, and solvent during their synthesis5354. Therefore, the possibility to synthetically tune
the size and shape of the NPs is an important parameter at the time of choosing the label to
employ in a new LFA. On the other hand, the optical response of the nanopatrticles is another
crucial parameter to consider. In general, these nanoparticles should have large extinction
coefficients (i.e., high optical intensities) that visually contrast with the white background of the LF
membrane. For example, this explains why AuNPs that show bright red colors and absorb at
wavelengths ca. 520-530 nm are sometimes preferred to bigger gold nanoparticles that allow a
higher bioreceptor loading but absorb at higher wavelengths (e.g., 600 nm), reducing the visual

contrast with the membrane.
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Having this in mind, | selected as new optical labels for LFAs the Au-IrO2 NFs whose synthesis
was proposed by de Freitas et al®2. The idea is to exploit their dark color to create a higher contrast
with the white background of the LF strips, and therefore to improve the sensitivity of nanopatrticle-
based LFAs. These Au—IrO2 NFs display strong optical properties, but due to their size (over 100
nm), they are not ideal for LFAs. Specifically, they would be more prone to precipitation and
aggregation once dried on the LFA, limiting their flow through the membrane. Therefore, |
rationally adapted their synthesis to decrease the NFs’ size without compromising their stability.
In particular, |1 achieved it by changing the reaction time and the reducing agent (citrate)
concentration while keeping their optical properties. As a test bed, | successfully used the Au—

IrO2 NFs in a LFA for the detection of human immunoglobulin G (HIgG)??3L.

4.2. Materials and methods

4.2.1. Reagents and apparatuses

HAUCI4:3H20 99%, IrCls-xH20 99%, NasCeO7Hs-2H20 99%, boric acid (HsBOs, 99%), sodium
tetraborate decahydrate (B4sNaO7-H20, 99%), phosphate buffered saline tablet, Tween-20,
sucrose (99.5%), and bovine serum albumin (BSA, 96%) were supplied by Sigma-Aldrich. Human
IgG from human serum (I12511), anti-human IgG (produced in goat; 11886), and anti-human IgG
y chain-specific HRP-modified (produced in goat; A6029) were also supplied by Sigma-Aldrich
(Spain), while anti-goat IgG (produced in chicken, ab86245) and anti-mouse IgG H&L (produced
in goat, ab6708) were supplied by Abcam. Human IgG-depleted serum was purchased from
Celprogen. Chicken IgG (ab6829) and goat IgG 2 (ab6702) were bought from Abcam. Human
IgG antibodies (1A6) were supplied by Thermo Fisher. Mouse IgG (40588-T62) and rabbit 1I9G
(40143-R019) were supplied by Sino Biological. 20, 40, 60, and 80 nm of AuNPs were supplied

by nanoComposix.

Nitrocellulose membrane CN150 was purchased from Sartorius Stediem (Gottingen, Germany).
Cellulose membrane (CFSP001700) and glass fiber were purchased from Merck Millipore
(Billerica, MA, USA), and supporting adhesive cards were purchased from Kenosha (Amstelveen,

The Netherlands).

104



AU-IRO2 NFS AS NOVEL COLORIMETRIC LABELS IN LFAS

The stirrer used for conjugating antibodies to nanoflowers was a PCMT ThermoShaker (Grant
Instruments, UK). A lateral flow dispenser was used to distribute the reagents over the
nitrocellulose (IsoFlow Bioreagent, Imagene Technology, Germany). Nanoparticles were
centrifuged in a Centrifuge Allegra 64 R from Beckman Coulter (USA). Lateral flow strips were
cut using a cutter from Shanghai Kinbio Tech (China). A spectrophotometer SpectraMax ID3
(Molecular Devices, USA) was used to measure the UV—-vis spectra of nanoflower suspensions.

LFA scanner SkanMulti from Skannex (Oslo, Norway) was used to scan the LFs strips.

4.2.2. Preparation of AuNPs and Au-IrO; NFs

Both AuNPs and Au—IrO2 NFs were synthesized as previously reported in the literature. The
former were synthesized by the Turkevich method%®, while the latter were prepared using a

modified version of the protocol reported by de Freitas et al®2.

4.2.2.1. Synthesis of AuNPs

For preparing AuNPs, a 50 mL of aqueous solution of 0.1% HAuCls+-3H20 was heated to boiling
and vigorously stirred in a 250 mL Erlenmeyer flask. Then, 1.25 mL of 1% sodium citrate was
added quickly to the boiling solution. Boiling was continued for an additional 10 min upon the color
change from pale yellow to bright red. Finally, the suspension was cooled to room temperature

under continuous stirring and stored at 4 °C until use.

4.2.2.2. Synthesis of Au—IrOz NFs

In order to evaluate the colorimetric properties of the Au—IrO2 NFs, | prepared two nanoflowers
with different compositions. Specifically, | used two different molar ratios of Au and Ir (i.e., Au/lr
[1:0.25] and [1:1.5]). In addition, | modified the protocol reported by de Freitas et al. by changing
the citrate concentration and reaction time. These modifications in the protocol were necessary

for the fabrication of particles with diameters suitable to run through the nitrocellulose pores.

Briefly, 5 mL of sodium citrate (2.5 mM) was heated until boiling. Meanwhile, 354 pL of
HAuUCIs-3H20, 12 mM, were mixed with 88.5 or 531 pL of IrClz-xH20, 12 mM (for [1:0.25] and
[1:1.5] ratios, respectively), and then reached up to 1 mL with milliQ water. This solution was

added in one shot to the boiling solution of citrate. Boiling was continued for an additional 5 min
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upon the color change from pale green to petrol-blue. Finally, the suspension was cooled to room

temperature under continuous stirring and then stored at 4 °C until use.

4.2.3. Characterization of Au-IrO; NFs

ICP-OES was used as a technique to determine the metal content (i.e., gold and iridium
percentage) of the nanoflowers and was performed at the Servei d’Analisi Quimica of the
Universitat Autbnoma de Barcelona by using an inductively coupled plasma—optical emission

spectrometer (PerkinElmer, model Optima 4300DV).

All the size measurements and morphological observations of nanoflowers were conducted in a
field emission gun transmission electronic microscope (model TecnaiTM G2F20, FEI, USA) and

a field emission scanning electron microscope (model Magellan 400L, FEI, USA).

XPS measurements were performed at room temperature with a SPECS PHOIBOS 150
hemispherical analyzer (SPECS GmbH, Berlin, Germany) at a base pressure of 5 x 10-'° mbar
using monochromatic Al Ka radiation (1486.74 eV) as an excitation source operated at 300 W.
The energy resolution, as measured by the full width at half-maximum of the Ag 3ds2 peak for a
sputtered silver foil, was 0.62 eV. Measurements were made using CasaXPS software. The
hydrodynamic particle diameters and zeta potential measurements were performed in a Zetasizer

Nano ZS (Malvern Instruments, UK).

4.2.4. Extinction coefficient calculations

For simplifying the calculations, firstly the shape of the nanoflowers were considered asa perfect
sphere made of Au and IrO2. Thus, the number of Au atoms and IrO2 per particle (N) were
calculated according to the Eq. 1 and by using the density (p) of Au and IrO2 asbulk material (19.32
g/cms3 for Au and 11.68 g/cm? for IrO2, respectively); both atomic and molecular weight (M): 196.97
g/mol and 224.22 g/mol for Au and IrO2, respectively);the Avogadro number (NA) to be 6.02x102%;

diameter of the particles (D): 65 nm for the NFs [1:0.25], and 55 nm for the NFs [1:1.5]

N =mpD3 NA/6M  Equation S1

Finally, the concentration of NFs stock solution was calculated to be about 0.122 nM and 0.527
nM for Au-IrO2 NFs [1:0.25] and [1:1.5], respectively, by using the final concentration of the
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precursor metals in the colloid dispersion divided by the number of atoms or compound per
particle (N). Given the strong absorption of the NFs in the UV-vis range, the extinction

coefficients were empirically calculated based on the Beer-Lambert law:
A=¢lc Equation S2

where A is the absorbance, ¢ is the extinction coefficient, | is le path length and c is the NFs
concentration. Therefore, the absorbance of AUNPs and the Au-IrO; NFs synthesized in this work
were plotted against the concentration of nanopatrticles calculated as shown above, giving a linear

trend where the slope of the curve corresponds to the extinction coefficient.

4.2.5. Conjugation of antibodies to AuNPs and Au-IrO; NFs

Anti-human IgG antibodies were conjugated to nanomaterials, as previously reported'23'. AuUNPs
were adjusted to pH 9 with borate buffer (BB), 0.1 M and Au—IrO2 NFs were adjusted to pH 7 with
BB 0.01 M, at pH 8 and 9 with BB 0,1 M. Then, 1.5 mL of both nanomaterials were mixed with
100 pL of 140 ug/mL of anti-human IgG y-chain specific HRP modified and incubated for 20 min
at 650 rpm at room temperature. Then, 100 yL of 1 mg/mL BSA solution was added, and stirring
was continued for another 20 min at 650 rpm at room temperature. AUNPs were centrifuged at
14,000 rpm and 4 °C for 20 min, while Au—IrO2 NFs were centrifuged at 7000 rpm at room
temperature for 20 min. Supernatants were removed, and the pellets of the conjugated
nanomaterials were resuspended in 500 uL PBS buffer containing 5% sucrose, 1% BSA, and 0.5%
Tween-20 to obtain an optical density (OD) of 3. For this conjugation, the optimal pH was 9 and

7 for AUNPs and Au—IrOz NFs, respectively.

4.2.6. Lateral flow immunoassays: Preparation of the strips and procedure

4.2.6.1. Preparation and assembly of strips

For HIgG detection, test and control lines were spotted onto the nitrocellulose by printing 1 mg/mL
of anti-human IgG and anti-goat 1gG, respectively, at a dispensing rate of 0.5 yL/cm using an
IsoFlow reagent dispensing system. Finally, the nitrocellulose was dried at 37 °C for 2 h. The
sample pad (cellulose) was prepared by dipping it into 10 mM PBS, 5% BSA, and 0.05% Tween-

20 and dried at 60 °C for 2 h. The conjugate pads were prepared by carefully dispensing the
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previously prepared anti-human IgG (y-chain specific)-HRP/nanoparticle conjugates (with an OD
= 3) and dried under vacuum for 2 h. Therefore, the different pads were assembled as follows:
detection pad (nitrocellulose membrane), conjugation, sample, and absorbent pad. Finally, the
strips were cut 4 mm wide using a strip cutter. Under these conditions, the minimum number of
nanoparticles per mm? able to discriminate the intensity line from the background were 8.4 x
10% and 1.6 x 108 particles/mm? for Au—IrOz2 [1:0.25] NFs (65 nm) and Au-IrO2 [1:0.25] NFs (53

nm), respectively?s.

4.2.6.2. Lateral flow immunoassay procedure

Sample solutions of 80 pL containing different concentrations of HIgG in PBS 10 mM at pH 7.4
ranging from 1 to 3000 ng/mL, were dispensed onto the sample pad and allowed to flow through
the strips during 15 min. Although a visual response was observed in that time, the same volume
of buffer was again dispensed to wash away the excess of conjugate and were dried for another

15 min. Three replicates of each concentration were performed, including the blank (buffer only).

4.2.6.3. Calibration curves of HigG detection based on Au-IrO2 NFs LFAs

Calibration curves, specificity, recovery, and stability tests were performed by using
immunoglobulin-depleted human serum spiked with human 1gG. Specifically, samples were
spiked with 0, 1, 3, 10, 30, 100, 300, 1000, and 3000 ng/mL of HIgG and tested by Au—IrO2 NFs

LFAs to check the feasibility in real sample detection.

4.2.6.4. Specificity tests for Au-IrO2 NFs LFAs

Immunoglobulin-depleted human serum was spiked with 1000 ng/mL of IgGs from chicken, goat,
mouse, rabbit, and human. Human serum samples (0 and 1000 ng/mL HIgG spiked) and the
above-mentioned samples were tested by using the Au—IrO2 NFs [1:0.25] and Au—IrO2 NFs [1:1.5]

LF strips to evaluate their specificity and selectivity for detection of HIgG.

4.2.6.5. Recovery tests for Au—IrOz2 NFs LFAs

Immunoglobulin-depleted human serum was spiked with 0, 30, 100, and 300 ng/mL of HIgG.
Samples were detected in 1 day (intra-assay) and in 3 consecutive days (inter-assay). Recoveries

were calculated by the equation (spiked concentration of HigG/calculated concentration of HIgG
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x 100) to evaluate the accuracy and precision of the Au—IrO2 NFs LFAs.

4.2.6.6. Stability tests for Au—-IrOz NFs LFAs

Au—IrO2 NFs LF strips were stored at room temperature (25 °C) for 0, 1, 2, and 4 weeks.
Immunoglobulin-depleted human serum samples spiked with 0, 30, 100, and 300 ng/mL of HIgG
were tested by using the LF strips per storage period to evaluate the stability of the Au—IrO2 NF

systems.

4.2.7. Data Analysis

Once dry, a flatbed SkanMulti LFA scanner was used to scan the strips for obtaining the respective
calibration curves. The image analysis was performed using ImagedJ software, following the
procedure reported by Parolo et al.'2 Origin version 8.5 software was used to fit the data to a four-

parameter logistic curve.

4.3. Results and discussions

4.3.1. Synthesis of Au-IrO2 nanoflowers

The synthesis of Au—IrO2 NFs is based on a two-step reaction, and the mechanism behind their
formation agrees with the nucleation and growth theory, as previously reported5257.:%8, In the first
step, gold (HAuCls) and iridium salt (IrCls-xH20) solutions were mixed to induce the formation of
the Au nuclei/seeds through the reduction of AuCls~ species to AuClz~ by IrCls?~ 5257 (see Figure
4.1, nucleation). This first co-reduction produces a color change from yellow to yellow-greenish. Of note,
the mixing time of the precursors must be no longer than 5 min because this will induce the
agglomeration of nanoflowers. This is due to the formation of bigger seeds, which leads to
observe a solution that is clearly green. In the second step, the previously generated seeds were
added into a boiling citrate solution to induce the growth of the nanoflowers by the further
reduction of the pre-formed seeds by the citrate ions®2 (which act as a reducing agent and stabilizer)
(see Figure 4.1, growth). This second reduction process produces a second color change in the solution
from yellow-greenish to blackish-blue. The different intermediates involved in the reaction (i.e.,
nucleation and growth) of the NFs display different colorimetric properties; therefore, the synthesis

can be monitored by naked-eye and UV—visible spectroscopy.
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(HAuCI, + IrCl;-xH,0)

Figure 4.1. Mechanism of Au-IrOz NFs formation. (i) in the first step, the co-reduction of both metal

precursors leads to the nanoflowers nuclei (nucleation); (ii) the next addition of sodium citrate allows their

further reduction, growth, and stabilization, inducing a specific morphology of nanoflowers.

| tested two different metal ratios in order to evaluate how the metal content affects the plasmonic

signal, and | selected [Au/Ir] ratios of [1:0.25] and [1:1.5]. The UV-visible spectra of the obtained

Au-IrO2 NFs suspension display a broad peak between 500 and 700 nm for both ratios, with

maximum absorption around 600 nm (Figure 4.2). The presence of the single peak is indicative

of the formation of an Au—IrO2 bimetallic nanostructure, because two separated peaks indicate

the formation of individual AuNPs and IrOz NPs (Figure 4.3)%%-%1. This preliminary data clearly

demonstrates the efficacy of our synthetic approach to produce Au—IrO2 NFs.
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Figure 4.2. UV-visible spectra of Au-IrO2 NFs. The presence of a single plasmonic peakindicates the

formation of the Au-IrO2 NFs, instead of individual AuNPs and IrO2 NPs.
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Figure 4.3. UV-vis spectra of AuNPs, IrO2 NPs and Au-IrO2 NFs. Syntheses of AUNPs and IrO2 NPs were

conducted as reported by Turkevich®® and Harriman®2, respectively.

Our next goal is to synthetize smaller nanoflowers than those previously reported (i.e., <100 nm)
to support the LFA platform. To achieve this, | decided to simultaneously work on two important
parameters to tailor their synthesis: the [citrate]/[AuClsT] ratio and the reaction time. Previous
studies have reported that the [citrate]/[[AuClsT] ratio plays a key role in the synthesis and size of
mono- or bimetallic nanoparticles in the presence of a reducing agent such as sodium
citrate®63 It has been reported that bigger ratios induce the formation of smaller
nanoparticles®. Inspired by this observation, | decided to increase the citrate concentration from
1.7 to 2.5 mM to compensate an increment of [citrate]/[AuClsT] ratio. Next, | also considered the
reaction time as an important parameter because it is directly connected with the growth of the
NFs. Therefore, | have also decreased the reaction time of the second step from 30 to 5 min to

limit the NFs growth and size.

The rationale modification of both parameters of the reaction allowed us to obtain smaller
nanoflowers with the expected stability and morphological features. | were able to decrease the
diameter of Au—IrO2 NFs [1:0.25] from 155 + 6 to 65 £ 6 nm and the diameter of Au—IrO2 NFs
[1:1.5] from 93 + 6 to 53 + 4 nm, as shown by the TEM images in Figure 4.6. The results are in agreement

with previous studies where the increase in the [citrate]/[AuCl4—] ratio provides smaller nanoparticles, while
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the higher content of iridium induces the formation of nanoflowers with a lower size (due to the faster
reduction kinetics of the AuCl4— species conducted by the IrCI62— ones)52. After optimizing the reaction, |
scaled-up the initial volume of the NFs synthesis up to five times, obtaining a final volume of 30 mL and
characterized the morphology and size distribution of Au—IrO2 NFs by using TEM measurements. The
resulting scaled-up Au-IrO2 NFs were quite homogeneous with a narrow size distribution (Figure 4.4A and
B), as well as showed the same morphology as those synthesized in the initial volume. The size distribution
histograms show that the diameters of Au—IrO2 NFs [1:0.25] and [1:1.5] were 64 + 3 nm (Figure 4.4A) and
55 + 2 nm (Figure 4.4B), respectively. These results were consistent with the sizes of small-volume synthesis
of Au—-IrO2 NFs; thus, | demonstrate the feasibility of a scale-up synthesis for Au—IrO2 NFs.

A Au-IrO, NFs [1:0.25]

al

64.1+£2.8 nm

Size (nm)

55.1+2.3 nm

54 56
Size (nm)

Figure 4.4. TEM images and histograms of Au-IrO2 NFs (synthesis 5 times scaled-up). (A) TEM images
of Au-IrO2 NFs [1:0.25] at 50 nm scale (left), at 20 nm scale (middle) and its size distribution histogram
(right); (B) TEM images of Au-IrO2 NFs [1:1.5] at 50 nm scale (left), at 20 nm scale (middle) and its

distribution histogram.

4.3.2. Au-IrO; nanoflower characterization

Before applying the new Au—IrO2 NFs as labels in LFAs, | proceeded with their full morphological

and elemental characterization. Regarding the morphology of the particles, as shown by the TEM
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images (Figure 4.6A,A"), both Au-IrO2 NFs samples exhibited good mono-dispersity,
homogeneous size, and branches on their surfaces (similar to those obtained by de Freitas et
al.)?2, resembling a flower-like nanostructure. Interestingly, using the [Au/Ir] ratio of [1:0.25], the
nanostructures showed a spikier surface when compared with the ones with ratio [1:1.5]
(see Figure 4.6B,B’). Regarding the elemental analysis, the EDX results confirmed the presence
of gold and iridium in the nanoflowers, while the EDX line-scan profile showed the distribution of
both elements through the entire nanoparticle (Figure 4.5). Finally, the nanoflower compositions
were directly determined by inductively coupled plasma—optical emission spectrometry (ICP—
OES), showing the following percentages Au—IrO2 NFs [1:0.25] with 85% Au and 5.9% Ir, while
the ones with a [1:1.5] ratio showed 76% Au and 10% Ir.

Au-IrO, NF [1:0.25]
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Figure 4.5. EDX spectra of Au-IrO2 nanoflowers and their EDX line-scan profile: (A)[1:0.25] and (B) [1:1.5]

and EDX their line-scan profile.

I employed X-ray photoelectron spectroscopy (XPS) to study the surface chemistry of the Au—
IrO2 NFs. In this context, prior to element identification and their respective binding energies, both
systems were calibrated to the C (1s) line at 284.8 eV, and the data were analyzed using specific
software as mentioned above. For gold, two photoemission peaks associated with the Au 4f spin—
orbit components were found between 84 and 88 eV and identified as Au 4f72 and Au 4fs;2 core

level regions, respectively (see Figure 4.6C,C'). These peaks separated by =3.7 eV are
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Table 4.1. XPS fitted data for Au-IrO2 NFs

associated with Au®, which is in agreement with the literature465, Regarding the iridium, two
binding states around 62 and 65 eV were identified as Ir 4fz2 and Ir 4fs2 core-level regions,
respectively. The values for this doublet, separated by =3 eV in binding energy, were very close

with the ones reported for Ir** in IrO256-%8, Detailed data about XPS spectra can be found in Table

Au 4f (eV) Ir 4f (eV)
Sample 417/2 4f5/2 417/2 4f5/2
[1:0.25] 84.1 87.7 62.1 64.9
[1:1.5] 84.2 87.9 62.1 65.1
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Figure 4.6. Characterization of Au-IrOz NFs and evaluation of the bioconjugation. The upper panel
shows the characterization of the Au—IrO2 NFs obtained with the [1:0.25] ratio using (A) the TEM, (B) the
SEM, (C) the X-ray photoelectron spectra of Au 4f and Ir 4f, (D) UV-visible spectra before and after
bioconjugation, and (E) Z-potential measurements before and after conjugation. Instead, the bottom panel
(A'—E') shows the same characterizations but for the Au—IrO2 NFs obtained with the [1:1.5] ratio. In both
cases, the Au-IrO2 NFs resulted monodispersed and made of both Au and IrOz2; at the same time, the UV-
vis and Z-potential measurements indicate the successful biofunctionalization of both nanoflowers with the

anti-HIgG antibodies.

4.3.3. Bioconjugation of the Au—IrO; nanoflowers

Bioconjugation of the synthesized particles was optimized using three different pH values and
evaluated by UV-vis spectrophotometry. Using pH 9, | observed the aggregation of the Au—
IrO2 NF—antibody conjugate, making it not a suitable condition for the preparation of optical LFA’s
labels. Instead, pH 7 and 8 guaranteed the stability of the Au—IrO: solutions. Specifically, as
shown in (Figure 4.6D,1D’), the maximum absorbance peak did not change for either of the two
Au-IrO2 NF compositions after the conjugation with antibodies, indicating that the monodispersity
was maintained after the conjugation process. This behavior is similar to a previously reported
study by our group in which IrO2 NPs did not exhibit any measurable change after the

bioconjugation at neutral pH?2268,

Dynamic light scattering (DLS) and Z-potential measurements were performed to AUNPs and Au—
IrO2 NFs before and after conjugation with the antibodies to evaluate the changes on the
hydrodynamic sizes, surface charge, and stability of the nanoparticles. In all cases, the
hydrodynamic sizes increased upon the bioconjugation (Figure 4.6E,E’), which can be attributable
to a coating layer of antibodies over the nanopatrticles (see Table 4.2). It is worthy to note that
while the TEM provides the actual size of the metallic particle, the DLS provides the hydrodynamic
size of the particle, which also takes into account the size of the antibodies on the particle surface.
Finally, | estimated the stability of the Au—IrO2 NFs using Z-potentials. Specifically, when
absolute Z-potential values are within the range of +30 mV, nanopatrticles are likely to aggregate
or sediment, instead if the absolute Z-potential values are above/below the £30 mV range,

nanoparticles remain stable in colloidal suspensions®®. Before the conjugation, the Z-potential
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values (in mV) were —41, -45.9, and -34.9 for AuNPs, Au—IrO: [1:0.25], and Au-IrO2 [1:1.5],
respectively. These values indicated that they were stable in colloidal solutions and negatively
charged because of the citrate present on their surface, acting as a stabilizer. The physisorption
of antibodies onto the nanoparticle surface led to an increase in the Z-potential from negative
values to fewer negative values (in mV) up to —-35.6, —-37.7, and —-38 mV for AuNPs, Au—
IrO2 [1:0.25], and Au-IrO2 [1:1.5], respectively. These values indicated both the presence of

antibodies on the NF’s surface and their stability (see Table 4.2).

Table 4.2. DLS and Z-potential measurements

Nanoparticle DH (nm) Pdl Z potential (mV)
AuNP 274 0.355 -41.8
AuNP + anti HIgG 32.2 0.215 -35.6
Au-IrO2 [1:0.25] 117.9 0.028 -45.9
Au-IrO2 [1:0.25] + anti HIgG 140.0 0.085 -37.7
Au-IrO2 [1:1.5] 122.3 0.118 -34.1
Au-IrO2 [1:1.5] + anti HIgG 173.9 0.164 -38.0

DH: hydrodynamic size; Pdl: polydispersity index

4.3.4. Lateral flow immunoassay

4.3.4.1. Calibration Curves of Au—IrOz2 NFs LFAs for detecting HIgG in PBS buffer and

spiked human serum

To demonstrate the ability of Au—IrOz2 NFs to work as labels in LFAs, | compared their analytical
performance against standard AuNPs for the detection of HIgG, a clinically relevant biomarker
used in serological assays. Specifically, | fabricated LFA strips using a protocol previously
reported3!, and | exploited three different NPs: AuNPs (40 nm in diameter) as a control, Au—
IrO2 NFs [1:0.25] and Au-IrO2 NFs [1:1.5] to assess their performance on LFA strips. The effect
of the AuNP’s size on the LF sensitivity can be found in Figure 4.7. Then, | challenged AuNP- and
Au—IrO2 NFs-based LFAs at their optimal conditions with different concentrations of HIgG in

immunoglobulin-depleted human serum samples ranging from 0 to 3000 ng/mL (Figure 4.8).
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Quantitative analyses of the LFA strips were performed according to Parolo et al.?, and the peak
intensities of test lines were plotted versus HIgG concentration to obtain analytical parameters.

Data were fitted using a four-parameter logistic curve as summarized in Table 4.3.
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Figure 4.7. AuNPs size effect on sensitivity of LFAs. Calibration curves of 20, 40, 60 and 80 nm AuNPs-
LFAs for detection of HIgG in immunoglobulins depleted human serum samples ranging from 0 to 3000
ng/mL. (A) Calibration curves of four AUNPs LFAs: test line peak signal as the y-axe and the log value of
HIgG concentrations as the x-axe. (B) Calibration curves of four AuNPs LFAs: normalized test line signal
(obtained from (A) equations) as the y-axe and the log value of HIgG concentrations as the x-axe. Equation
parameters are summarized in Table S3. (C) The images of four AuNPs lateral flow test strips for detection
human IgG ranging from 0 to 3000 ng/mL. 3000 ng/mL was excluded for the calibration curves of 40, 60 and

80 nm AuNPs LFAs.
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Table 4.3. Equation parameters of all LFs systems for detection of HIgG inimmunoglobulins

depleted human serum samples

Au-IrO2 NFs AuNPs
[1:0.25] [1:1.5] 20 nm 40 nm 60 Nnm 80 nm
(Start + error) 3.96+0.80 -0.15+1.15 7.76+1.83 1.96+2.94 4.67+4.00 5.50+4.40
(End % error) 110.91+1.80 148.01+£12.54 88.13+6.79 111.70+£12.94 115.65+20.32 103.53+11.14
(k  error) 41.37+£2.72 114.68+29.58 106.96+25.70 102.29+25.72 140.57+£71.65 100.18+29.64
(n £ error) 1.02+0.05 0.70%0.06 1.27+0.22 1.16+0.23 0.70+0.19 0.96+0.20
Reduced 2 0.44 0.06 6.68 4.14 4.66 2.33
R2 0.99 0.99 0.99 0.99 0.99 0.99
Adjusted R2 0.99 0.99 0.98 0.99 0.98 0.98

The fitted curves correspond to a four-parameter logistic curve (4PL, sigmoidal curve) following the

equation: y = START + (END - START) * x*n / (k®*n + x*n).

| found that AuNPs-based LFA strips exhibited an estimated visual limit of detection (LoD) of 10
ng/mL, while the use of nanoflowers allowed us to obtain lower visual LoDs of 3 ng/mL for both
systems (i.e., Au—IrO2 NFs [1:0.25] and [1:1.5]) (see Figure 4.8). The quantitative analysis of the LFAs
using a previously reported procedure'? also highlights the superior analytical properties of Au—
IrO2 NFs in comparison to the standard AuNPs. Specifically, the calculated LoDs were 10.1, 1.3,
and 1.2 ng/mL for AuNPs, Au-IrO2 NFs [1:0.25], and Au—IrO2 NFs [1:1.5], respectively. Meaning
that about 7-fold and almost 8.5-fold improvements were achieved using Au—IrO2 NFs [1:0.25]
and Au—IrO2 NFs [1:1.5] with respect to the classical AUNPs-LFAs. The LoDs obtained in real
samples were similar to those obtained with the human IgG in PBS buffer (Figure 4.9), showing that
the matrix did not affect substantially the signal, thus proving their potential for real sample applications.
As | mentioned before, the sensitivity can be improved by different factors such as size, shape,
and optical properties of the nanoparticles used as labels. In this work, the main contributor to
this improvement is definitely the high optical intensity of the Au—IrO2 NFs, especially the Au—
IrO2 NFs [1:0.25] which molar extinction coefficient (g) is twofold the eaunps@onm) used in this work,

i.,e., 5x10%vs 2.5 x 10° M-' cm~". Calculations of these values can be found in the Table 4.4. Based on
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these results, the highest extinction coefficient corresponds to the Au-IrO2 NFs [1: 0.25] that agrees with the
color intensity of the test lines and therefore, it is correlatedwith the signal to noise ratio. Despite
these particles have been recently characterized®?, the molar extinction coefficients have been
not reported yet, and the obtained values represent an approximate calculation to explain the

strong absorption when compared with AuNPs.

Table 4.4. Extinction coefficients of nanoparticles

Nanoparticle (exerror) M cm?
AuNP 20 nm 2.08+0.03 x 108
AuNP 40 nm 2.54+0.03 x 10°
Au-IrO2 [1:0.25] NFs 5.04+0.01 x 10°
Au-IrO2 [1:1.5] NFs 1.09+0.06 x 10°
AuNPs
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Figure 4.8. Quantification of HIgG in immunoglobulin-depleted human serum by LF strips with: (A) AuNPs,

(B) Au—IrO2 NFs [1:0.25], and (C) Au-IrO2 NFs [1:1.5] as colorimetric labels, ranging from 1 to 3000 ng/mL
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and their corresponding calibration curves at their optimal pH. Black rectangle over the LF strips indicates

the visual limit of detection.
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Figure 4.9. Quantification of HIgG (in PBS buffer) by LF strips with: (A) AuNPs (B) Au- IrO2 NFs [1:0,25]
and (C) Au-IrO2 NFs [1:1,5] as colorimetric labels, ranging from 0 to 3000 ng/mL and their corresponding

calibration curves at their optimal pH. Blackrectangle over the LF strips indicates the visual limit of detection.

Specifically, the Au—IrO2 NFs-based LFA strips employing a ratio of Au—IrO2 NFs [1:0.25] display
an intense blackish line, producing a bigger contrast with the nitrocellulose. On the contrary, using
Au—IrO2 NFs with higher iridium content [1:1.5] allow us to obtain a more grayish line at the same
concentration of target (Figure 4.10). This difference can be attributable to the suppression of the
localized surface plasmon resonance (LSPR) of the plasmonic component (Au) caused by a
higher content of iridium in the Au-IrO2 NFs [1:1.5], which leads to a decrease in the absorbance
intensity of the nanoflowers%2. These results are also supported by the better defined plasmonic

peak of Au—IrO2 NFs [1:0.25] observed in the UV-vis measurement.
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Figure 4.10. Plot profile of Au-IrO2 NFs-LF strips at 1000 ng/mL (in PBS buffer).

An overview of different nanoparticle-based LFAs for the detection of immunoglobulin G is
presented in Table 4.5. From the listed nanoparticles, besides the ones used in this work, the nanoparticles
that exhibit the lowest LODs correspond to the gold nanocages’® and Au—Pt nanoflowers”! because of
their unique shapes that allow a higher amount of immobilized antibodies on their surfaces.
Spherical AuNPs (17 nm) were used as labels for the detection of HIgG, leading to LODs of 35
and 73 ng/mL in nitrocellulose membranes with different pore sizes, which also have an impact
on the sensitivity of the assay?®. A previous work from our group employed IrO2 NPs as labels in
LFAs due to their bioconjugation capabilities and their vivid blue color, enabling a better contrast
with the nitrocellulose, improving the LOD by twofold compared with AuNP-based LFAs for HIgG
detection?2. Despite this, their synthesis is lengthy (ca. 3-4 h) and requires a high amount of
blocking proteins upon bioconjugation to avoid the unspecific adsorptions onto the detection
membrane. This blocking condition diminish the optical signal on the LFA strip and may detract
from their colorimetric advantage with the AuNPs. Here instead, | achieved an 8.5-fold
improvement using Au—IrO2 NFs [1:1.5] (when compared with the optimized AuNP-based LFA)
that are easy to synthesize and modify. Additionally, the Au—IrO2 NFs have a tremendous potential

to be used as electrocatalytic labels.

Table 4.5. Comparison of the nanoparticle-based LFAs for detection of IgG
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Label Target range (ng/mL) Lineal range (ng/mL) LOD (ng/mL) Ref.
Au nanocages rabbit IgG 0-50 0.5-50 0.1 70
IrO2 NPs human IgG 0-1000 250-750 70 22
AuNPs-17 nm human IgG 0-1000 10-1000 35 26
73
Au-Pt NFs rabbit 1IgG 0-20 0.5-20 0.047 4
Au-IrO2 NFs [1:0.25] human IgG 0-3000 10-300 1.3 this work
Au-IrO2 NFs [1:1.5] 1.2

4.3.4.2. Specificity and selectivity of Au-IrO2 NFs-based LFAs

Our LFA strips are sensitive and selective. To demonstrate the specificity of the Au—IrO2 NFs-
based LFAs, | challenged them against immunoglobulin-depleted human serum samples spiked
with 1000 ng/mL of IgG from different hosts, such as chicken, goat, mouse, rabbit, and human.
This ensures to change the chemistry of the biomolecule without changing the properties of the
biological fluid. As demonstrated by the collected data, IgGs from chicken, goat, mouse, and rabbit
produced very weak colorimetric signals, similar to their blank (obtained in PBS) (see Figure 4.11).
As a positive control experiment, | spiked the serum sample with antibodies from human and, as
expected, | observed a 62.3 and 67.7% cross-reaction rate with human IgG antigen (100%). Given
the results, both Au—IrO2 NFs-based LF systems showed good specificity and selectivity, as well

as they could discriminate between human IgG from other IgG interfering biomolecules.
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Figure 4.11. Specificity and selectivity tests of (A) Au—IrO2[1:0.25] and (B) Au—IrO2 NFs [1:1.5] LFA for
detection of human IgG. Immunoglobulin-depleted serum was spiked with 1000 ng/mL of IgG from chicken,

goat, mouse, and rabbit hosts as the interferences.

4.3.4.3. Recovery of Au-IrO: NFs-based LFAs for detection of HigG

The performance of the proposed LFAs was also evaluated by recovery experiments.
Immunoglobulin-depleted human serum samples were spiked with 30, 100, and 300 ng/mL of
human IgG in the same day (intra-assay) and in 3 consecutive days (inter-assay). The recoveries
of Au—IrO2 NFs [1:0.25] LFA ranged between 91.9 and 99.3% for intra-assay experiments and
varied between 95.5 and 103.1% for inter-assay experiments. Similarly, the intra- and inter-assay
recoveries of Au—IrOz NFs [1:1.5] LFA were from 92.2 to 109.7% and from 86.0 to 103.2%,
respectively (see Table 4.6). Summarizing, all the recovery values were between 86 and 109%,
and the coefficients of variation (CV) were less than 15% (Table 4.6). These results demonstrate
that both Au—IrO2 NFs LFAs possess a good accuracy and can be considered as a promising

alternative for the detection of HIgG in a real scenario.

Table 4.6. Recoveries from the Intra- and Inter-Assays for Detecting HIgG Immunoglobulin-

Depleted Human Serum Samples by Au-IrOz2 NFs LFAs

Intra-assay Inter-assay

Au-IrO2 NFs [spiked HigG] ng/mL [calculated HigG] ng/mL recovery (%) [calculated HIgG] ng/mL recovery (%)

30 27633 91.9+11.1 30.9+3.2 103.1 £ 10.5
[1:0.25] 100 98.5+4.8 98.5+4.38 99.9+12.5 999125
300 298.0 £31.2 99.3+10.4 286.5 £ 38.1 95.5+12.7
30 32724 109.7 £ 7.2 31543 103.2+13.3
[1:1.5] 100 106.5 +6.3 106.5 +6.3 97.0+x14.4 97.0+x14.4
300 276.6 £23.9 92.2+8.0 258.0 £ 36.5 86.0 +12.2

4.3.4.4. Stability of Au-IrOz2 NFs-based LFAs for detection of HIgG

To assess the performance of the proposed LFAs in the long-term, the Au—IrO2 NFs-based LF

strips were stored at room temperature for 0, 1, 2, and 4 weeks, and the signal of immunoglobulin-
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depleted human serum samples with 0, 30, 100, and 300 ng/mL HIgG was measured (Figure
4.12A). For all human IgG concentrations tested, the CV values over the time ranged between 0.5
and 7.1% for the Au—IrO2 NFs [1:0.25] LFA (Figure 4.12B) and between 0.7 and 8.5% for the Au—
IrO2 NFs [1:1.5] LFA (Figure 4.12C). These values demonstrate that both Au—IrO2 NFs-based LFAs

were stable for at least 1 month.
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Figure 4.12. Stability performance of Au—IrO2 NFs-based LFAs for detection of HIgG. (A) Optical intensity
values for the detection of 0, 30, 100, and 3000 ng/mL of HIgG in immunoglobulin-depleted human serum,
using LFA strips stored at room temperature for 0—4 weeks for (B) Au—IrO2 NFs [1:0.25] and (C) Au—IrO2 NFs

[1:1.5] LFA, respectively.

4.4. Conclusions

To the best of our knowledge, | have demonstrated for the first time the use of tailored Au—

IrO2 NFs as colorimetric labels for LFAs for the detection of HIgG as a model biomarker. The
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promising results obtained in this work indicate that Au—IrO2 NFs can be used as superior
colorimetric labels (compared to the standard AuNPs) in LFAs for the detection of protein
biomarkers. Specifically, | managed to decrease the Au—IrO2 NFs diameter to make them better
suited to flow through the LFA strips, while at the same time | preserved their strong plasmonic
behavior and stability. Particularly relevant for point-of-care applications, the synthesis and
functionalization of Au—IrO2 NFs are simple and straightforward, potentially supporting their mass
production. Employing them as colorimetric labels in LFAs, | achieved an improvement in the LoD
of up to 8.5-fold when compared to classical 40 nm AuNPs. Despite | demonstrate the ability of
the Au-IrO2 NFs-based LFA strips to detect the target in a commercial biological fluid, the selected
artificially treated sample does not have the same complexity of a pooled human serum sample.
This represents a limitation of this work; therefore, further studies need to be performed to
optimize the LFAs to support samples from real patients. Looking ahead, | believe that due to the
presence of IrOz on the nanoflower, they could also act as dual optical/electrochemical labels in
paper-based electrochemical systems®8, thanks to their plasmonic peak and electrocatalytic

behavior?2.
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CHAPTER 5. AuNPs and Au-IrO2 NFs as bioluminescence absorbers in bioanalytical platform

based on inner filter effect

5.1. Introduction

Since its invention by Engvall and Perlmann in 19717, the enzyme-linked immunosorbent assay
(ELISA) has become one of the most widely used bioanalytical techniques’. Its success relies on
its ability to detect with high sensitivity almost any biomolecular target (e.g., peptides?, proteins3,
antibodies*®, hormones®, vitamins?, and drugs®?®) directly from biological fluids (e.g., serum,
plasma, cell, and tissue extracts, etc.) and within a few hours (between 2 and 8 hours)'0. This
provided an unprecedent analytical tool to monitor and assess clinically relevant targets involved,
for example, in the progression of a disease (improving our understanding of pathophysiological
events') or in the development and testing of novel pharmaceutical treatments'2. As a result,
ELISA has become the cornerstone of clinical’3, pharmaceutical’#, and environmental analysis®.
Despite its success, ELISA still has limitations, such as time-consuming procedures based on
multi-step "batch” processes (i.e., separations, washing, or incubation), the use of large sample
volumes, the need for trained personnel and expensive, bulky, and fragile equipment'®. These
drawbacks still hinder the widespread use of ELISA in low-income countries and rural areas'3.17,
where fully equipped laboratories, specialized personnel, and significant economic resources may
not be available'®1. Therefore, the development of new ELISA platforms with lower cost, easier
to perform protocols, enzyme-free, high sensitivity and accuracy would allow the widespread use
of this technique in low-resource settings’® and promote the democratization of the healthcare

system?0,

Over the past four decades, many research groups have attempted to address these technical
challenges by proposing novel detection strategies and bioengineering approaches'3. Regarding
the former, most efforts have focused on making the assays more sensitive, accurate, and high
throughput by improving one (or more) component of the ELISA assay (e.g., adsorbent substrate,
recognition elements, signaling molecules, and staining reactants). For example, the introduction
of nanomaterials and their use as new signaling molecules (e.g., gold nanoparticles?!, nanorods,
nanostars, nanoflowers?? and silver nanoparticles?3, etc.) has allowed the classical colorimetric
signal to be converted to a fluorescent or chemiluminescent readout (e.g., plasmonic ELISA,

bead-based ELISA called Luminex?* and ELISpot?%) achieving higher sensitivity and accuracy. At
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the same time, the development of new bioengineering approaches has made ELISA easier-to-

perform, for example, by reducing the number of steps, the time required to perform the assay, or
the volume required for the analysis (e.g., using paper?, sliding strips?” and microfluidic
platform?8). Despite these achievements, less effort has been made to develop more sustainable,
low-cost, and enzyme-free ELISA assays that could make the overall platform more robust and
potentially applicable in resource-limited settings's. For example, most of the aforementioned
studies still rely on the catalytic activity of enzymes??, metal complexes/nanoparticles® or
oligonucleotides (e.g., DNAzymes?'), which require specific facilities for their production,

synthesis, and storage'®.

Motivated by the above arguments, | propose here an alternative ELISA platform based on the
inner filter effect (IFE)32-35 between the bioluminescent bacteria of Allivibrio fischeri (A. fischeri)3
and metallic nanoparticles. | named this new assay: Bioluminescent-Bacteria-Linked
Immunosorbent Assay (BBLISA). IFE is a radiative energy transfer phenomenon observed in
fluorescence measurements that results from the absorption of the excitation and/or emission
energy of the fluorophore by the absorber, when the absorption spectrum of the absorber overlaps
with the fluorescence excitation or emission spectrum of the fluorophore (Figure 5.1a)3437. In the
BBLISA, A. fischeri is the species that emits light (i.e., the bioluminescent signal) and the metallic
nanoparticles are the species that absorb the emitted light (Figure 5.1b). More specifically, the
presence of the biomolecular target induces the accumulation of the antibody-modified metallic
nanoparticles in the well through the formation of the classic immune-sandwich complex (Figure
1¢). The subsequent addition of the bioluminescent bacteria to the well allows the generation of
a bioluminescent signal whose intensity is inversely-related to the number of metallic
nanoparticles and thus to the selected target (Figure 5.1c). To demonstrate the bioanalytical
properties of the proposed platform, | used BBLISA for the detection of two biomarkers (the human
IgG (HIgG) and the SARS-CoV-2 nucleoprotein (Np)) in their clinically relevant ranges and directly
in human serum. By using different metallic nanoparticles (with different light absorption
properties) as molecular absorbers, | can modulate the sensitivity of the BBLISA to achieve the

same analytical performance as a conventional ELISA.
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Figure 5.1. (a) Schematic illustration of the Inner Filter Effect (IFE) concept. To observe this optical effect,
the absorption spectrum of the absorber must overlap with the emission spectrum of the fluorophore. As a
result, when a fixed concentration of fluorophore is titrated into the well with an increasing concentration of
absorber, a decrease in fluorescence emission is observed. (b) Schematic representation of IFE in the
BBLISA assay. The absorber (i.e., metallic nanoparticles) was selected based on its absorption spectrum
which must overlap the bioluminescence emission spectrum of the bioluminescent bacterium (i.e., A.
fischeri). Therefore, when a fixed concentration of bioluminescent bacteria is titrated into the well with an
increasing concentration of nanoparticles, a decrease in bioluminescence emission is observed. (c)
Schematic of the BBLISA assay for the detection of clinically relevant targets. The BBLISA assay is based
on the classic immunosandwich format and the protocol consists of the following steps: 1) the target is added
to the well and captured by the capture antibody; 2) the detection antibody attached to the surface of a

metallic nanoparticle recognizes the target inducing the formation of the immunosandwich complex; 3) the
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solution containing A. fischeri is added to the well and the bioluminescence signal is immediately recorded.
Using the immunosandwich format in the BBLISA assay, the optical signal is inversely-related to the

concentration of the target.

5.2. Materials and methods

5.2.1. Reagents and buffers preparation

5.2.1.1 Chemicals and biomaterials

Tetrachloroauric acid trihydrate (HAuCls-3H20 99.9%), Iridium(lll) chloride hydrate (IrCls-xH20
99.9%), sodium citrate, phosphate buffer saline (PBS) tablets, disodium hydrogen phosphate
heptahydrate, monosodium phosphate, sodium bicarbonate, sodium carbonate anhydrous, boric
acid, sodium tetraborate decahydrate, sodium chloride, hydrochloric acid, sodium hydroxide,
bovine serum albumin (BSA), Tween-20, 3,3',5,5"-Tetramethylbenzidine (TMB, T0440 & T4444),
sulfuric acid, human IgG from human serum (12511), anti-human IgG (produced in goat; 11886),
and biotinylated anti-human IgG (y-chain specific) (produced in goat; B1140) were purchased
from Sigma-Aldrich (St. Luis, MO, USA). Human immunoglobulin depleted serum was purchased
from Celprogen (Torrance, CA, USA). SARS-CoV-2 nucleocapsid-his recombinant protein
(40588-V08B), monoclonal mouse anti-nucleoprotein antibody (40143-MMO08) and polyclonal
rabbit anti-nucleoprotein antibody (40588-T30) was supplied by Sino Biological. Normal human
serum (S1-100ML) was purchased from Sigma-Aldrich (St. Luis, MO, USA). Tributyltin (TBT),
tryptone, yeast extract, glycerol for molecular biology, agar, sucrose and casein hydrolysate were

purchased from Sigma-Aldrich (St. Luis, MO, USA).

5.2.1.2. Preparation of marine broth medium

Marine broth medium was prepared by dissolving 5 g of tryptone, 20 g of sodium chloride, 3 g of

yeast extract, 3 mL of glyceol in 1000 mL of MilliQ H20 and then autoclaved for 30 min at 121 °C.

5.2.1.3. Preparation of various buffers for BBLISA and ELISA

One PBS tablet (Sigma, P4417-100TAB) was dissolved into 200 mL of MilliQ H20 to get the 0.01
M, pH 7.4 of PBS buffer. The washing buffer of 0.05% PBST was prepared by adding 0.5 mL

Tween-20 to 999.5 mL of 0.01 M, pH 7.4 of PBS buffer. The 0.05 M, pH 9.6 of Carbonate-
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Bicarbonate Buffer (CBS) was prepared by dissolving 2.88 g of sodium bicarbonate and 1.666 g
of sodium carbonate (anhydrous) to 800 mL of MilliQ H20 and then using MilliQ H20 adjusting

total volume to 1000 mL.

5.2.2. Production of bioluminescent bacteria

Aliivibrio fischeri (ATCC® 700601™) was purchased from the ATCC collection (Manassas, VA,
USA) and stored at -80°C. To culture Allivibrio fischeri (A. fischeri) | followed a previously
established protocol®® using as medium marine broth (MB). Initially, 25 pL of a stock of A. fischeri
was taken from -80°C storage and thawed at room temperature for a minimum of 10 minutes.
This 2.5 L of aliquot was then added to 25 mL of MB medium in an Erlenmeyer flask and the
solution was cultured at room temperature for 18-24h with continuous orbital shaking at 135 rpm
using a SSM1 Stuart mini-orbital shaker (Staffordshire, United Kingdom). If the culture needed to
be renewed, 2.5 L of a 24-hour-old bacterial culture was added to 25 mL of MB medium, and the
process was repeated. The concentrations of bacterial suspensions were estimated by analyzing
the optical density value at 600 nm (ODsoo) using the Fisherbrand™ Cell Density Meter, and the
software provided by Agilent Genomics
(https://www.chem.agilent.com/store/biocalculators/calcODBacterial.jsp) was used for this

purpose.

5.2.3. Synthesis of metallic nanoparticles

To characterize the BBLISA sensing mechanism (Figure 5.2), | used commercial AuNPs of
different sizes (20, 40, 60, 80 and 100 nm) that were purchased from nanoComposix (Czech
Republic). For the BBLISA experiments (Figure 5.9), | synthetized AuNPs of 20 nm using a revised
Turkevich synthesis method®8. Specifically, | added 8 mL of a 1% HAuCI4 solution (25 mM) to an
Aqua Regia- cleaned Erlenmeyer flask and adjusted the volume to 400 mL using milli-Q water.
The solution was heated to boiling point, and 10 mL of 1% (w/v) sodium citrate was added with
vigorous stirring using an IKA Magnetic Stirrers (Spain). The solution was kept at the same
condition for 10 minutes until the color changed from light yellow (HAuCl4 color) to deep blue and
eventually to wine red. The solution was left to cool down to room temperature with only light

stirring, and then stored at 4°C for later usage.
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For the BBLISA experiments (Figures 5.10 and 5.14), gold-iridium oxide nanoflowers (Au-IrO2
NFs) was synthesized following a synthesis method | recently developed??. Initially, | heated 25
mL of a solution of sodium citrate (2.5 mM) until it reached the boiling point. Next, | mixed 1770
pL of HAuCl4-3H20 (12 mM) with 442.5 pL of IrCls-xH20 (12 mM) and adjusted the solution to 5
mL using milli-Q water. This solution was added in a single step to the boiling sodium citrate
solution. Boiling was continued for additional 2 minutes, during which time the solution’s color
changed from pale green to petrol blue. | then cooled the suspension to room temperature under

continuous stirring and stored it at 4°C until further usage.

5.2.4. Optical characterization of A. fischeri and metallic nanoparticles

SpectraMax iD3 from Molecular Devices (San José, CA, USA) was used to obtain the
bioluminescence and absorption spectra of bacteria and metallic nanoparticles, and to collect the
colorimetric and bioluminescence signal during BBLISA experiments. Microplates were
purchased from Thermo Fisher (Spain), including transparent 96-well microplates (10078850),
transparent and white immuno nonsterile 96-well microplates (10777621 & 10396181), and white

sterilized cell culture 96-well microplates (10072151).

To collect the bioluminescence spectra of A. fischeri bacteria (Figure 5.2a), 100 pL of a bacterial
suspension with a concentration of 10° CFU/mL was added to white 96-well microplates.
Bioluminescence was detected every 2 nm from 400 nm to 700 nm. To collect the absorption
spectra of metallic nanoparticles (Figures 5.2a and 5.10a), 100 uL of different sizes of AUNPs (20
nm, 40 nm, 60 nm, 80 nm and 100 nm) and Au-IrO2 NFs were pipetted into transparent 96-well

microplates. Absorbance was detected every 2 nm from 400 nm to 700 nm.

5.2.5. Bioluminescence of bacteria in the presence of metallic nanoparticles

To characterize the inner filter effect between A. fischeri and metallic nanoparticles (Figures 5.2
and 5.10), the naked nanoparticles were first coated with BSA. Specifically, 1 mL of synthesized
nanoparticles was mixed with 100 pL of 10% (w/v) BSA in H20 and incubated for 30 min at room
temperature under shaking at 550 rpm. The resulting conjugates were then centrifuged at room
temperature using different speeds depending on the size of the AUNPs and Au-IrO2 NFs. More

specifically, 14000 rpm (20 min, 20 nm AuNPs), 10000 rpm (20 min, 40 nm AuNPs), 8000 rpm
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(15 min, 60 nm AuNPs), 5000 rpm (10 min, 80 nm AuNPs), 3500 rpm (10 min, 100 nm AuNPs),
and 6000 rpm (10 min, Au-IrO2 NFs). The supernatant was removed, and the pellets were
resuspended using 500 uL of marine broth media. For the bioluminescence measurements, 50
uL of BSA coated nanoparticles were mixed with 50 pL of A. fischeri (10° CFU/mL) in 96-well

microplates.

To obtain bioluminescence inhibition titration curves of A. fischeri (1-10° CFU/mL) (Figures 5.2f
and 5.10f), | coated metallic nanoparticles with BSA using the previous procedure. Specifically, |
prepared 20 nm coated AuNPs at different concentrations (7.5 pM, 25 pM, 75 pM, 0.25 nM, 0.75
nM, 2.5 nM and 7.5 nM) in marine broth. Additionally, | prepared different concentrations of coated
Au-IrO2 NFs (0. 73 pM, 2.4 pM, 7.3 pM, 24 pM, 73 pM, 0.24 nM and 0.73 nM) in MB. | then mixed
50 uL of each nanoparticle concentration with 50 uL of A. fischeri (about 10° CFU/mL) in the 96-
well microplates. Bioluminescence signals were collected from three different wells for each

nanoparticle concentration.

5.2.6. Growth curves of A. fischeri in presence of AUNPs or Au-IrO; NFs

In order to obtain bacterial growth curves (Figures 5.2¢ and 5.10d), 40 pL of 20 nm AuNPs (2.5
nM) or Au-IrO2 NFs (0.24 nM) coated with BSA were mixed with 160 uL of A. fischeri (103 CFU/mL)
in the transparent 96-well microplate with a lid. Additionally, 40 pL of pesticide tributyltin (at a
concentration of 100 ng/mL) was mixed with 160 WL of A. fischeri (about 103 CFU/mL) as positive-
toxic control. The microplate was then placed on the support of SpectraMax iD3 and absorbance
at 600 nm was detected every 10 min for 48 hours under orbital shaking. For the bacterial growth
curves obtained collecting the bioluminescence signal, | repeated the previous procedure but |
used white 96-well microplates with lids. All the measurements were performed using three

replicates.

5.2.7. Characterization of A. fischeri and metallic nanoparticles

To characterize the internal structure, external morphology, dispersion, diameter, and size
uniformity of AuNPs and Au-IrOz NFs, high-resolution transmission electron microscopy (HR-TEM)
measurements were carried out using a Tecnic G2-F20 (Figure 5.6a and 5.10b). TEM grids

(carbon film 300 MESH Copper grids CF300-CU) were obtained from Electron Microscopy
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Sciences. For TEM imaging, metallic nanoparticles coated with BSA (AuNPs and Au-IrO2 NFs)
were first centrifuged and then diluted with milli-Q water until transparent color was achieved. The
diameters of the nanoparticles and their size distribution were analyzed using Image J software
and represented as a histogram (Figure 5.6b and 5.11a). SEM images of Allivibrio fischeri were
obtained using a SEM Zeiss EVO MA10. A 20 mL aliquot of 10° CFU/mL fresh A. fischeri was
processed according to SEM testing protocol®, which enabled the clear visualization of the
bacteria’s morphology and structure (Figure 5.2d). Cryogenic Electron Microscopy (Cryo-EM) was
used to visualize Allivibrio fischeri with metallic nanoparticles (AuNPs and Au-IrOz NFs) using
TEM JEOL 2011 200 KV (Figure 5.2e and 5.10e). For the measurement, 10° CFU/mL of A. fischeri
and metal nanoparticles coated with BSA (1.25 nM of AuNPs and 0.03 nM of Au-IrO2 NFs) were
mixed in equal volumes and processed for Cryo-TEM testing. A 3.9 pL aliquot of the resuspended
was added to a carbon TEM grid, held with a pair of forceps, and loaded onto a preparation
chamber containing a liquid ethane bath cooled to a temperature between -178°C and -180°C
using an automated liquid nitrogen flow*°. The resulting images were acquired by a Gatan

Ultrascan US1000 CCD camera and analyzed with a Digital Micrograph 1.8.

5.2.8. Conjugation of metallic nanoparticles with antibodies

To conjugate anti-human IgG antibodies (anti-HIgG) and anti-nucleoprotein of SARS-CoV-2
antibodies (anti-Np) to metallic nanoparticles, | followed a previously established protocol?241. |
adjusted AuNPs solution to pH 8 and Au-IrO2 NFs solution to pH 7 using 0.1 M of borate buffer
(BB, pH 9.2) for conjugation with anti-HIgG and anti-Np, respectively. | then mixed 1.5 mL of
AuNPs or Au-IrO2 NFs with 100 L of 30 pg/mL of biotinylated anti-HIgG (or 100 pL of 10 pg/mL
of anti-Np) and incubated the mixture for 30 min with 550 rpm shaking at room temperature. Next,
| added 100 L of 1% BSA (w/v) solution and continued the incubation for another 30 min with
550 rpm shaking at RT. | centrifuged the AuNPs conjugates at 14000 rom and RT for 20 min,
while | centrifuged Au-IrO2 NFs at 6000 rpm at RT for 10 min. | removed supernatants and washed
the pellets of the conjugated nanomaterials one time using equal volume of PBST (0.01M PBS,
0.05% Tween-20, pH 7.4). | then centrifuged the pellets again using the same parameter and
resuspended them in 0.75 mL (AuNPs conjugates) or 1.5 mL (Au-IrO2 NFs) of PBS (0.01 M, pH

7.4) and stored at 4°C for further use. For the dynamic light scattering (DLS) and particle surface
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charge measurement (Z-potential) (Figure 5.6¢c and 5.11b and Table 5.1), | used 1.25 nM of
AuNPs and AuNPs conjugates aqueous solution (or 0.03 nM of Au-IrO2 NFs and Au-IrOz2 NFs
conjugates). These measurements allowed us to estimate the changes of size, distribution, and
stability of metallic nanoparticles before and after conjugation with protein. For the incubation step
| used a PCMT ThermoShaker (Grant Instruments, UK). Nanoparticles were centrifuged in a
Centrifuge Allegra 64 R from Beckman Coulter (USA). DLS and Z-potential measurements were

performed using ZetaSizer Nano ZS (Malvern, United Kingdom).

5.2.9. Detection of human IgG and SARS-CoV-2 nucleoprotein based on colorimetric ELISA

To coat the wells, 100 yL of 2 ug/mL of anti-HIgG or 5 yg/mL of anti-Np in Carbonate-Bicarbonate
buffer (CBS, 0.05M, pH 9.6) was added to each well and incubated overnight at 4°C. The solution
with the antibody was removed and the wells were washed three times with 250 yL of washing
buffer PBST (0.01 M PBS, 0.05% Tween-20, pH 7.4). Next, 200 pL of 3% BSA (in 0.01 M PBS,
pH 7.4) was added for blocking extra space and avoiding the non-specific interactions from
detection antibody. The plate was incubated for 1 h at 37°C, followed by washing steps. For the
assay, 100 pL of human IgG or nucleoprotein samples were added to the wells pre-coated with
anti-HIgG or anti-Np, and the plate was incubated for 45 min at 37°C. Afterward, 100 uL of
detection anti-HIgG or anti-Np antibody were added to each well and incubated for 30 min at 37°C.
Next, 100 uL of streptavidin-HRP or secondary antibody modified by HRP was added to each well
and incubated for another 30 min at 37°C. After each incubation step, the plate was washed three
to five times with PBST. Finally, 100 uL of TMB (substrate solution) was added to each well and
incubated for 20 min at 37°C, followed by the addition of 50 pL of 1M H2SO4 (stop solution). The

plate was immediately read using a spectrophotometer at 450 nm and 620 nm.

5.2.10. Detection of human IgG or nucleoprotein based on BBLISA

The first three steps of the BBLISA protocol, which involve capture antibodies pre-coating,
blocking with BSA, and analyte incubation, are identical to those in the colorimetric ELISA method.
However, in BBLISA, the analyte-bound wells are incubated with AUNPs (2.5 nM) or Au-IrO2 NFs
(0.12 nM) conjugates for 30 min at 37°C, followed by washing five times. Finally, 100 pL of pre-

cultured bioluminescent bacteria (Allivibrio fischeri, 10° CFU/mL) were added to the wells, and
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bioluminescence is immediately collected using a spectrophotometer at 495 nm.
5.2.11. Data analysis

Colorimetric or bioluminescence signal were acquired with SpectraMax iD3. Fiji Image J-windows
64 bit was used to measure the diameter of nanoparticles from TEM images. Origin 2019-64 bit

software was used for fitting curves using four parameter logistic equation2.

To obtain the relative signal change (%) in BBLISA (Figures 5.2, 5.5b, 5.9, 5.10, 5.13b and 5.14)
at a given absorber or target concentration | measured the bioluminescence signal and relates
this to the initial signal of the A. fischeri in the absence of absorber or target, using the following

formula:

BL(absorber or target) — BL, y

1
3L 00

Signal change (%) =

where BL (Absorber or target) is the bioluminescence in the presence of the absorber or the target;

BLo is the bioluminescence of A. fischeriin the absence of absorber or target.

| fit the calibration curves for BBLISA with the following four parameter logistic equation:
(BLmax_BLmin)

(1))

where X is the concentration of the target, BLmax is the maximum value of the signal change (%)

Signal change (%) = BLpyax +

in the absence of target, BLmin is the minimum value of the signal change (%) in the presence of
the target, I1Cso is the concentration of target where is located the inflection point, and h is the Hill

coefficient which describes the slope of the curve.
To improve the comparison between BBLISA and ELISA, | normalized the signal change (%)
(Figures 5.9 and 5.10) using the following equation:

Signal change (%)
(BLmax - BLmin)

Norm.Sign.Change =

Additionally, | normalized absorbance (Figures 3 and 5) and bioluminescence signals using the

following formulas:

BL—BL

Norm. Bioluminescence = ————,
BLmax—BLg
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A_AO

Norm.Absorbance = ———
Amax - AO

where A is the absorbance in the presence of the target, Amax represents the maximum
absorbance value at saturating concentration of target, Ao is the absorbance in the absence of

target.

The limit of detection (LOD) was estimated measuring ten replicates of a blank sample,
determining the mean value and standard deviation (SD), and calculating LOD as the mean + 3
SD. The limit of quantification (LOQ), instead, was calculating as the mean of the blank £10 SD
(for ELISA (blank + 3 * SD; blank + 10 * SD and for BBLISA (blank - 3 * SD; blank - 10 * SD)).
The dynamic range was calculated as the concentration range that induces a signal change of

10% to 90%. All of the performance parameters are summarized in Tables S2 and S3.
5.3. Results and discussions
5.3.1. BBLISA design and inner filter effect characterization

To develop the BBLISA, the first step is to select a molecular absorber that can efficiently absorb
the light emitted by the bacteria (i.e., A. fischeri) (Figure 5.2a, blue spectrum). This molecular
component must have an absorption spectrum that overlaps with the emission spectra of the A.
fischeri (Figure 5.1b). In addition, it must be non-toxic to the bacteria, easy to functionalize with
common bioreceptors (e.g., antibodies and aptamers), and must be stable over time. With this in
mind, | chose the well-known and widely used gold nanoparticles (AuNPs) as a test bed*3. More
specifically, they exhibit plasmonic (absorption) peaks in the range of approximately from 515 nm
to 575 nm (depending on the AuNP diameter)** (Figure 5.2a, colored spectra). Their synthesis is
inexpensive and can be performed using different methods345-48 with a small and low-cost
laboratory equipment. Finally, they are non-toxic to both bacteria and humans*®%°, and can be
easily functionalized with bioreceptors (both via non-covalent adsorption or using covalent
strategies)*65152, Of note, the non-toxicity of AUNPs is crucial because it guarantees that the
decrease in bioluminescence signal is due to the IFE and not to the death of bacteria due to the

presence of the nanomaterial.
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Figure 5.2. Characterization of the inner filter effect between A. fischeri and AuNPs. (a) Normalized emission
spectrum of A. fischeri (blue) and the absorption spectra of different sizes of AuNPs (20, 40, 60, 80 and 100
nm; from orange to green) are shown. The overlapping capability between A. fischeri and AuNPs decreases
as the size of AuNPs increases, as indicated by the plasmonic peak red shift associated with larger AuUNPs.
(b) Bioluminescence signal change of A. fischeri is plotted as a function of AUNPs with different sizes (i.e.
20, 40, 60, 80 and 100 nm). (c) Normalized absorbance at 600 nm of A. fischeri in the presence and absence
of 20 nm AuNPs (2.5 nM, orange and blue curves) or pesticide tributyltin (100 ng/mL, grey curve) over a
time period from 0 h to 40 h. The inset shows a cryo-TEM image indicating that AuNPs are distributed in the
culture medium and some even adhere to the wall of A. fischeri without affecting their growth. (d) SEM image
of A. Fischeri rod-shaped and terminal flagellated. (e) A cryo-TEM image of A. fischeri in the presence of
AuNPs. (f) Bioluminescence signal change of A. fischeri (1-10° CFU/mL) is plotted as a function of different
concentrations of 20 nm AuNPs. All values reported are the average of three measurements and error bars

reflect standard deviation.

Because AuNPs can efficiently absorb the light emitted by bacteria, they are an ideal molecular
light absorber to demonstrate the bioanalytical properties of BBLISA. First, | characterized the
optical properties of AUNPs to demonstrate their ability to support IFE%3. To do this, | tested AUNPs
with different diameters (20, 40, 60, 80 and 100 nm) since their absorption spectra vary with their

size (Figure 5.2a, colored spectra)54. This allows us to create a set of molecular absorbers that
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share the same chemical composition but have different absorption peaks and thus different light
absorption capabilities. As expected, the AuNPs exhibit their respective absorption peaks at
wavelengths of 520, 530, 538, 550 and 568 nm (Figure 5.2a, colored spectra). | then tested them
in the presence of the bioluminescent bacteria in order to characterize their ability to adsorb the
bioluminescent signal. AuUNPs with smaller size progressively induce higher suppression of the
signal change (relative change in signal upon the addition of the saturating AUNP or target) (Figure
5.2b). For example, | found that 20, 40, 60, 80, and 100 nm AuNPs decreased the
bioluminescence signal by -90+7%, -8816%, -82+6%, 80+6%, and -78+5%, respectively (Figure
2b). The slight difference reflects the ability of AuUNPs to overlap the emission spectra of bacteria,
however, their overlapping progressively decreases due to their size which induces the peak shift
toward higher wavelengths. It should be noted that for better comparison, | used concentrations
of AuNPs that produced the same absorbance of 0.32 + 0.01 abs at the respective plasmonic
peak (Figure 5.3). As expected, the 20 nm AuNPs perform best as light absorbers because their
plasmonic peak better overlaps the light emitted by A. fischeri at 495 nm (Figure 5.2a, orange

spectra), and | select them for the next development of BBLISA.
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Figure 5.3. Raw absorption spectra of AuNPs of different size (20, 40, 60, 80, and 100 nm) shown in Figure

5.2a exhibit identical absorbance values at their maximum absorption wavelengths.
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| sought to demonstrate that the decreased bioluminescence signal was due to the inner filter
effect and not to a potential toxicity of AuNPs to the bacteria. To this end, | cultured the bacteria
in the presence and in the absence of 20 nm AuNPs (concentration of 0.5 nM) and | used the
pesticide tributyltin (concentration of 100 ng/mL) as a positive toxic control3¢:55. Turbidity
measurements (using the correlation between absorbance at 600 nm and the number of
microorganisms®6) were firstly used to determine the number of microorganisms growing in the
culture media. A. fischeri shows the same growth trend with and without AUNPs demonstrating
their non-toxicity (Figure 5.2¢, blue and orange curves). On the contrary, the presence of the
tributyltin inhibited the bacterial growth due to its toxicity (Figure 5.2c, gray curve) and the same
result was observed for the negative control (only culture media without A. fischeri) (Figure 5.2c,
black and red curves). | then used the bioluminescence measurements to monitor bacterial growth
kinetics (Figure 5.4). | found again that A. fischeri shows the same growth trend, however, the
bioluminescence signal was lower in the presence of AUNPs for IFE than in the absence of AuNPs
for the same concentration of bacteria. This result supports the previous turbidity measurements.
To further demonstrate the IFE effect, | used SEM and Cryo-TEM images to visualize the
interactions between the bacteria and AuNPs (Figure 5.2d and Figure 5.2¢). For both images, the
metal nanoparticles are dispersed in the culture medium and are not absorbed into the bacterial
cells. This shows that the decrease in bioluminescence signal is not related to the distance
between the bacteria and the AuNPs (as observed for the quenching®?), but is due to the inner

filter effect32 that occurs between the AUNPs and the A. fischeri.
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Figure 5.4. Normalized bioluminescence signal of A. fischeri in the presence and absence of 20 nm AuNPs
was collected from 0 h to 42 h. Of note, the curves of No A. fischeri (black rectangle) is hidden by A. fischeri
& pestiside (red circle) because they are completely overlapped and consistent with baseline. The embedded
images were captured by a smartphone in a dark environment and represent the bioluminescence capability
of A. fischeri in the presence (image above, weak BL intensity) and absence (image below, strong BL
intensity) of 20 nm AuNPs. The normalized bioluminescence values are estimated as the ratio B/Bmax, where
Bmax represents the maximum bioluminescence signal during the growth period (0-40h), and B is the

bioluminescence signal at each detection time (growth time).

Finally, | characterized the correlation between the concentration of AUNPs and the suppression
of the bioluminescence signal. | collected the light emitted by the bacteria (1-10° CFU/mL) in the
presence of increasing concentrations of 20 nm AuNPs (from 0.0075 nM to 7.5 nM) (Figure 5.2f).
The optical data indicate that concentrations of AuNPs below 0.075 nM do not cause a relevant
decrease in the bioluminescence signal (compared to the bioluminescence intensity in the
absence of AUNPs). Conversely, AUNPs concentrations higher than 0.25 nM cause a progressive
decrease in the bioluminescent signal. Specifically, 0.25 nM of AuNPs leads to an 11% decrease
in bioluminescence intensity, while 7.5 nM concentration allows to reach 90% of bioluminescence
suppression (Figure 5.2d). | then characterized the effect of different concentrations of A. fischeri
have on the bioluminescence signal. As expected, an increase in bacterial concentration results
in a higher background bioluminescence signal (Figure 5.5a). | tested four different concentrations
of bacteria (5-107, 1-108, 5-108 and 1-10° CFU/mL) in the presence of three concentrations of
AuNPs (0.25, 0.75 and 2.5 nM). The addition of the AuNPs induces a decrease of the
bioluminescence signal in all suspensions showing a raw signal change function of the bacteria
concentrations. However, if the raw bioluminescent signal is converted into signal change (see
Materials and Methods for more details), | obtain the same value of ~25%, ~50% and ~73%
regardless of the bacterial concentration used (Figure 5.5b). This simply conversion of the raw
signal allows to make the signal change independent from the initial bacterial concentration and
is only related to the amount of AUNPs present in the solution. This is critical for the development
of a diagnostic device because the final signal change can be directly related to the target

concentration even if the illumination (in this case the bioluminescence generated by the bacteria)
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varies from test to test.
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Figure 5.5. (a) Raw bioluminescence signals were collected from different solutions of A. fischeri (5 x 107,
1x108,5x 108 and 1 x 10° CFU/mL) in the absence and presence of 20 nm AuNPs (0.25, 0.75 and 2.5 nM).
(b) The raw bioluminescence signals were then converted to signal change (%) (see Materials and Methods)

for the different solutions of A. fischeri in the absence and presence of 20 nm AuNPs.

5.3.2. BBLISA based on AuNPs

BBLISA can detect the presence of the selected target in its clinically relevant range. After
demonstrating the IFE between AuNPs and A. fischeri in solution, | decided to use it for the
development of the BBLISA platform. Firstly, | synthesized AuNPs using the Turkevich method?38
and | characterized them using TEM images*-°8 (Figure 5.6a). As expected, the AuNPs exhibited
a spherical morphology, homogenous size, an overall average diameter corresponding to 19.6 £
0.9 nm, and a monodisperse size distribution (Figure 5.6a and b, Table 5.1). | then functionalized
them with a primary antibody (i.e., anti-human IgG antibody) capable of detecting human
immunoglobulin antibody (IgG), a common serologic biomarker associated with infection and
inflammation®®. | used DLS and Z-potential to confirm that the AuNPs were functionalized and
fully covered with the anti-HIgG after the conjugation process (Figure 5.6c). Next, | characterized
the analytical performance of the BBLISA (Figure 5.9) by collecting the bioluminescent signal from
each well in the presence of increasing concentrations of the target (Figure 5.9a, orange curve;
and Figure 5.7a). As expected, the presence of IgG induces the formation of the immune-

sandwich complex which suppresses the bioluminescent signal (up to -23.2 + 0.3 %). Fitting the
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data with a four-parameter logistic equation | estimated an inflection point (ICso) of 320 + 40 ng/mL,
a dynamic range of 25 ng/mL to 2500 ng/mL (i.e., the concentration range that induces a signal
change of 10% to 90%42), and a limit of detection (LOD) of 2.0 + 0.4 ng/mL (Figure 5.9a, Figure

5.7a and Table 5.2). These analytical parameters fall within the broad clinically relevant IgG range

(from 7.0 mg/mL to 16.0 mg/mL)%0.

- —=&— AuNPs
2 196209 nm —&— AuNPs_anti-HIgG
. —4&— AuNPs_anti-Np

]

Frequency (%)
Intensity {%)

18 19 20 21 22 1 10 100 1000 10000
Diameter of AUNPs (nm) Diameter (nm)

Figure 5.6. Characterization of AuNPs. (a) TEM image showing 20 nm AuNPs with spherical morphology
and a homogeneous size and shape distribution. (b) Histogram graph of AUNPs with a size of 19.6 + 0.9 nm
(measured using ImageJ software on 100 particles from the TEM image). The black dashed line represents
the Gaussian fitting used to present the size distribution. (c) DLS (Dynamic Light Scattering) analysis of

AuNPs before and after conjugation with antibodies.
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Figure 5.7. (a) Calibration curve for detection of human IgG based on BBLISA_AuNPs platform. (b)
Calibration curve for detection of SARS-CoV-2 nucleoprotein based on BBLISA_AuNPs platform. Error bars

reported reflect standard deviations derived from three independent wells.
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Table 5.1. Z-Average, PDI (polydispersity index) and zeta potential of AUNPs and Au-1rO2 NFs

before and after conjugation with anti-HIgG and anti-Np antibodies.

Z-Ave (nm) PDI Zeta Potential (mV)
AuNPs 27.0+05 0.351 +£0.012 -41.9%03
AuNPs_anti-HIgG 31.6+0.7 0.210 £ 0.007 -354+04
AuNPs_anti-Np 50.2 £ 0.6 0.267 + 0.004 -345%05
Au-IrOz NFs 120.7+1.6 0.122 £ 0.004 -33.9%03
Au-IrO2 NFs_anti-HIgG 171227 0.159 £ 0.005 -38.2%03
Au-IrOz NFs_anti-Np 168.9+5.7 0.163 £0.011 -38.210.6

Table 5.2. Analytical performance of ELISA, BBLISA_AuNPs and BBLISA_Au-IrOz NFs for

detection of human IgG and nucleoprotein in human serum.

Analyte Parameters ELISA (ng/mL) BBLISA_AuNPs (ng/mL) BBLISA_Au-IrO2 NFs (ng/mL)

LOD 0.6+0.1 20+04 04+0.1

Human LOQ 1.3+0.1 32+5 1.7+0.2
IgG ICs0 3314 320 + 40 24 +5
Linear range 8.0-100 25 -2500 2-250

LOD 0.6+0.1 25+6 0.6+0.2

Nucleo- LOQ 1.4+0.1 66 £ 6 0.8+0.1
protein ICs0 37+ 1 690 + 20 28+2
Linear range 6-190 100 - 3700 3-255

BBLISA demonstrates clinically relevant accuracy when challenged with a real biological fluid. To
evaluate the accuracy of the method in a clinical scenario, | used serum samples spiked with
known concentrations of 1gG target. Specifically, | spiked seven different concentrations of human
IgG into HIgG-depleted human serum (i.e., a human serum that has been treated to remove
naturally occurring IgG antibodies). Using the previously obtained calibration curve, | precisely

calculated the concentration of spiked human IgG with a relevant error of + 20% from 30 to 3000
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ng/mL (Figure 5.9b and Table 5.3). Indeed, seven of spiked concentrations are perfectly
positioned on the diagonal line of the graph indicating an excellent correlation between spiked
and estimated concentrations. These data are further supported by the spiked recoveries
([estimated analyte] / [spiked analyte] * 100%), which values are between 80% and 120% (Table

5.3).

Table 5.3. The recoveries of human IgG and nucleoprotein based on BBLISA AuNPs and

BBLISA_Au-IrOz2 NFs.

Concentration of analyte Human IgG Nucleoprotein
Assays
(ng/mL) recovery (%) recovery (%)
50 85.8+10.7 N
100 112.8+55 104.1+6.8
BBLISA_AuNPs 200 85.8+10.7 102.7 £ 6.8
300 929+7.2 100.7 £ 5.8
600 N 103.9+0.3
6 112.3+9.7 94.1+29
20 113.3 £ 8.1 N
30 N 82.3+6.9
BBLISA_Au-IrO:NFs
60 110.3+5.2 83.3+1.0
200 115.3+2.0 81.0+3.9
300 N 96.1 £ 6.0

To better characterize the analytical performance of the BBLISA, | compared it with a classical
colorimetric ELISA that relies on the enzyme horse-radish peroxidase to generate the optical
signal. To obtain a direct comparison between the two assays, | used the same bioreceptors (i.e.,
immune-sandwich), reagents, and incubation times involved in the various steps of
functionalization of the 96-well plates (e.g., coating, target incubation, washing; Figure 5.1c). |
found that the ELISA has a higher sensitivity than the BBLISA (Figure 5.9a, green curve). For
example, the ICso is one order of magnitude lower (33 £ 4 ng/mL) and the LOD is 0.6 + 0.1 ng/mL
(Figure 5.8a and Table 5.2). | believe that the observed lower analytical performance of the
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BBLISA is due to the reduced ability of the IFE to generate a change in the optical signal with
respect to enzymatic amplification. However, the enzymatic amplification requires longer

incubation times, more steps, and the use of toxic reagents.
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Figure 5.8. (a) Calibration curves for detection of human IgG based on classic ELISA platform. (b)
Calibration curves for detection of nucleoprotein based on classic ELISA platform. Error bars reported reflect

standard deviations derived from three independent wells.

To demonstrate the generalizability of our bioluminescent platform, | used BBLISA to detect a
second different clinical target: the nucleoprotein of SARS-CoV-2%1 . | selected a new pair of
antibodies that | have recently characterized that are able to specifically recognize the target by
forming an immune-sandwich complex*!. The BBLISA can efficiently detect the nucleoprotein with
a higher signal change (up to -50.20 + 0.05 %), and | estimated an ICso and LOD of 690 + 20
ng/mL and 25 + 6 ng/mL, respectively (Figure 5.9c, orange curve; Figure 5.7b and Table 5.2). Our
assay can precisely estimate nucleoprotein concentrations with good precision and accuracy
(¥20%) in its clinical range®'. To demonstrate this, | challenged BBLISA with serum samples
spiked with four different concentrations of nucleoprotein (Figure 5.9d and Table 5.3). Finally, |
compared the analytical performance of the BBLISA with the ELISA (Figure 5.9c, green curve).
As observed for IgG, the ELISA displays higher sensitivity, and | estimated an ICso and LOD of 37

+ 1 ng/mL and 0.6 + 0.1 ng/mL, respectively (Figure 5.8b and Table 5.2).
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Figure 5.9. Detection of human IgG and nucleoprotein of SARS-CoV-2 in human serum based on ELISA
and BBLISA_AuNPs. (a) Calibration curves for the detection of human IgG (from 0.1 to 3000 ng/mL) based
on BBLISA_AuNPs (orange curve) and ELISA (green curve). (b) Accuracy of BBLISA_AuNPs for detection
of human IgG from serum samples. (c) Calibration curves for the detection of SARS-CoV-2 nucleoprotein
(from 0.1 to 3000 ng/mL) based on BBLISA_AuNPs (orange curve) and ELISA (green curve). (d) Accuracy
of BBLISA_AuNPs for the detection of SARS-CoV-2 nucleoprotein from serum samples. Error bars reported

for BBLISA and ELISA measurements reflect standard deviations derived from three independent wells.

5.3.3. BBLISA based on Au-IrO; NFs

To demonstrate the versatility of BBLISA and to improve its analytical performance, | have
investigated new molecular absorbers with superior optical properties and an absorption
spectrum that better overlaps the bioluminescence spectra of the A. fischeri. The goal is to
improve the absorption of the light emitted by the bacteria to generate a stronger IFE effect and
thus increase the sensitivity of the BBLISA. For this purpose, | decided to use gold-iridium oxide
nanoflowers (Au-IrOz NFs), since they have a higher extinction coefficient and surface area than

those of AUNPs2? (Figure 5.10a), and | have recently optimized their synthesis to adapt them to a
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colorimetric lateral flow assay (LFA)Z2. Following the same characterization protocol adopted for
AuNPs, | demonstrate the ability of Au-IrO2 NFs to be easily functionalized with bioreceptors??, to
support target biorecognition, and to be stable over time. First, | synthesized Au-IrO2 NFs and |
characterized them using TEM images (Figure 5.10b). The nanoflowers exhibit a spherical
morphology with a highly tortuous branched structure (Figure 5.10b) and an overall average
diameter of 62.3 £ 5.3 nm resulting in a monodisperse size distribution (Figure 5.11a). Next, |
demonstrate their superior optical properties by comparing the absorbance spectrum of Au-IrO:
NFs and AuNPs performed with the same nanopatrticle concentrations (Figure 5.10a). As reported
in previous studies??, nanoflowers display approximately 25 times higher of molar extinction
coefficient than 20 nm of AuNPs due to their surface flower-like branching morphology and the
hybrid composition of gold and iridium®2, and their spectrum fully overlap with the emission spectra

of bacteria ensuring higher absorption of bioluminescence (Figure 5.10c).
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Figure 5.10. Optical characterization of inner filter effect between A. fischeri and Au-IrO2 NFs. (a)
Absorbance spectrum of AuNPs (orange) and Au-IrO2 NFs (black) performed at same concentration (1.25
nM, 10 times concentrated). (b) TEM of Au-IrO2 NFs displaying overall spherical morphology and a surface
presenting highly tortuous branched structure. (c) Normalized bioluminescence emission spectrum of A.
fischeri (10° CFU/mL, blue line) and absorbance spectrum of Au-IrO2 NFs (black line). (d) Normalized
turbidity signal (absorbance at 600 nm) of A. fischeri in the presence and absence of Au-IrO2 NFs (0.24 nM,

black and blue curves) or pesticide tributyltin (100 ng/mL, grey curve) from 0 h to 40 (e) Cryo TEM image of
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A. fischeri with Au-IrO2 NFs. (f) Bioluminescence signal change of A. fischeri (1-10° CFU/mL) as function of
different concentrations of nanoparticles (i.e. AuUNPs in orange, Au-IrOz NFs in black). All values reported

are the average of three measurements and error bars reflect standard deviations.
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Figure 5.11. Characterization of Au-IrOz NFs. (a) Histogram graph of Au-IrO2 NFs with a size of 62.3 +
5.3 nm (measured using ImageJ software on 100 particles from the TEM image). The red dashed line
represents the Gaussian fitting used to present the size distribution. (b) DLS (Dynamic Light Scattering)

analysis of Au-IrO2 NFs before and after conjugation with antibodies.

Au-IrO2 NFs have no toxic effect on bacteria and may even increase the IFE. | used turbidity
measurements to investigate the toxicity of these nanoparticles by monitoring the growth of A.
fischeri in the presence and in the absence of Au-IrO2 NFs. Similar to what was observed for
AuNPs (Figure 5.2c), the bimetallic nanoparticles exhibit the same behavior, affecting only the
bioluminescent signal (Figure 5.10d and Figure 5.12). Cryo-TEM images of A. fischeri in the
presence of Au-IrO2 NFs clearly showed that the nanoparticles are distributed around the bacteria
or in the culture medium, and are not absorbed into the bacterial cells (Figure 5.10e). This
observation further supports our proposed mechanism, which is based on the inner filter effect
and is not dependent on the distance between the light source and the filter particles32. Finally, |
characterized the IFE by measuring the bioluminescent signal produced by the bacteria (1-10°
CFU/mL of A. fischeri) in the presence of increasing concentrations of Au-IrO2 NFs (Figure 5.10f,
black curve). The optical data demonstrate that NFs can suppress the bioluminescence signal

more efficiently, requiring lower concentrations compared to AuNPs. For example, a six-fold
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concentration of initially synthesized Au-IrO2 NFs (0.73 nM) induces a signal change of -92.7%
which would require a concentration of AuNPs at least ten times higher to obtain. Similar to the
previous system, the signal change results reproducible and is not affected by the relative

concentration of A. fischeri (Figure 5.13).
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Figure 5.12. (a) The normalized absorbance at 600 nm of A. fischeri in the presence and absence of Au-
IrO2 NFs (2.5 nM, blue and purple curves) or the pesticide tributyltin (100 ng/mL, red curve) was measured
0 h to 40 h. Of note, the curves of No A. fischeri (black rectangle) is hidden by A. fischeri & pestiside (red
circle) because they are completely overlapped and consistent with baseline. The inset shows a cryo-TEM
image, indicating that Au-IrO2 NFs are evenly distributed in the culture medium and some even adhere to
the wall of A. fischeri without affecting their growth. (b) Normalized bioluminescence signal of A. fischeri in
the presence and absence of Au-IrO2 NFs was collected from 0 h to 42 h. Of note, the curves of No A.
fischeri (black rectangle) is hidden by A. fischeri & pestiside (red circle) because they are completely
overlapped and consistent with baseline. The embedded images were captured by a smartphone in a dark
environment and represent the bioluminescence capability of A. fischeri in the presence (image above, weak
BL intensity) and absence (image below, strong BL intensity) of Au-IrO2 NFs. The normalized
bioluminescence values are estimated as the ratio B/Bmax, Where Bmax represents the maximum
bioluminescence signal during the growth period (0-40h), and B is the bioluminescence signal at each

detection time (growth time).
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Figure 5.13. (a) Raw bioluminescence signals were collected from different solutions of A. fischeri (5 x 107,
1 x 108, 5 x 108 and 1 x 10° CFU/mL) in the absence and presence of Au-IrO2 NFs (0.024, 0.073 and 0.24
nM). (b) The raw bioluminescence signals were then converted to signal change (%) (see Materials and

methods) for the different solutions of A. fischeri in the absence and presence of of Au-IrO2 NFs.

The high light absorption capacity of Au-IrO2 NFs and their ability to induce a stronger IFE can be
utilized to improve the BBLISA platform. | performed BBLISA experiments for the detection of
human IgG and SARS-CoV-2 nucleoprotein (Figure 5.14). First, | used DLS and Z-potential to
demonstrate that the Au-IrO2 NFs are functionalized and coated with the corresponding primary
antibody after the conjugation process (Figure 5.11b and Table 5.1). | then evaluated the analytical
performance of the Au-IrO2 NFs-based BBLISA against increasing concentration of IgG (Figure
5.14a and Figure 5.15a). By fitting the curve of signal change versus IgG concentration, |
estimated ICso and LOD values of 24 £ 5 ng/mL and 0.4 £ 0.1 ng/mL, respectively, which are lower
than those obtained with the AUNPs- based BBLISA (LOD=2.0 £ 0.4 ng/mL). This indicates that |
have significantly improved the sensitivity of our platform by achieving a five-fold lower detection
limit. In addition, | used BBLISA to accurately estimate spiked HIgG concentrations in HIgG-
depleted human serum (Figure 5.14b and Table 5.3). The recoveries of different spiked
concentrations are between 80% and 120%, and the relative standard deviations are always less
than 20% (Table 5.3). The improvement of the analytical performance can be further
demonstrated by comparing the Au-IrO2 NFs-based BBLISA with the classical ELISA (Figure
5.14a, green curve), where they show the higher ICso and LOD values (Figure 5.14a, and Table
5.2). Finally, | performed a BBLISA to detect the nucleoprotein of SARS-CoV-2. As observed for

the previous target, the Au-IrO2 NFs-based BBLISA could detect SARS-CoV-2 nucleoprotein with
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a lower LOD (0.6 £ 0.2 ng/mL) and ICso (28 + 2 ng/mL) (Figure 5.14c and Figure 5.15b) with
respect to the AuNPs-based BBLISA. The recoveries of five different spiked concentrations are
between 80% and 120% and the relative standard deviations are always below 10% (Figure 5.14d
and Table 5.3). The overall analytical performance results are again comparable even better than
those obtained with the standard ELISA (ECs0=37 + 1 ng/mL, LOD=0.6 + 0.1 ng/mL and dynamic
range from 6 ng/mL to 190 ng/mL, ~ 32-fold), and also show a wider dynamic range (from 3 ng/mL

to 255 ng/mL, ~ 85-fold) (Table 5.2).
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Figure 5.14. Detection of human IgG and nucleoprotein of SARS-CoV-2 in human serum based on ELISA
and BBLISA_Au-IrO2 NFs platform. (a) Calibration curves for the detection of human IgG (from 0.1 to 3000
ng/mL) based on ELISA (green curve) and BBLISA_Au-IrO2 NFs (black curve). (b) Accuracy of BBLISA_Au-
IrO2 NFs for detection of human IgG from serum samples. (c) Calibration curves for the detection of SARS-
CoV-2 nucleoprotein (from 0.1 to 3000 ng/mL) based on ELISA (green curve) and BBLISA_AuNPs (black
curve). (d) Accuracy of BBLISA_Au-IrO2 NFs for detection of SARS-CoV-2 nucleoprotein from serum

samples. Error bars reported for BBLISA and ELISA measurements reflect standard deviations derived from

three independent wells.
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Figure 5.15. (a) Calibration curve for detection of human IgG based on BBLISA_ Au-IrO2 NFs platform. (b)
Calibration curve for detection of SARS-CoV-2 nucleoprotein based on BBLISA_ Au-IrO2 NFs platform. Error

bars reported reflect standard deviations derived from three independent wells.

5.4. Conclusions

In summary, | have developed a novel bioluminescence, enzyme-free, immunoassay based on
the inner filter effect (IFE) between bioluminescent bacteria and metallic nanoparticles. | have
named this newly developed assay BBLISA. By using AuUNPs as molecular absorbers, | were able
to demonstrate the sensing mechanism of BBLISA. Specifically, a set of AuUNPs of different size
were selected as test bed because their absorption spectra overlap with the emission spectra of
the bioluminescent bacteria, they are non-toxic for the bacteria, they are stable, and easy to
functionalize with bioreceptors. Our study showed that AuNPs can efficiently suppress the
bioluminescence signal and | selected 20 nm AuNPs being able to generate the highest signal
change. To demonstrate the clinical potential of this platform, | successfully applied BBLISA to
detect human IgG and SARS-CoV-2 nucleoprotein in serum samples and | demonstrate the
sensitive and selective detection of the selected clinically relevant biomarkers. | compared our
platform against a classical colorimetric ELISA and | observed a lower sensitivity of the BBLISA.
To improve the analytical performance, | exploited the inherent modularity and versatility of
BBLISA which makes the platform readily adaptable for the use of new molecular absorbers with
superior optical properties. | used bimetallic nanoparticles Au-IrO2 NFs as new molecular
absorbers to enhance the sensitivity of BBLISA. As AuNPs they are non-toxic for the bacteria,

they are stable, and easy to functionalize with bioreceptors but unlike from them Au-IrO2 NFs
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showed higher absorption properties. Using these nanoparticles, | achieved higher sensitivity for
the detection of the selected biomarkers, demonstrating the clinical potential of BBLISA as an

alternative to the current ELISA.

The reported data demonstrate the ability of our proposed platform to detect clinically relevant
biomarkers providing the same or even better sensitivity than conventional ELISA. BBLISA does
not only display high analytical performance, but its versatility and modularity offer more
advantages. For example, it is less expensive because it does not require enzyme-labelled
antibody/streptavidin and/or chromogenic substrates for the generation of the signal. The use of
bioluminescent signal eliminates the need for expensive microplate readers with sophisticated
light sources to generate and collect a high optical signal. Because the bacteria can emit light
with high yields, the bioluminescence signal can be easily collected by a commercial smartphone
making the device able to support low-cost, optical devices®?. In addition, the BBLISA platform is
also faster because it requires fewer steps, for example, because the generation of the signal is
not based on an enzymatic reaction, | do not need to stop the reaction at a specific time. Finally,
the platform is more environmentally friendly because it does not require toxic reagents (such as
the sulfuric acid that is commonly used as a stop solution for enzymatic reactions), and the growth
of the bacteria in microbiological culture media allows for a continuous in-house regeneration of
the “optical substrate” without the need of expensive equipment. Beside these advantages, a
possible limitation of BBLISA is the nature of generation of the signal which is signal-off®45. This
could be compensated using new nanomaterials and bacteria with higher absorbance and
bioluminescence properties, which could increase the magnitude of the IFE and the relative signal
change. If achieved, this could lead to a synergistic integration of nanomaterials with living
organisms improving our understanding of their biological properties to develop enhanced

bioanalytical platforms.
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GENERAL CONCLUSIONS

Considering the exposed objectives in Chapter 2 and the specific conclusions give at the end of

each chapter, the following conclusion remarks are given.

I have successfully developed a LFA using AuNPs as colorimetric labels for the sensitive detection
of SARS-CoV-2 nucleoprotein. Key achievements include the successful implementation of a LFA
that works in saliva samples, demonstrating its potential for rapid point-of-care diagnostics, and
antibody screening, revealing the complexity of antibody selection and the need for a more

efficient and cost-effective process.

® Only 3 antibody couples out of over 80 antibody pairs were screened by using ELISA
and half-stick dot test, the best one with a LOD of 3.0 £ 1.2 ng/mL in artificial saliva,

which is similar to the LOD reported in other point-of-care biosensors.

® Although a working lateral flow assay was developed, the antibody selection process
required over 10 months and 24,422.6 €, not acceptable for COVID-19 pandemic. The
bioreceptors (e.g., antibodies, aptamers) producers should provide a thorough
characterization of the binding behavior before making them commercially available, e.g.

antibodies with fast binding kinetics for a LFAs.

A second important project that built on my research was the development of LFAs using Au-IrO2
nanoflowers for the detection of human IgG, which led to remarkable success. Indeed, Au-IrO2
nanoflowers exhibit better light absorption and larger specific surface area compared to
conventional AuNPs, resulting in a significantly lower limit of detection (LOD) for human IgG in
serum samples compared to conventional AuNPs-based LFAs, indicating the development of

next-generation optical LFAs.

® 53 nm of Au-IrO2 NFs were synthesized in a 5-fold volume scale-up, showing stronger
light absorption ability (with bigger extinction coefficient) and larger specific surface area

(with branch-like surface) than 20 nm or 40 nm of AuNPs commonly used in LFAs.

® Au-IrO2 NFs-based LFAs achieved an 8.5-fold lower LOD (down to 1.2 ng/mL) for
human IgG detection than 40 nm of AuNPs-based LFAs (10.1 ng/mL) in human serum

samples, showing potential for the next generation of optical LFAs.
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® As future perspectives, | believe that due to the presence of IrO2 on the nanoflowers,
they could also act as dual optical/electrochemical labels in paper-based

electrochemical systems, thanks to their plasmonic peak and electrocatalytic behavior.

To conclude, | have developed a breakthrough bioanalytical platform using AuUNPs and Au-IrO:
nanoflowers as absorbers in a Bioluminescent Bacteria-Linked Immunosorbent Assay (BBLISA),
which is an example of innovation in bioanalytical platforms. The inner filter effect between
bioluminescent bacteria and metallic nanoparticles was used to detect human IgG and SARS-
CoV-2 nucleoprotein. The results show a sensitivity and precision comparable to or better than a

conventional ELISA.

® The IFE between bioluminescent bacteria Allivibrio fischeri and metallic nanoparticles
was first time exploited and confirmed by UV-vis and bioluminescence spectrum, Cyro
TEM images, growth curves and bioluminescence curves of Allivibrio fischeri, and the

reproducible signal suppress trends.

® Thanks to advantage of the modularity and versatility of the BBLISA, the BBLISA was
applied to detect two clinically relevant biomarkers (human IgG and nucleoprotein of

SARS-CoV-2) in serum with the same even better sensitivity and precision of the classic

ELISA.

® The novel bioanalytical assay of BBLISA results faster, safer, cheaper, and more user-
friendly respect to the current ELISA platform, demonstrating the clinical potential of

BBLISA as an alternative to the current ELISA.

® As future work, it is worth the integration BBLISA with smartphone, and the exploration
and application of new nanomaterials and bacteria with higher absorbance and

bioluminescence properties.

All these projects and milestones represent significant progress in the field of optical biosensors
for point-of-care diagnostics. The adaptability demonstrated in the use of gold nanomaterials
opens up new avenues for exploration and refinement. The achievements reported here are a
testament to the continuous progress in this field and the constant pursuit of knowledge and

innovation in the development of biosensors.
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Optical smartphone-based sensing:
diagnostic of biomarkers

Liming Hu', Andrea Idili"*, Claudio Parolo’, Ruslan Alvarez-Diduk’, Enric Calucho' and Arben Merkoci'”
!Catalan Institute of Nanoscience and Nanotechnology (ICN2), Barcelona, Spain, >CSIC and the Barcelona Institute of Science and Technology
(BIST), Barcelona, Spain, >Catalan Institution for Research and Advanced Studies (ICREA), Barcelona, Spain

11.1 Introduction

Biomarkers are nucleic acids, peptides, proteins, lipids, metabolites, or other small molecules whose accurate identifica-
tion and quantification can be associated with the presence of a disease and its status (Strimbu & Tavel, 2010). Having
this in mind, over the last three decades, the goal to reach the sensitive and rapid detection of biomarkers has stimulated
the scientific community to develop novel molecular diagnostic platforms that can be used by healthcare personnel to
accurately diagnose medical conditions (Kelley et al., 2014). Despite the efforts, the majority of developed diagnostic
methods rely on the use of fully automated laboratories and skilled personnel which have hampered their use in devel-
oping countries and low-resource scenarios (Katoba et al., 2019; Sharma et al., 2015). To overcome this, many diagnos-
tic platforms have been reengineered and integrated into point-of-care (PoC) sensing platforms in order to move the
field of diagnostics from the laboratory directly to the end-user (Heidt et al., 2020). The World Health Organization
(WHO) introduced new guidelines to help the design of PoC devices which should comply with the REASSURED cri-
teria (Land et al., 2019). This means that they should provide Real-time connectivity, Ease of specimen collection,
Affordable prices, Sensitive and Specific analytical performance, User-friendliness, Rapid and they should support
Robust responses, an Equipment-free and Deliverable platform.

A clever approach to design and develop diagnostic tests able to comply with the REASSURED criteria relies on
the use of a smartphone as readout platform (Alawsi & Al-Bawi, 2019; Hernandez-Neuta et al., 2019). Smartphones
have already caused a dramatic impact on our social lives thanks to their advanced features and functionalities
(Gowthami & Venkatakrishnakumar, 2016). Specifically, their software systems are low-cost and all the different
sensors integrated in smartphones’ hardware make them a portable lab with the processing power of a computer.
Among their different components, we can find: a fully operating system, ability to support artificial intelligence,
internal storage, high resolution camera, wireless transmission capabilities and motion sensors. Therefore, it is no sur-
prise that a number of public and private research centers have started to work on harnessing the potential of smart-
phones for diagnostic applications (Alawsi & Al-Bawi, 2019; Hernandez-Neuta et al., 2019). Among the different
components, the smartphone camera is the most attractive due to its ever-growing performance (i.e., macro lens, high
resolution, auto focus, manual mode, etc.) and simple use. Many optical-based diagnostic tests have been integrated
and validated using smartphones as optical reader (McCracken & Yoon, 2016), and these include absorbance
(Brangel et al., 2018; Miller et al., 2018), fluorescence (Alvarez-DIduk et al., 2017), microscopic bio-imaging
(Koydemir et al., 2015; Zhu et al., 2013), surface plasmon resonance (SPR) (Dutta et al., 2016), chemiluminescence
(CL) (Zangheri et al., 2015), bioluminescence (Calabretta et al., 2020), electrochemiluminescence (ECL) (Chen
et al., 2016), and photoluminescence (Lian et al., 2017).

In this chapter, we describe how the most recent research (from 2015 to 2020) in smartphone-based biosensing
platforms allow the specific and rapid detection of clinically relevant biomarkers. Specifically, we will explain the
importance of biomarkers’ discovery and their detection related to human diseases. Then, we will provide a brief
description on how smartphone can be integrated into optical-based diagnostic tests to support PoC technologies.

The Detection of Biomarkers. DOI: https://doi.org/10.1016/B978-0-12-822859-3.00003-1
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Finally, we will offer an overview of the smartphone-based PoC sensing devices demonstrating their potential and
utility in diagnostic field.

11.1.1 Definition and clinical significance of biomarkers

“Biological marker” or “biomarker” is a specific sign that can be measured accurately and reproducibly, and indicates
the presence of a medical condition (i.e., an objective indication of a physiological as well as a pathological process or
pharmacological response) (Jain, 2010; Strimbu & Tavel, 2010). Due to the clinical impact of this concept and its multi-
disciplinary applications, literature presents more precise definitions which coincide with the previous one, and with
those coined by official institutions. For example, the WHO defines a biomarker as “almost any measurement reflecting
an interaction between a biological system and a potential hazard, which may be chemical, physical, or biological. The
measured response may be functional and physiological, biochemical at the cellular level, or molecular interaction.”
(World Health Orgnization, 1993). The National Institutes of Health (NIH) came up with a broader definition of bio-
marker, which is “a defined characteristic that is measured as an indicator of normal biological processes, pathogenic
processes or responses to an exposure or intervention.” (Strimbu & Tavel, 2010). From these definitions, it is clear that
this concept goes beyond the classical well-known clinical biomarkers (e.g., alterations in blood pressure, blood lactate
levels following exercise, blood glucose in diabetes mellitus, antibodies levels) and it involves any other specific alter-
ation at the molecular level, for example, of a tissue, a cell, genetic network, RNA expression, metabolite or protein
level (Jain, 2010; Strimbu & Tavel, 2010).

Focusing more on the clinical practice, the study of biomarkers includes also the development of technologies and
tools addressed to understand the diagnosis, cause, progression and regression of a disease and the relative prediction
and outcome of treatment (Lippert & Goetze, 2010; Mamas et al., 2011; Schwarzenbach et al., 2011; Stephenson et al.,
2017). For example, clinical research for cancer and infectious diseases exploits a wide range of techniques to gain
information about the location of a solid tumor and its state (Kulasingam & Diamandis, 2008; Ludwig & Weinstein,
2005), or the progression of an infection and the affected body’s immune system response (Gold et al., 2010; Verma
et al., 2016; Walzl et al., 2018). These techniques or methods could perform the measurement directly in the biological
fluid (e.g., blood, saliva, urine, serum, cerebrospinal or interstitial fluid, sweat) or tissues, or can avoid the direct sam-
pling of biological media and they can track and visualize the solid tumor through the use of optical nanodevices
(Cabral et al., 2011) or radio-labeled molecules (Krecisz et al., 2021).

As previously described by Mayeux (2004), there are two major types of biomarkers: biomarkers of exposure and
biomarkers of disease. The first class is used in risk prediction while the second is used in screening, diagnosis, and
monitoring of disease status (Fig. 11.1). This chapter will focus on this latter class. Biomarkers of disease can be classi-
fied based on the sequence of events observed in the pathological pathway (Fig. 11.1). For each stage, a specific (or
multi) biomarker can be associated and exploited to investigate the biological history and evolution of a disease. For
example, monitoring a biomarker’s concentration over time is convenient for providing insight into disease progression,
prognosis, and response to therapy (Colburn & Lee, 2003; Hampel et al., 2018; Shaw et al., 2007). In addition, biomar-
kers can be exploited to identify the earliest events in the biological history of the disease which is crucial for infectious
diseases (Gold et al., 2010; Verma et al., 2016; Walzl et al., 2018). Furthermore, the detection of biomarkers leads to
the study of potential mechanisms involved in the disease pathogenesis which can be useful to account for some of the
variability and effect modification of risk prediction (Devarajan et al., 2003; Thompson et al., 2016).

Disease Pathway FIGURE 11.1 Disease pathway and potential impact of the biomarkers (Mayeux,
-------------------------- 2004). From Mayeux, R. (2004). Biomarkers: Potential uses and limitations.
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11.1.2 Discovery and validation of clinically relevant biomarkers

The ideal biomarker should directly reflect the stage of a disease at any time. This could be used, for example, for the
early diagnosis or for the monitoring during clinical treatment. According to “The Handbook of Biomarkers” (Jain,
2010) an ideal biomarker should display the following features:

1. It must be specifically associated with a particular disease or disease state, and it must be able to differentiate
between similar physiological conditions.

2. Standard biological fluids (i.e., serum, blood and urine) should be used for biomarker’s identification.

3. Biomarker’s detection should be rapid, simple, accurate and low-cost. Additionally, they should display a measur-
able and standard baseline as a reference point.

Therefore, as mentioned above, an ideal biomarker should demonstrate its association with a pathology or a specific
disease state through the prediction of its expression level and its clinical ranges (i.e., its concentration).

Over the last five decades, the development of bioanalytical and biosensing technologies has opened new perspec-
tives on understanding human health and disease processes (Kelley et al., 2014). The accuracy and precision of these
technology platforms have allowed to target and discover many clinical targets directly in bodily fluids (i.e., saliva,
blood, urine, interstitial fluids, serum, etc.) (Fig. 11.2). The identification and the next validation of these biomarkers
have provided new tools to drive the clinical intervention and drug design (Krecisz et al.,, 2021; Simon, 2014;
Townsend & Arron, 2016). Currently, a single or a class of biomarkers can be associated with the diagnosis of many
diseases, and their next monitoring to understand, for example, the efficiency of the clinical treatments. It is clear that
the biomarker’s quantification and the time required to achieve it play a key role in the majority of clinical decisions.
Exploiting the use of laboratory test results, the past and the current clinical practice guidelines have improved as clini-
cal decisions are more accurate. This has led to the refinement of the overall clinical outcomes, particularly in the inter-
pretation of testing related to biological functions versus biomarkers.

11.1.3 Use of biomarkers to reach personalized medicine: from laboratory-based measurements to
point-of-care technologies

Laboratory testing has strongly impacted the current clinical treatments improving the clinical management decisions
process (e.g., selection of the treatment and its administration) and the final patients’ outcomes (Lippi & Mattiuzzi,
2015). Despite the capability and affordability to provide valid and effective clinical data, such approach fails to solve
the next new challenges of the real world: global health surveillance and personalized medicine. For example, the high
cost, fragile instrumentations, and need of skilled personnel have hampered the use of laboratory testing in low-
resources settings (Horvath, 2013). Furthermore, the low turnaround time (i.e., from a few hours to several days) pro-
vided by laboratory testing is still far from the time resolution required to achieve a full monitoring of the patient and,

Genomic Technologies Proteomic Technologies
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-Whole Genome Expression Array -ProteoCarta® Integrated Proteomics Discovery Platform
- Gene Expression Profiling on Whole Blood Samples -Isotope-Coded Affinity Tags
- Profiling Gene Expression Patterns of White Blood Cells -Liquid Chromatography-MS/MS
-Lucid Proteomics System
Tissue Microarrays -Magnetics Beads for Protein Biomarker Discovery

-MASStermind™
-Mass Spectrometry
-2D PAGE and Mass Spectrometry
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-MALDI Mass Spectrometry for Biomarker Discovery
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-PoC Detection of Circulating miRNAs as Biomarkers

FIGURE 11.2 Overview of the technologies developed for the discovery of biomarkers.
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then, a personalization of the clinical treatment (Lippi & Mattiuzzi, 2015). PoC testing technologies display all the
required properties to overcome these challenges (Diagnosis et al., 2016). Specifically, PoC-based measurements can
provide the rapid detection of biomarkers (i.e., within minutes) and often in a single-step process decreasing their over-
all cost (Purohit et al., 2020; Zhao et al., 2020). Their sensing platforms are designed to support their use by an
untrained end-user directly on site. The success of glucose meters and pregnancy tests demonstrate the ability of PoC
devices to solve real clinical problems through the patient’s self-testing (Kwon et al., 2016; Purohit et al., 2020).

The constant improvement and ubiquity of smartphones make them ideal platforms for bringing the analytical features
of laboratory testing at the point of care (Kwon et al., 2016; Li & Diamandis, 2016; Quesada-Gonzalez & Merkoci, 2017).
The main goal is to exploit the advanced features and functionality of smartphones to fully integrate and automatize
current commercial PoC technologies (Syedmoradi et al., 2017). For example, Martinez et al. have demonstrated how
smartphones coupled with PoC devices can support telemedicine and off-site diagnosis (Martinez et al., 2008) offering the
real-time connectivity required in the REASSURED criteria (Land et al., 2019). Among the different components inte-
grated in the smartphone, the camera allows to convert the device into a high-performance optical reader. The growing
evolution of smartphone cameras in terms of sensor size (12.8 mm X 9.6 mm), resolution (12—108 megapixels), lens qual-
ity and softwares have allowed to achieve an optical resolution which is comparable with common complementary metal
oxide semiconductor/charge-coupled device (CMOS/CCD) cameras (Purohit et al., 2020). In addition, features such as
manual mode [i.e., lens aperture, shutter speed, and sensitivity (ISO)] allow to control the most important parameters dur-
ing the acquisition of the image which make these devices sensitive enough to support sensing applications. For example,
the image acquisition can be easily integrated with optical-based biosensors. These sensing systems are designed to iden-
tify the presence of the selected biomarker through its interactions with recognition elements such as enzymes, antibodies,
aptamers, dyes, etc. (McCracken & Yoon, 2016). The recognition event can be exploited and engineered in order to
induce a change in the optical properties of the solution which can be collected by the camera. This has favored the use of
smartphones as optical sensing device with colorimetric, fluorescent, spectroscopic, scattering, and microscopy-based sens-
ing platforms (Aydindogan et al., 2018; Kanchi et al., 2018; Purohit et al., 2020; Zarei, 2017).

11.2 Optical smartphone-based biosensors for the detection of biomarkers

Generally, the main strategy exploited to integrate smartphones with optical biosensing platforms relies on the design of an
enclosure device. This has to ensure a controlled environment for the lighting and it has to keep the device and the assay in
close proximity. Using this setup, the smartphone’s light-emitting diode (LED) can be used as an illumination source and the
CMOS-based camera as a detector of the optical signal (Purohit et al., 2020; Yoon, 2019). At the same time, the signal can be
processed through the use of software applications (app) which make the overall interface of the sensing device user-friendly
and able to support artificial intelligence (e.g., machine learning) (Zhang et al., 2019). Moreover, depending on the selected bio-
sensing platform the enclosure device can be modified with specific optical lenses, diffraction grating, filters, and secondary
light or power sources in order to improve signal detection (Hernandez-Neuta et al., 2019).

In the following sections, we describe the most exploited optical sensing modalities, such as colorimetry, fluores-
cence, luminescence, microscopy and SPR, and their applications for the detection of clinically relevant biomarkers. In
order to help the reader, we have summarized all the previous studies cited in tables where we describe the name of bio-
marker detected and its related disease, technique, the biological fluid used for the measurement and analytical perfor-
mance of the overall device [i.e., limit of detection (LOD) and time resolution].

11.2.1 Colorimetric point-of-care biosensors based on smartphone camera

Colorimetric bioassays exploit the change in the optical properties (e.g., absorbance or reflectance) of the analyte solu-
tion due to the binding between the target and the recognition element (Vilela et al., 2012). This optical change, for
example, can be induced through the use of enzymes that catalyze the transformation of their substrate to a product,
thus leading to a change or appearance of color. Since current smartphones rely on high-quality CMOS image sensors,
the color change observed in the test solution can be easily collected and, then, converted into an RGB value by an
image processing algorithm is allows the quantification of the biomarker without the need for stringent controls or the
use of an optical filter to improve the signal. Therefore, colorimetric sensing platforms based on smartphone cameras
have offered a novel approach for the development of PoC devices in healthcare applications (Quesada-Gonzalez &
Merkoci, 2017; Zarei, 2017). In the last few years, several research groups have developed novel smartphone camera-
based colorimetric sensors for the detection of biomarkers directly in body fluids (whole blood, serum, urine, sweat,
saliva, etc.) that have improved disease diagnosis and early prevention (see Table 11.1).
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TABLE 11.1 Smartphone-based colorimetric point-of-care biosensors for detection of biomarkers in different
biological fluids (2015—2020).

Techniques

Ag@Au colorimetric assay
(CA), Immunoassay (IA)

CA, Microfluidic

CA, Paper-based
microfluidic 1A (uPIA)

CA, Disposable
microfluidic device

Self-propelled
multifunctional Janus
particles CA

CA, paper-based plasmonic
1A

CA (RGB and HSV)
Microplates CA, 1A

Microplates CA, IA

Au-Ag CA, PIA

Mimicking peroxidase
nanocomposite CA, uPIA

Porous silicon microcavities
CA- ELISA,

Multiplexed CA, Paper-
based microfluidic

CA, sandwich ELISA,
Smartphone video

Multiplexed CA, Paper-
based microfluidic

Enzyme@MOFs CA, pPAD

CA (RGB), Diaper assay

CA (RGB), Wearable device
(Diaper)

CA, AuNPs LFIA

Colorimetric, Wearable
patch, Paper microfluidic,
Wax printing

Confined multilayer paper
reflectometry

Biological
fluids

Human
blood (HB)

HB
HB

HB

HB

HB
Bloodstain
Human

serum (HS)

HS

HS

HS

HS

HS

HS

HS

HS
Human
urine (HU)
HU

HU

Sweat

Oral fluid
(saliva)

Biomarker-LOD

Hemoglobin-1.2 g dL™", HIV
antibodies-N/A

Blood hematocrit-0.1%

C-reactive protein (CRP)-54
ngmL™"

CD4-N/A

Procalcitonin (PCT)-
<2ng mL~"

IL-6—0.1 pg mL™"

V value of HSV-8.5%
Human interleukin 6 (IL-6) -N/A

IL-6—0.187 mg mL™"

Cancer antigen 125 (CA125)-30
UmL™

Carcinoembryonic antigen
(CEA)-0.51 pg mL™"

Antihistone H2 B antibodies and
biomarkers of severe illnesses-
10 fgmL™"

GPBB, CK-MB and cTnT-0.5,
0.5 and 0.05 ng mL™"

NS1 protein

Glucose-0.3125 mM, lactate-
0.2975 mM

Glucose-250 pM, uric acid-
0.5 mM (naked eye)

12 urinary biomarkers

Glucose, leukocytes, nitrite,
blood and proteins

Urine 8-hydroxy-2'-
deoxyguanosine (8-OHdG)-N/A

pH, glucose (physiological
range) and lactate-N/A

L-lactate-0.01 mM

Relate disease

HIV

Anemia

Chronic heart and kidney
disease

HIV/AIDS

Sepsis

sepsis

\

Autoimmune disease,
Tumor, Nervous system
disease etc.

Autoimmune disease,
Tumor, Nervous system
disease etc.

Cancer

Tumor

Autoimmune disease

Acute myocardial
infarction (AMI)

Zika

Diabetes

Diabetes and gout
Urinary system diseases
Urinary tract infection
and kidney disease

Diabetic retinopathy

Diabetes

Severe sepsis, septic
shock

Reference

Guo et al. (2015)

Kim et al. (2017)

Dong et al.
(2017)

Kanakasabapathy
et al. 2017)

Russell et al.
(2019)

Alba-Patifio et al.
(2020)

Shin et al. (2017)

Wang et al.
(2016)

Wang et al.
(2017)

Hosu et al. (2017)

Alizadeh et al.
(2018)

Ramakrishan
etal. (2018)

Lim et al. (2019)

Coleman et al.
(2019)

Kim et al. (2019)

Kou et al. (2020)

Karlsen et al.
(2017)

Zhou & Dong
(2018)

Hainsworth et al.
(2020)

Zhang et al.
(2019)

Calabria et al.
(2017)

(Continued)
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TABLE 11.1 (Continued)

Techniques Biological Biomarker-LOD Relate disease Reference
fluids
RGB colorimetric, Paper Saliva urea-10.4 mg dL" kidney and liver Soni et al. (2018)
based strip coated with disorders
enzyme
CA, On-chip RT-LAMP Cell lines Prostate cancer antigen 3 RNA- Prostate cancer Wang et al.
0.34 fgpL ™" (2020)

Since blood can affect optical detection due to its intense red color by increasing background signal and decreas-
ing the ratio of signal-to-noise, many efforts have been done to develop antiblood color interference sensors based on
smartphone cameras for infectious disease screening and monitoring (Kim et al., 2017). For example, Guo et al. have
developed a microfluidic-based smartphone device which can simultaneously detect concentrations of hemoglobin
and HIV antibodies directly in whole blood (Guo et al., 2015) (Fig. 11.3A). The sensing mechanism is based on the
measurement of the optical density of silver precipitation on gold colloids. Specifically, each test zone of microflui-
dic channel was modified with disease-specific antigen (Fig. 11.3A, bottom). When the blood sample flow through
the channel, the target antibodies can be bound to the surface and next recognized by gold-labeled secondary antibo-
dies. Then the excess of reactant was removed by washing buffer, and finally silver reagents was added onto gold
particles to create an optically darkened zone which is dependent on the concentration of the target. Compared with a
gold standard instrument (the Hemocue Hb 201 + analyzer) the smartphone-based device displays good accuracy
within 1.2 g dL™" for hemoglobin detection, and obtained 95% sensitivity and 95% specificity when analyzing the
HIV antibodies. Kanakasabapathy et al. developed a smartphone-based sensor which allowed the rapid (30 min)
counting of CD4 + T-cells, an important biomarker for the clinical disease management of HIV-positive patients
(Kanakasabapathy et al., 2017). The system is composed of an inexpensive (<$5) cellphone accessory integrated
into a disposable microfluidic immunoassay device. Using only a microvolume of whole blood (30 pL) it is possible
to achieve CD4 + testing with analytical performance comparable with the manual analysis and fluorescence-
activated cell sorting results. This device displays all the potential to dramatically impact HIV detection and manage-
ment in low-resource setting scenarios.

Optical sensors based on smartphone camera also display high sensitivity for the detection of tumor markers in
human serum. Alizadeh et al. showed a paper-based microfluidic colorimetric immunosensor for the detection of carci-
noembryonic antigen (CEA) by using Co2(OH)2CO3-CeO2 nanocomposite, which mimics the peroxidase enzymatic
activity, and the smartphone camera as an optical reader (i.e., collection of the photos and their analysis) (Alizadeh
et al., 2018) (Fig. 11.3B). This device displays a very wide detection linear range (0.002—75.0 ng mL~") for CEA and
good LOD (0.51 pgmL™"). In another example, developers improved the detection efficiency and achieved high-
throughput screening, by adapting the smartphone camera into an eight-channel spectrometer with nanometer resolution.
The resulting device can simultaneously optically sense up to eight different samples by integrating optical accessories
and a custom smartphone multiview app (Wang et al., 2017). The device shows high sensitivity (2 pg mL™") for detect-
ing BSA protein and also had a good agreement (R*=0.9919) and comparative LOD (10.6 pg mL™") with the lab
instrument for detecting Human Interleukin-6 cancer biomarker.

Another interesting approach to carry out urine analysis, a common method in medical diagnostic with an impor-
tant clinical value, was developed by Karlsen and Dong (2017). Specifically, an ambulatory prescreening PoC sensor
compatible with commercially available diapers was developed to rapidly screen urine samples for incontinent or
functionally impaired elderly. This portable and convenient sensor was integrated with a series of colorimetric reac-
tion pads and accompanying reference colors, and the smartphone was used as reader and for data processing. The
device can achieve semiquantitative analysis and detection of 12 different biomarkers (2—7 references/biomarker) in
human urine. Moreover, the use of this sensing system is not affected by lighting intensity and color, device type
(i.e., smartphone brand and model), device settings (e.g., ISO, shutter speed, aperture), and automatic camera prepro-
cessing limitations.

A versatile, cost-effective, and wearable PoC patch sensor was developed for the rapid and quantitatively detection
of biomarkers (glucose, pH, and lactate) directly in sweat (Fig. 11.3C). Unlike blood, which requires extraction from
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the patient, sweat can be collected outside of the body, resulting in less invasive. The developed device combined a
homemade wearable PoC patch with the imaging and computing functionalities of smartphones. By overcoming the
issue of extremely low concentrations of glucose in the sweat samples, the device is engineered to concentrate the col-
orant (indicator) into a small detection zone in order to increase the sensitivity for the sweat glucose-sensing reactions,
achieving accurate and rapid detection of the glucose in the physiological range (50—300 uM) (Zhang et al., 2019).
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11.2.2 Fluorescence point-of-care biosensors based on smartphone camera

Smartphones can be fully integrated with biosensing platforms based on fluorescence readouts such as optofluidic
(Ko et al., 2016), microfluidics (Kwon et al., 2016; Li & Diamandis, 2016; Quesada-Gonzalez & Merkoci, 2017), and
lateral flow immunoassay (Gupta et al., 2019). Fluorescence is widely exploited as an optical signal for the detection of
many clinically relevant biomarkers thanks to its high sensitivity and rapid detection. This technique relies on the detec-
tion of the emitted light from the target-fluorophore complex upon its radiative excitation through a light source. Since
the majority of the available fluorophores display very close absorbance and emission peaks, and the current smart-
phone CMOS sensors are unable to distinguish such spectral difference, optical filters and lenses have to be integrated
into the enclosure device (Kim et al., 2017). This ensures that only the light emitted by the fluorophore will be filtered
and detected by the smartphone’s camera. Another important parameter to take into account during the design is the
optical excitation source. Indeed, the fluorescence signal is proportional to the intensity and spectral range of the excita-
tion source. Therefore the correct excitation source has to be selected in accordance with the optical properties of the
selected fluorophore (Yoon, 2019).

The need to achieve lower detection limits and to perform the measurement in spatially sensitive environments is
pushing research efforts towards the improvement of the device design itself. Specifically, high-performance filters and
nanomaterials have been integrated in mobile sensors to improve light rejection (i.e., light outside cannot enter into the
device interfering with the detection), scattering, and diffraction of emitted light (Hernandez-Neuta et al., 2019). All
these efforts have produced smart fluorescence-based smartphone biosensors able to rapidly detect biomarkers in their
clinical range through PoC platforms. This demonstrates all their potentials to solve real clinical problems, in particular
for the ability of these devices to support multiplexed measurements (Guo et al., 2015).

Recently, a smartphone-enabled fluorescent optofluidic platform was developed by Issadore’s group for detection of
brain-derived exosomes (Ko et al., 2016) (Fig. 11.4A). These exosomes have shown great potential as a noninvasive
biomarker of brain recovery. Because exosomes display small size (30—100 nm) and the sample preparation is
extremely time-consuming (> 24 h), their detection is still limited in clinical settings. The developed device can detect
exosome biomarkers exploiting an enzymatic reaction (GluR2 + exosomes) within 1 h, which is 10 times faster than
conventional techniques, therefore, fully solving the challenge of traditional exosome detection. Li et al. have combined
the complement fixation test (CFT) with a microfluidic platform, and a smartphone to develop a fast, simple and minia-
turized device for the diagnosis of biomarkers (Li & Shi, Fang, et al., 2016). Compared with ELISA or other traditional
immunoassays, this miniaturized device significantly shortened the detection time of CFT, reduced sample consumption
and washing steps. The platform was able to sensitively and selectively detect CEA and recombinant avian influenza A
(rH7N9) virus protein in human serum without complexed steps of protein immobilization, blocking, and washing steps
(see Table 11.2).

In addition to single fluorescence detection device, researchers are committed to develop multimode smartphone-
based optical sensors. For example, Barbosa et al. presented a novel, power-free and portable smartphone-based fluoro-
polymer microfluidic device for colorimetric and fluorescent quantitative detection of prostate specific antigen (PSA) in
whole blood (Barbosa et al., 2015). The device consists of a smartphone integrated with a magnifying lens, a light
source, and a microcapillary film coated with fluoropolymer probe. The proposed sensing platform was able to perform
selective and accurate analysis of PSA in whole blood. The device displays a LOD of less than 0.9 ng mL ™" and a total
assay time of 13—20 min, which proves a major progress in successful integration of portable, low-cost microfluidic
devices with commercial immunological reagents and affordable smartphones. More recently, Long et al. developed a
smartphone camera-based optical sensing platform able to collect colorimetric absorption spectra, fluorescence emission
spectra, and resonance emission spectra (Long et al., 2017) (Fig. 11.4C). The platform was designed for the detection
of phenylalanine in human serum, achieving a LOD of less than 0.5 nM.

Paper is attracting a lot of interest due to the unique advantages such as low cost, portability, and capillarity, which
allow the pump-free movement of the sample (Parolo et al., 2020; Parolo & Merkogi, 2013). For this reason, efforts
have been made to integrate this substrate in smartphone-based fluorescent sensing platforms for clinical detection of
biomarkers. For example, Rong et al. developed a smartphone-based fluorescent lateral flow immunoassay (F-LFIA)
platform for the infectious diseases screening (Rong et al., 2019). The F-LFIA was exploited to detect Zika virus non-
structural protein 1 (ZIKV NSI1) in human serum (Fig. 11.4B). This PoC device supports the quantitative detection
(with a LOD of 0.15 ng mL™") and excellent selectivity within 20 min. The rapid, portable, and cost-effective smart-
phone-based F-LFIA platform is expected to be an excellent choice for infectious diseases screening in resources-
limited regions. Semiconductor quantum dots (QDs) are an excellent fluorescent probe for optical detection platforms
due to their ultra-high fluorescence intensity, quantum yield and great Stoke shifts (Hu et al., 2017). Gupta et al.
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TABLE 11.2 Fluorescence PoC biosensors based on smartphone.

Techniques Biomarkers- Related disease Reference
LOD
CA, Fluoropolymer microfluidic assay HB PSA cancer Barbosa et al.
(2015)
Fluorescence assay (FA), Optofluidic HS Mild traumatic brain injury Ko et al. (2016)
FA, Microfluidic, CFT HS Cancer and avian influenza A Li, and Shi,
Fang, et al.
(2016)
FA, RT-LAMP HB, HS Infectious disease Priye et al.
and saliva (2017)
FA, TRI analyzer HS Phenylketonuria Long et al.
(2017)
RGB, Indicator displacement HU Acute poisoning or cancer Merli et al.
approach (2018)
Ratiometric multicolor FA, RGB HS Diabetes, bone disease, prostatic Hou et al. (2019)
analysis cancer, and liver dysfunction
FA, Smartphone spectrum apparatus Synthetic Alzheimer’s and Parkinson’s Neill et al.
urine (2019)
FA polarization assays PBS Infection, inflammation, or cancer Zhao et al.
(2019)
FA (Polymer dots and QDs), Lateral Buffer N/A Gupta et al.
flow assay (2019)
Fluorescent DNA microarray, Paper Buffer Breast cancer Prasad et al.
microfluidic (2019)
FA signal-enhanced (ZnO nanowires), HB AMI Guo et al. (2019)
Paper-based immunoassay
F-LFIA HS Congenital birth defects and Rong et al.
Guillain-Barre syndrome in adults (2019)

compared the optical properties of semiconductor polymer dots (Pdots) and semiconductor QDs applying these to lateral
flow assay for analysis of human IgG in order to evaluate their sensing performance (Gupta et al., 2019). The greater
per-particle brightness of Pdots provides orders of magnitude better imaging sensitivity vs QDs, which is supported
very well by analysis results from the lateral flow assay. Additionally, the Pdots also can realize multicolor imaging on
smartphone. This proves that Pdots has great potential to be applied to smartphone-controlled fluorescent sensors to
obtain higher sensitivity and lower LOD.

Fluorescence analysis is widely used in nucleic acid detection (Fu et al., 2020), such as real-time fluorescence quan-
titative PCR (Zhou et al., 2019), real-time fluorescence isothermal amplification (Veigas et al., 2017), and hybrid cap-
ture immunofluorescence analysis (Wang et al., 2017). Although these classic methods are accurate, they are still not
fast and not enough portable. Prasad et al. developed a portable fluorescent microarray based on smartphone imaging
system for the detection of Cy3-target DNA for the diagnosis of breast cancer (Prasad et al., 2019). A paper-based
microfluidic platform was used to demonstrate the DNA hybridization assay. By analyzing RGB value of the images
captured by smartphone CCD camera, the device achieved a comparable LOD of 0.4 pM. The smartphone-based paper
microfluidic platform can be used into clinical settings for performing PoC testing. In addition to the commonly used
fluorescence intensity readout, Lu’s group reported a smartphone-enabled system using fluorescence polarization (FP)
assay for biomarkers sensing (Purohit et al., 2020; Zhao et al., 2020). The FP assay can rapidly detect the connection of
ligand-target by monitoring the movement of molecules, so it is widely used in rapid clinical diagnosis. The developed
platform was demonstrated to detect Prostaglandin E2 using a competitive FP immunoassay, with a LOD of
1.57 ngmL ™" (see Table 11.2).
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11.2.3 Luminescence biosensors on smartphone camera

Luminescence is an optical phenomenon applied in biosensing platforms taking advantage of successfully integrated
smartphones for the detection of biomarkers. By definition, luminescence includes all the processes involved in the
emission of light from any molecule. This emission is mainly due to the returning of electrons from their excited states
to their ground states through a relaxation process. Depending on the nature of the excited state (i.e., singlet or triplet
states) the luminescence can be divided in fluorescence and phosphorescence (Azim et al., 2018; Mckeever & Chen,
1997). In these processes, the emission requires the use of an excitation light source to induce the formation of the elec-
tronically excited states. However, the definition of luminescence includes also all the light emission processes that do
not require a light excitation source. For example, when the emission of light is triggered by a chemical reaction this
process is called CL (Clough et al., 2016). The same process can occur inside the living organisms and take the name
of bioluminescence (BL) (Roda & Guardigli, 2012). On the contrary, photoluminescence (PL) is produced using a light
excitation in the spectral range of ultraviolet or X-ray (Bebb & Williams, 1972). Finally, electrochemical luminesence
(ECL) is a luminescence process induced by an electrochemical reaction in solutions (Miao, 2008). Such spontaneous
emission of light observed in these processes was exploited to develop new biosensing platforms achieving high sensi-
tive detection. Therefore, such optical techniques can be fully combined with digital camera technology and mobile
devices to produce PoC analytical devices able to achieve the rapid and easy diagnosis of clinically relevant biomarkers
(Roda et al., 2016).

A chemiluminescent agent is a compound or species participating in the luminescence reaction where the formation
of the product comes with the release of energy in the form of emitted photons. These agents can be divided in lumines-
cent substrates for enzymatic reactions, direct chemiluminescent agents, and electrochemiluminescent agents. For exam-
ple, the luminescent substrate produce light after the catalytic action of enzymes. The enzymes commonly used in
chemiluminescent immunoassay (CLIA) are horseradish peroxidase (HRP) and alkaline phosphatase (AP) (Kricka,
1996). Luminol and its derivatives are the most commonly used substrates for HRP (Azim et al., 2018). Roda et al.
developed a smartphone-based CL assay for detection of total cholesterol, an important biomarker for heart disease,
exploiting a cholesterol esterase/oxidase integrated with luminol-H,O,-HRP system (Roda et al., 2014) (Fig. 11.5A).
The developed device can rapidly perform the analysis (within 3 min) without additional processing of the sample, and
it displays a LOD of 20 mg dL.”!, which is comparable to another reported ECL assay in serum sample (Zhang et al.,
2019). Although the LOD is slightly higher than other amperometric assays (Ruecha et al., 2014), this method only
requires a smartphone as a detector making it convenient and cost-effective. Subsequently, Zangheri et al. combined
CL and lateral flow immunoassay (LFIA) to develop a portable device for quantitative detection of cortisol in saliva
(Zangheri et al., 2015), which is a biomarker of stress, anxiety, and depression (Tlili et al., 2011). This system is based
on the substrate (luminol/enhancer/H,0,) and peroxidase enzyme. The smartphone camera is used as detector through
photo acquisition, and data processing is performed by a custom app. The overall assay is easy-to-use, rapid (within
30 min), sensitive (with a LOD of 0.3 ng mL™"), and has a quantitative detection range (between 0.3 and 60 ng mL™")
which covers cortisol’s clinical relevant range.

The diagnosis or treatments of some diseases often require multibiomarker testing, therefore, the detection of a sin-
gle biomarker cannot meet the diagnostic needs. In a newly reported study, Li et al. developed a smartphone-based
assay for the multiplexed detection of biomarkers integrating CLIA into a microfluidic chip (Kwon et al., 2016; Li &
Diamandis, 2016; Quesada-Gonzalez & Merkogi, 2017). The assay exploits the luminol-H,O, system to initiate cobalt-
based zeolitic imidazolate frameworks ZIF-67 in order to produce CL and resonance transfer reactions, and thus obtain
multiresolution CL signal. This platform was designed to detect three different cancer biomarkers [CEA, a-fetoprotein
(AFP), and PSA] using both video and image modes. The platform displays a detection range and a LOD which are bet-
ter than previous CL microfluidic paper-based devices for the same biomarkers detection. The ECL method combined
with CL and an electrochemical reaction can further improve the sensitivity and accuracy of PoC biosensing platforms.
Chen et al. proposed a handheld paper-based bipolar electrode-ECL (BPE-ECL) device combined with a battery energy
supply and a smartphone as detector (Chen et al., 2016). Common luminol-H,O, based ECL reaction was applied in
this platform. The BPE-ECL system can detect glucose in artificial urine with a LOD of 0.030 nM supporting high
throughput-out data.

Bioluminescence (BL) has recently emerged as a promising tool for PoC diagnostics based on smartphones.
BL-based sensors are mainly divided into two categories: the first one exploits natural bioluminescent proteins, and the
second one exploits entire bioluminescent bacteria or cells. Generally, bioluminescence is produced by the chemical
reaction between light-producing molecules such as luciferin and luciferase. Roda et al. firstly reported the use of inte-
grating BL coupled with bio-specific enzymatic reactions with smartphone camera to quantify biomarkers in biological
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fluids (Roda & Guardigli, 2012). The system is able to detect the total concentration of bile acids with
high accuracy (LOD of 0.5 puM) and precision (using 3a-hydroxyl steroid dehydrogenase coimmobilized with bacterial
luciferase system) in serum and oral fluids. Recently, Arts et al. presented a novel sensor called LUMABS which
exploits the blue-light emitting luciferase NanoLuc as donor and the green fluorescent mNeonGreen as acceptor
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(Arts et al., 2016) (Fig. 11.5D). The donor and acceptor are connected by a semiflexible linker which can be stretched
by the presence of specific antibodies (i.e., antiHIV1-p17, hemagglutin (HA), and dengue virus type I). Therefore, the
binding with the antibody increases the distance between the donor and the acceptor, so that, the optical readout based
on bioluminescence resonance energy transfer (BRET) is related to the biomarker’s concentration (Komatsu et al.,
2018). The novel platform was used to detect three common antibodies using blood plasma displaying a LOD of 10 pM
and without the need of washing steps. Compared with a sensor based on color change, the system based on BRET
(i.e., based on two colors or two wavelengths) displays a more robust, stable and sensitive signal readout.

The combination of bioluminescence with magnetic separation technology can make the biomarker’s detection more
convenient and sensitive. Li et al. proposed a new approach based on modified magnetic beads and DNA-templated bio-
luminescent modules that allow the amplification of the signal readout (Li et al., 2018). Specifically, two DNA-based
hairpin molecules are conjugated with a luciferase as donor and a green fluorescent protein as acceptor, respectively.
The sequences of the two hairpins are designed to induce their self-assembling (into a long double-strand structure)
only in presence of an initiator strand through a polymerization process called hybridization chain reaction (Dirks &
Pierce, 2004; Idili et al., 2015). When the two hairpins are triggered forming the formation of the long DNA double
strand structures, the donor and the acceptor will be in close proximity to allow energy transfer (in this case, BRET).
This configuration permits the amplification of the bioluminescent signal read-out while coupling it with detection. To
do so, aptamers and antibodies are used as receptors and designed to be initiators to trigger the DNA-based reaction in
response to their biding with the targets. The platform displays a LOD of 18.3 and 7.7 pM for detection of «-thrombin
and PSA in spiked human serum and an acceptable consistency with the gold standard technique ELISA.

Paper-based sensors are very popular in practical medical diagnosis due to their unique advantages (such as cost-
effective, rapid, and simple). The group of A. Merkoci reported a novel paper-based nano-lantern bioluminescence sen-
sor combined with smartphone readout for detection of ATP (Calabretta et al., 2020) (Fig. 11.5B). The platform can
rapidly (within 10 min) detect ATP in a small-volume of urine (just using 10 pL) with a LOD of 10~ '* M which corre-
sponds to 10° CFU mL ™" bacteria. The research of bioluminescent nucleic acid detection based on smartphone is also
another hot topic (Zhou et al., 2019). Chang et al. introduced a smartphone bioluminescent genetic sensor coupled with
semisynthetic luciferase for the detection of DNA/RNA biomarkers (Chang et al., 2020). This platform is based on a
standard displacement reaction which allows the detection of two sequence simultaneously integrated acting as an AND
gate on the sensor. Finally, the sensor was fully able to perform the analysis of three different of microRNA sequences
(microRNA-21, -31, -141) in human serum using smartphone imaging with a LOD of 400 pM.

Lanthanides such as Europium (Eu) and Terbium (Tb) are widely used in photoluminescence sensors due to their
high luminous intensity, long light lifetime and resistance to background interference (Lee et al., 2017; Yang et al.,
2018). Lian et al. reported a paper-based photoluminescent sensor modified with Eu@MOFs for detection of phenyl-
glyoxylic acid (PGA) in serum and urine (Lian et al., 2017) (Fig. 11.5C). The Eu@MOFs display distinct enhanced
luminescence in presence of PGA exhibiting excellent selectivity. The PL device has several appealing advantages such
as high sensitivity (LOD of 4.16 ng mL "), high speed (< 5s), and a wide detection range (0.02—0.5 mg mL~'). By
combining photoluminescence, magnetic separation technology, multiplexed sensing, smartphone imaging and a multi-
colored luminescent nanoprobe, Xu and co-workers developed a new erasable and visible platform for PoC detection of
dipicolinic acid (DPA) (Xu et al., 2019), which is an important biomarker for anthrax. The designed nanoprobe is com-
posed of CePO4:Tb-EDTA-Eu and Fe;O, magnetic nanoparticles in which CePO4:Tb was used as color supplier and
the CePO,:Tb-EDTA-Eu as the sensitive reactive signal for the detection of DPA. The device supports real-time analy-
sis just using a color-scanning app on the smartphone. In addition, because the luminescence can be quenched by Cu**
ions, they can be used to regenerate the sensor and allow the detection of cysteine (Cys) with high sensitivity (See
Table 11.3).

11.2.4 Microscopy point-of-care biosensors based on smartphone camera

Over more than two centuries, optical microscopy has been a crucial and essential tool for life science and basic clinical
research (Chen et al., 2016). For example, histological diagnosis is still used for the analysis of tissues in order to con-
firm the presence or absence of a disease, its grading and progression (Gurcan et al., 2009). The ability to provide quan-
titative images using microscopy has made this technique the “gold standard” for the final diagnosis of most clinical
diseases (Rorke, 1997). Although the cost of microscope imaging has been greatly reduced in recent years, its overall
cost still does not allow its wide use in limited resources settings (Mao & Huang, 2012). To overcome this, the combi-
nation of smartphone technology with microscope has allowed the integration of this optical technique into a PoC plat-
form offering great potential for personalized medical diagnosis (Hernandez-Neuta et al., 2019). Smartphones have
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TABLE 11.3 Luminescence PoC biosensors based on smartphone.

Techniques

BL, CL

CL, Lateral flow
immunoassay (LFIA)

CL

BRET

ECL

BL

PL

PL, Magnetic seperation

PL

BL, Loop-mediated
isothermal amplification
(LAMP)

PL, Colorimetry

PL, Ratiometric colorimetric

CL

BRET, Immunomagnetic
seperation, Isothermal
amplification

PL, Absorbance energy-

transfer emission effect (AETE

effect)
CL, ELISA

BL

Sample

HS and oral
fluid

Saliva

Exhaled
breath
condensates

Human
plasma (HP)

Artificial
urine

Water

HS and HU

HU

Human
plasma

Saliva, HS
and HB

HU

Bacillus
subtilis
spore
solution

HB and
Bloodstain

HS, human
peripheral
blood

Water

HS

HU

Analyte-LOD

total bile acids-0.5 pM, total cholesterol-
20 mg/dL

Cortisol-0.3 ng/mL

Hydrogen peroxide (H202)-264 nM

Antibodies (against HIV1-p17,
hemagglutinin (HA), and dengue virus
type )-10 pM

Glucose-0.030 nM

DMSO-IC50 8.9 = 0.7% (v/v)

Phenylglyoxylic acid (PGA)-4.16 ng/mL

Dipicolinic acid (DPA)-10.3 nM,
Cysteine-90 nM

Mucin-42.8 pg/mL

ZIKA virus(saliva and urine)- 5 PFU, HIV
(blood)-N/A

p-aminophenol (PAP)-5 pg/mL

DPA-54 nM(PL) and 72 nM
(Colorimetric)

Hemin-20 nM

a-thrombin-18.3 pM, Prostate specific
antigen (PSA)-7.7 pM

DPA-0.5 nM and 1.0 pM (UV lamp and
smartphone), Bacillus subtilis spore-
1.95%10° spores

Plasmodium falciparum Histidine Rich
Protein 2 (PfHRP2)-8 ng/mL

Bacterial ATP-3.8%10-14 M (One Plus 5
camera), Bacteria-105 CFU/mL

Component of
Smartphone and
accessory

Camera, Back-
illuminated CMOS

Camera, plano-
convex lens and
cartridge-insertion
slot

Camera,
Photography
software

Camera,
Photography
software

Camera, Paper based
bipolar electrode

Camera, 3D printed
minidarkbox and
aligned optical
interface

Camera, Color
scanning APP

Camera, Color
scanning APP

Camera

Camera, Smat-
connected cup,
Custom Android app

Camera, Color
scanning APP

Camera, Color
scanning APP

Camera

Camera

Camera, UV lamp

USB-OTG port,
Custom designed
optical detector

Camera

Reference

Roda et al.
(2014)

Zangheri
et al.
(2015)

(Quimbar
et al.,
2016)

Arts et al.
(2016)

Chen et al.
(2016)
Cevenini
etal.
(2016)

Lian et al.
(2017)

J. Xu et al.
(2019)

(Dutta et
al., 2018)

Song et al.
(2018)

Qin and
Yan (2018)

M. Xu et
al. (2019)

Fereja et
al. (2019)

Li et al.
(2018)

Rong et al.
(2019)

Ghosh et
al. (2020)

Calabretta
et al.
(2020)

(Continued)
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TABLE 11.3 (Continued)

Techniques Sample Analyte-LOD Component of Reference
Smartphone and
accessory
BRET HS MicroRNA-400 pM Camera Chang et
al. (2020)
CL, Chemiluminescence HS CEA, AFP and PSA-0.2 pg/mL, 3.2 pg/mL Camera Li et al.
resonance energy transfer and 4.2 fg/mL (video mode); 2.1 pg/mL, (2020)
(CRET), Multiplexed 0.4 pg/mL and 3.9 pg/mL (image mode)
immunoassay
BRET, Microfluidic thread- HB anti-HIV/HA/ DEN-4.0 nM, 2.1 nM and Camera, 3D-printed Tomimuro
based analytical devices 14.9 nM lens adapter etal.
(LTADs) (2020)
Luminescence energy HS CEA-0.36 ng/mL Camera He et al.
transfer (LRET), Paper-based (2020)

sandwich immunoassay

displayed superb technical compatibility. Specifically, the detachable microscope lens is integrated into the smartphone
camera in order to increase the magnification of the image (Dai et al., 2019). Using this method, it is possible to achieve
an optical resolution comparable to traditional laboratory diagnostic microscopes, albeit with a lower price (Dai et al.,
2019). In addition, image editing and processing applications and wireless components (Bluetooth and NFC) preinstalled
on smartphones allow users to immediately process and transmit the images (Zarei, 2017; Zhang & Liu, 2016).
Smartphones coupled with microscope lenses can become a very potential choice for microscopic imaging in developing
countries (Koydemir & Ozcan, 2017). At date, several smartphone-based microscope sensors have been used for bio-
marker diagnosis and they can be divided into bright field microscope and fluorescence microscope (see Table 11.4).

For example, Cui et al. developed a portable smartphone-based brightfield microscope for the diagnosis of clinical
biomarkers using a PoC platform based on an aggregation assay (Fig. 11.6C) (Cui et al., 2018). Polystirene (PS)
microbeads were functionalized with antibodies and then integrated in a microfluidic device. In the absence of the tar-
get, the microbeads are free to flow through the microfluidic chamber as single particles. The presence of the target
induced their aggregation and the formation of dimers. During their flow in the chamber the particles in the bound
(dimers) and unbound (single) states are trapped inside designed wells, where they can be visualized through the smart-
phones. To perform the imaging process and counting of the particles specific algorithms and an app were developed.
The device is able to detect PSA with a LOD of 0.125 ng mL ™' (3.67 pM) thus allowing its clinical quantification. The
final platform is portable, cost-effective, high throughput and label-free displaying a great potential for diagnosis of
other biomarkers (Cui et al., 2018). Wang’s group proposed a brightfield smartphone imaging device for the detection
of protein biomarkers using a simple microbubbling digital assay and magnetic enrichment technology (Chen et al.,
2019) (Fig. 11.6D). The biosensor was designed for the detection of PSA and (3-human chorionic gonadotropin (3hCG)
two relevant biomarkers for postprostatectomy surveillance and early pregnancy detection. The sensing mechanism is
based on the catalytic activity of platinum nanoparticles in presence of hydrogen peroxide which can produce micro-
bubbles. Specifically, magnetic beads are functionalized with antibodies in order to detect the target and capture the
platinum nanoparticles. Through the analysis and the detection of the microbubbles, the PoC device displays a LOD of
0.060 pg mL ™" (2.1 fM) and 2.84 pgmL ™" (0.034 mIU mL~") for PSA and BhCG, respectively, showing an overall
sensitivity significantly higher than current central laboratory.

Goertz et al. reported a filter-less fluorescence microscopy platform combining an ultraviolet LED (light source), a
smartphone (optical reader), and DNA single strands labeled with pyrene (recognition element) for the detection of oli-
gonucleotide sequences (Goertz & White, 2015). Pyrene is a fluorescent molecule that displays a strong emission at
390 nm when it is free in solution (monomer state). Through m—m interactions two pyrene molecules can interact and
form a dimer complex (excimer) which shows a new visible emission peak at 490 nm and an associated larger Stoke
shift. In order to exploit this effect for sensing applications, the pyrene molecules were coupled to specific DNA
sequences designed as detection probes. Specifically, the presence of the target sequence induces the formation of a
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TABLE 11.4 Microscope and surface plasmon

Methods

Biological fluids

Analyte-LOD

Reference

Fluorescence microscopy (FM) N/A TP3, TP3c, TT-N/A Goertz et al.
(2015)
Brightfield microcopy (BFM), HS PSA-0.125 ng/mL (3.67 pM) Cui et al.
Microbead aggregation (2018)
FM and BFM Cell, tissue etc. Cell and tissue observation, cell counting, Dai et al.
plasmid transfection evaluations etc. (2019)
FM, BFM and cross-polarized HB DNA-a single nucleic acid binding fluorophore Gordon et al.
microscopy (CPM) (2019)
Microbubbling digital assay, HS PSA-0.06 pg/mL (2.1 fM), bhCG-2.84 pg/mL Chen et al.
Brightfield smartphone imaging (0.034 mIU/mL) (2019)
FM, Microfluidic biochip PBS leukocytes-N/A Sami et al.
(2019)
FM, Autonomous capillary HS cardiac Troponin | (cTnl)-94 pg/mL Liang et al.
microfluidic chip (ACMC) (2019)
FM, Microfluidic biochip (uBiochip) HB CD64-N/A Ozcan and
Bashir (2019)
BFM Semen Sperm concentrarion and motility-N/A Cheon et al.
(2019)
FM, Paper-based pBiochip Buffy coat blood ROR1p cancer cells-1 cell/uL (image) Ulep et al.
(2020)
FM, Nanoporous microneedles Subcutaneous estrogen (E2)- Sub nanogram/mL Kang et al.
(nMNis) interstitial fluid from (2020)
rats
SPRi N/A Mouse IgG-nanomolar Guner et al.
(2017)
Grating-coupled SPR Clinical injectable lipopolysaccharides-32.5 ng/mL(in water) Zhang et al.
fluids (2018)

Spatially multiplexed SPR, HP 1gG-19.8 pg/mL Miyazaki et al.

Centrifugal Lab-on-a-Disc (2018)

LSPR, Aptamer sensor HB Plasmodium falciparum Glutamate Sanjay et al.

dehydrogenase (PfGDH)-264 pM (2020)

SPR, Molecule imprinting HS Troponin I-7.1 £ 0.6 nM Baldoneschi et
al. (2020)

LSPR, pBiochip HS CA125-4.2 U/mL, CA15-3-0.87 U/mL Fan et al.
(2020)

SPR, Polymer multi-mode HS CRP-12.46 nM Walter et al.

waveguide (2020)

double-stranded structure where pyrene molecules are located in close proximity triggering the excimer signal. Dai
et al. developed a handheld smartphone fluorescence microscope (HSFM) where a dual-functional polymer lens capable
of imaging and filtering has been used for the first time (Fig. 11.6B) (Dai et al., 2019). The designed fluorescent mod-
ule is so versatile that can be integrated with various brands and models of smartphones in order to support bright field
and fluorescence imaging reaching a single-cell scale resolution (Dai et al., 2019). The HSFM system can successfully
perform cell and tissue observations, cell counting, plasmid transfection evaluation, and superoxide production analysis.
The collected clinical results are comparable with those obtained from a classic bulky optical microscope used in labo-
ratory testing.



Optical smartphone-based sensing: diagnostic of biomarkers Chapter | 11 293

A) (B) ©)

. -
i - (i)
/ ~ Z N
(l) Smartphone //_: :.+ o + i
/ 'l L L \‘
20X objecti g \ i
SIS Transparent lens Yellow lens \ ...‘*.‘.. %
Emission filter AN SO ERYE L

Emission fluo. =
Optical
Excitation light [ attachment
Excitation filter
Green lens
Red lens
Blue lens
Cover layer
Compound lens  Smartphone
Microchannel layer Excitation light e

Sample

Substrate layer

Sample f(). ~_Emission light

: introduction area 3 ¢ 00 :
FITC Ab \ . >
Mixing area M - v
) 10 7 18 \ . ) Cellph: |
Reaction area |' I i;/Ca::xre Slot for white LED chip Sphore

Cellphone picture

collection
area

© @ TR
B o o mom omom o om o

MW-microfluidic chip

(D)

L .
(i) Magnetic bead (iii) (lV) Microbubble (V) o 00 ° - o
Target o o o
o @ ) Microwell Array o 0 it
-» Microchip SE e
Capturi o > Ny _ PDMS Chamber 3 i3 o0
Antibody g . : o O g¢9
Detection Q i * ™ Supporting Glass Slide i3
Antibody-Biogn '\eutrAvidin-PINP S Parylene C Layer s
H,0, Solution

(i)  o%e%e e

& u ’ ¢
Magnetic beads X

=5
’

L) el

H,0, Solution o
Mm@/b’le 7

==si—— Microbubble
lagne!

FIGURE 11.6 Different types of smartphone-based PoC microscopy biosensors. (A) (i) Scheme of the smartphone-app-ACMC platform (Fluo. indi-
cates fluorescence. ACMC indicates autonomous capillary microfluidic chip); (ii) scheme of the ACMC (Liang et al., 2019). (B) Color compound
lenses for a portable fluorescence microscope. (i) Different colors lenses were fabricated on glass disks to create various fluorescence filters; (ii)
scheme of fluorescence imaging (Dai et al., 2019). (C) A portable smartphone PoC biosensor based on microwell-microfluidic chip and microbead
aggregation assay. Scheme of the microbeads aggregation process (top); Statistics of the aggregated microbeads acquired by processing the photo-
graphs acquired by cellphone (Cui et al., 2018). (D) A smartphone-based bright-field microscopy biosensor for quantitation of femtomolar-level pro-
tein biomarkers detection integrating a simple microbubbling digital assay. (i) Magnetic beads functionalized with capture antibodies are used to
capture PtNP-labeled target molecules; (ii) microbubbling signaling strategy; (iii) Microbubbling microchip with smart phone as readout device; (iv)
oxygen microbubbles entrapped in the square microwell array serve as the visible digital signal; (v) Microscope image of the microbubbles on the
microbubbling chip; (vi) scanning electron micrograph of a section of the microbubbling microchip (Chen et al., 2019). From (A) (Liang et al., 2019);
(B) (Dai et al., 2019); (C) (Cui et al., 2018); (D) (Chen et al., 2019).
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Recently, Ning’s group proposed a portable smartphone-app-controlled fluorescence microscope for PoC diagnosis
using a sandwich immunofluorescence assay (Liang et al., 2019) (Fig. 11.6A). This was combined and integrated into
an autonomous capillary microfluidic chip (ACMC) and coupled with a smartphone. To avoid complex optical proces-
sing and bulky filters the smartphone-app-ACMC system was coupled with a self-aligned on-chip focusing (SOF)
lenses. The platform was able to rapidly (within 12 min) monitor myocardial infarction biomarker ¢Tnl with a LOD of
94 pgmL~" in human serum. The portable palm-sized platform has good application prospects in the field of PoC
devices, especially in resources-limited areas. Finally, Ulep et al. established a new fluorescence microscopy system
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based on a smartphone and a capillary flow velocity assay which is integrated in a dual-layer paper-based microfluidic
chip (Ulep et al., 2020). The optical device can simultaneously detect the ROR1 + cancer cells in complex buffy coat
blood with a LOD of 1 cell pL~" (fluorescence microscopy) and 0.1 cell pL ™" in the first 6 s assay (capillary flow
velocity).

11.2.5 Surface plasmon resonance point-of-care biosensors based on smartphone camera

SPR is an important sensing platform widely used to study the interactions between bioreceptors and their targets. This
is mainly due to its ability to support real-time and label-free measurements exploiting an optical readout (Homola,
2008; Pattnaik, 2005; Prabowo et al., 2018). For example, SPR biosensing platforms are very useful in pharmacological
research to perform large-scale drug screening in order to characterize the binding between the drug and its target
immobilized on the sensing surface (Rasooly & Herold, 2009). This biosensing platform exploits the different propaga-
tion of surface plasmons along the interface between a dielectric and a thin metal film (Mauriz et al., 2019).
Specifically, these electromagnetic waves are produced by a light wave (excitation source) and they can propagate only
in the proximity of a metal—water interface (Soler et al., 2019). Since their velocity is strongly affected by the refrac-
tive index of the interface, this parameter can be used to probe change on the surface monitoring the shift of the
reflected light through a photodetector. For example, the binding between the selected bioreceptor and its specific target
induces a change in the refractive index of the sensor surface allowing to track the formation of the biding complex. As
a result of the advent of smartphones, SPR technology has been integrated into PoC platforms (Guner et al., 2017).
Guner et al. reported an SPRi system for in situ high-throughput detection using a smartphone readout (Guner et al.,
2017). The grating coupled SPRi chip was fabricated by integrating an Au@Ag bimetallic Blu-ray disk and a disposable
fluidic channel (Fig. 11.7A). The SPRi platform could detect mouse IgG with a nanomolar LOD. Instead, Miyazaki
et al. developed a spatially multiplexed smartphone camera-based SPR biosensor with an integrated centrifugal lab-on-
a-disk (LoaD) system (Miyazaki et al., 2018) (Fig. 11.7B). This innovative centrifugal LoaD platform can automatically
realize plasma extraction and then distribute it evenly to five parallel channels for multiplexed sensing. The device can
detect IgG with a LOD of 19.8 ug mL ™" within 1 h. Fan et al. also proposed a multitesting unit smartphone biosensor
based on LSPR integrated with microfluidic chip (Fan et al., 2020). This system can record 9 channels of signals at the
same time, and it is easy to expand to more channels (up to a 72 units system). The device was successfully used to
analyze CA125 and CA15—3 with a LOD of 4.2 and 0.87 UmL ™" in clinical serum samples. In addition to common
immunoassays combined with SPR, the aptamer sensor is also easily integrated with SPR to improve sensitivity and sta-
bility. Sanjay and co-workers proposed a novel multichannel, optic fiber LSPR sensor for quantitative detection of
Plasmodium falciparum Glutamate dehydrogenase (PfGDH) based on an inexpensive smartphone camera and flashlight
(Sanjay et al., 2020) (Fig. 11.7C). The platform exhibited a LOD of 264 pM using 175 pL of blood samples, and the
storage experiment under normal temperature shows that the sensor is quite stable within 20 days (see Table 11.4).

11.3 Summary and future perspectives

Here, we summarized the applications and progress in smartphone-based optical PoC devices for diagnostics of biomar-
kers during the past few years (2015—2020). We classified the smartphone-based PoC optical sensors according to the
detection methods (colorimetry, fluorescence, luminescence, microscopy imaging, and SPR). It is clear how smart-
phones with their processing systems, high-resolution cameras, expandable storage capabilities, wireless transmission
modules, and various apps can be used as excellent sensor signal detectors, processors, and data analysis tools. This
allows smartphone-based optical PoC sensors to effectively overcome limitations of traditional laboratory-based devices
and easily realize Real-time connectivity, Ease of specimen collection, Affordable prices, Sensitive and Specific analyt-
ical performance, User-friendliness, Rapid and Robust responses, an Equipment-free and Deliverable platform, that is
REASSURED criteria stated by the WHO.

However, smartphone-based PoC optical biosensors still have some limitations and shortcomings that need to be
solved. For the colorimetric PoC biosensors, the biggest problem is the image quality is easily affected by the ambient
light, shooting angle, location, and built-in camera quality. It is thus necessary to develop smartphone accessories that
guarantee always the same conditions for each photo, which in turn provide sensor-to-sensor reproducibility. For the
smartphone-based fluorescence PoC biosensors, there are three main issues to solve: the auto-fluorescence of some sub-
strates, the limitations of smartphone flash as excitation source, and the limitations of the smartphone camera to detect
narrow-band fluorescence emission. Regarding the first issue, the use of pulse excitation, time-resolved fluorescent probes
and near-infrared (NIR) or infrared probes can avoid the problem of substrate auto-fluorescence (Ulep et al., 2020).
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Instead of the second two issues, connecting the smartphone (as a light source) with a contact CMOS fluorescence imager
is a promising way to overcome those limitations (Ulep & Yoon, 2018).

In general, smartphone-based PoC sensors are promising solutions to bring advanced and sophisticated biomedical
testing to resource-limited areas, doctors’ offices, and even homes. We believe that with the development of 5G net-
works, artificial intelligence, edge computing, and other related technologies, smartphone-based PoC sensors will
become widely spread.
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This manuscript aims at raising the attention of the scientific
community to the need for better characterised bioreceptors for
fast development of point-of-care diagnostic devices able to
support mass frequency testing. Particularly, we present the
difficulties encountered in finding suitable antibodies for the
development of a lateral flow assay for detecting the
nucleoprotein of SARS-CoV-2.

Introduction

The COVID-19 pandemic'™ has shown the importance of
developing reliable yet easy-to-use, cheap, fast, and portable
diagnostic devices to support mass testing.*® Diagnostic
testing is fundamental for a rapid screening of the
population, to identify and track positive cases (i.e. both
symptomatic and asymptomatic individuals), and immunity
assessment.'"'? As suggested by the World Health
Organization (WHO), in order to meet such a high demand of
testing, countries have been relying on lateral flow assays
(LFAs)."® Indeed, such molecular sensing platforms allow
achieving the rapid (<30 min), low-cost (5 USD), and single-
step detection of the COVID-19 biomarkers.'* Moreover, LFAs
are an evolving platform with constantly improving
sensitivity.">™” Our group recently provided a protocol
describing the fabrication of a LFA to detect human IgG.'®
This is a generalisable protocol that can be easily adapted to
other targets, such as the SARS-CoV-2 virus, only by changing
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the bioreceptors (e.g. antibodies or aptamers). However, the
selection of suitable bioreceptors for the detection of SARS-
CoV-2 unveiled several experimental hurdles, which we want
to share with the community. More specifically, we want to
raise attention towards the importance of comprehensive
characterisation of bioreceptors (in this case, antibodies)
before their implementation into LFAs. Many studies compare
the performance of commercial SARS-CoV-2 diagnostic
kits,"®>® but to the best of our knowledge, only one recent
work has focused on the technical challenges behind
bioreceptor selection.?”

The COVID-19 pandemic represents a unique situation
due to the scarcity of antibodies against SARS-CoV-2 antigens
at the beginning of the outbreak (from December 2019 to
May 2020). During this period, the research community made
an important effort in the characterisation process to select
suitable antibodies to rapidly face the fast spread of the virus.
The main goal of this characterisation is to understand
whether the selected antibodies exhibit the required binding
properties to work in a LFA platform. Specifically, antibodies
have to display: (1) stability, in order to work under variable
environmental conditions (temperature, humidity, pressure)
and support long-term storage; (2) fast binding kinetics, due
to the short time window for the bioreceptor-analyte
interaction in the LFA assay (in the range of seconds to a few
minutes); (3) strong binding affinity, as we want the signal to
remain stable while and after the assay takes place.'®
Unfortunately, besides already identified technical problems
associated with antibodies such as batch to batch
differences,”®*'  suppliers do not provide enough
characterisation of important binding parameters (e.g.
binding and kinetic constants), and they test antibodies
using only standard laboratory procedures (e.g., ELISA,
western blot). A parallel approach could be the estimation of
these parameters through thermodynamics, binding, and
kinetics studies, but this requires resources, time, and
facilities that private companies may not be willing to

This journal is © The Royal Society of Chemistry 2022


http://crossmark.crossref.org/dialog/?doi=10.1039/d2lc00486k&domain=pdf&date_stamp=2022-08-08
http://orcid.org/0000-0002-8666-9287
http://orcid.org/0000-0001-9481-4408
http://orcid.org/0000-0002-6004-270X
http://orcid.org/0000-0002-9876-1574
http://orcid.org/0000-0002-1510-5927
http://orcid.org/0000-0003-2486-8085
https://doi.org/10.1039/d2lc00486k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00486k
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC022016

Open Access Article. Published on 29 July 2022. Downloaded on 5/3/2023 6:05:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

implement.”® This lack of experimental data does not allow
developers to pursue a rational selection of antibodies
forcing them into a trial-and-error approach. Since this can
hide many technical challenges, here we present a study
which describes how to proceed in such circumstances with
experimental tools that are more available and can be
performed by any laboratory, always keeping in mind that
the final goal is the development of a colorimetric LFA to be
implemented in COVID-19 diagnostics, and considering that
similar scenarios can occur in the future.

Results and discussion

Following our fabrication protocol for LFA,'® we characterised
antibodies for their adaptation as bioreceptors in an AuNP-
based LFA as they were released in the market. Specifically,
among the antigens of SARS-CoV-2, we decided to target the
nucleoprotein since it is highly abundant in the virion.*>?*?
From April 2020 to February 2021, we purchased 17
commercial anti-nucleoprotein antibodies from different
companies (see Table S1t). The criteria for the selection were:
(1) cost, (2) antibody concentration (over 1 mg mL™"), (3)
delivery time, and (4) animal host used for its production. Since
the recognition event in LFAs is based on the formation of the
classic immune-sandwich complex (Fig. S3), we screened
antibodies through two phases: (1) ELISA, to quickly check
antibody binding performance (Fig. 1) and (2) the half-stick
A Immuno-sandwich ELISA

* N
v oy

View Article Online

Communication

format, to check their compatibility with the conditions
encountered in a LFA (ie., under a constant flow in a
nitrocellulose membrane) (Fig. 2). Firstly, we performed ELISA
tests to identify the antibody combinations with the best
binding performance (Fig. 1A). In order to carry out these
measurements, we followed a previously reported ELISA
protocol.>*** The experimental criteria to identify such
antibodies were similar to the standard for evaluating antibody
titre by the chessboard titration method, which allows
assessing two variables simultaneously: antibody couples and
the presence/absence of nucleoprotein.®® Specifically, in the
absence of the target (i.e. blank), the background signal has to
display a value lower than 0.2 a.u. (OD Blank), while in the
presence of a saturated concentration of nucleoprotein (100 ng
mL ™), the produced signal should be higher than 1.0 a.u. (OD
Positive). Surprisingly, we found that out of 80 tested
combinations, only 10 met these two criteria (Fig. 1B). Such a
low success rate (12.5%) is a consequence of the high cross-
reactivity between antibodies (in most cases, a blank signal as
high as the positive can be observed (Fig. 1C)) and their low
affinity for the target or slow kinetics (for antibody couples
whose positive signals were lower than 1.0 a.u.) (Fig. 1D and E).
It should be noted that all but one antibodies were publicised
to work in ELISA and that none of them were part of a pre-
validated matched pair.

Among the 10 working antibody combinations,
selected the 5 combinations of capture and detection

we
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Fig. 1 ELISA tests were performed to screen antibody combinations with the best binding performance against the nucleoprotein (N protein) of
SARS-CoV-2. (A) Schematic of the immune-sandwich ELISA procedure. (B) Antibody combinations with the best ELISA performance. The
nucleoprotein concentrations of the blank and positive solutions are 0 ng mL™* and 100 ng mL™?, respectively. Antibody combinations that meet
the performance requirements should have the following conditions: the OD value of the blank nucleoprotein solution is less than 0.2 a.u. and the
OD value of the positive nucleoprotein solution is greater than 1.0 a.u.?’ (C-E) Each individual graph shows the ELISA test results of the same
capture antibodies (coated on ELISA plate wells) combined with multiple detection antibodies. (C) Capture Abs H1 and detection Abs R1-R10 and
M1/M5. None of the antibody combinations qualified because the OD value of the blanks was much greater than 0.2, which means high cross-
reactivity and poor specificity; (D) capture Abs M1 and detection Abs R1-R1. Only M1/R6 and M1/R8 were qualified with OD blank <0.2 and OD
positive >1.0 while the rest were not qualified due to OD blank >0.2 or OD positive <1.0; and (E) capture Abs M5 and detection Abs R1/R10.
Couples M5/R1, M5/R6, M5/R7, M5/R8 and M5/R9 were satisfactory, especially M5/R1 and M5/R8, and the others were not qualified due to OD
blank >0.2 (M5/R10) or OD positive <1.0.
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Fig. 2 Dot test for screening out antibody combinations and calibration curve of detection of nucleoprotein spiked in artificial saliva based on
half-stick LFA. (A) Schematic representation of the dot test based on half-stick LFA: anti-nucleoprotein Abs (capture Abs) and secondary Abs were
manually dropped on the nitrocellulose membrane as the test dot and control dot, respectively. When the half-stick is tested with a blank sample,
only the control dot (or line) is visible, demonstrating that the assay functioned properly. If the sample contains nucleoproteins, both control and
test dots (or lines) are visible, and the intensity of the latter will depend on the analyte concentration. (B) All antibody combinations with good
performance in the dot test (easy to distinguish between blank and positive samples with the naked eye). R1/M5, R8/M4 and R8/MS5 elicit the best
response. (C) Calibration curve of the half-stick LFA with R8/M5 antibodies. The data were fitted to a four-parameter logistic curve (blue line). The
fitted curve (obtained using Origin 2018 32-bit and presented as value t standard error) corresponds to the following equation: y = start + (end -
start) x xAn/(kAn + x"n), with start = 1.04 + 1.09, end = 112.12 + 10.21, k = 169.28 + 44.06 and n = 0.90 * 0.12. The reduced y2 = 2.58, R2 = 1.00
and the adjusted R2 = 0.99 Grey points were beyond the curve range due to the saturation of bioreceptor binding sites. The dynamic range of the
half-sticks is from 11.4 ng mL™ to 791.0 ng mL™, calculated from the signal change from 10% to 90%, and the graph was obtained by analysing at
least three (n = 3) independent LFAs for each target concentration. The fitting curve, LoD, LoQ, and dynamic range fully were acquired by the
protocol from Parolo et al.*® (D) Half-stick LFA for detection of nucleoprotein, responding to increasing concentrations of the nucleoprotein.

antibodies (M2/R8, M5/R1, M5/R6, M5/R8 and M5/R9) with  dot test results showed that three antibody couples (R1/M5,
the best performance in order to move on to the half-stick ~ R8/M4 and R8/M5) had similar test line peak values for the
characterisation. To do this, we used dotted half-sticks rather ~ detection of 100 ng mL™" nucleoprotein (Fig. 2B). Then,
than full LFA strips because they are faster to prepare (taking  preliminary calibration curves of R1/M5, R8/M4 and R8/M5
into account the number of antibody combinations) and  were obtained after testing the sensors with increasing
smaller reagent amounts are required.*®*” In order to concentrations of nucleoprotein (0, 3, 10, 30, 100, 300, 1000,
identify the antibodies with the best binding performance in ~ and 3000 ng mL™") (Fig. S5t). Fitting the curves with a four-
the nitrocellulose membrane, we established that the blank's logistic parameter equation, we calculated the EC50, that is,
signal should be <5.0 a.u. and the positive sample's signal  the half maximal concentration of nucleoprotein that elicits a
>30.0 a.u. These values approximately correspond with the  response halfway between the baseline and saturation signal.
dynamic range obtained in a provided protocol for human  Given the immune-sandwich nature of the system, EC50 is a
IgG detection.”® With these criteria, only 6 couples of good indicator of affinity. The R8/M5 couple displays the
antibodies showed a suitable binding performance in the  lowest EC50 value (134.7 ng mL™"), while the EC50 values for
half-stick format (Fig. 2B). We hypothesise that the shorter =~ R8/M4 and R1/M5 are 197.9 ng mL™' and 337.1 ng mL™"
time of incubation/recognition and the absence of washing  respectively (Fig. S5 and Table S4t). Moreover, R8/M5 showed
steps in half-stick dot tests compared to ELISAs are the  the best sensitivity for nucleoprotein detection, as observed
causes of the decrease in the number of antibody couples  from the steeper slope in the calibration curves (Fig. S5A and
compatible with a paper-based platform. Bt). Consequently, antibody couple R8/M5 was selected for

To demonstrate the feasibility of the half-stick assay for  the further development of a nucleoprotein LFA sensor. A
further experimentation with clinical samples, we tested it  half-stick was prepared by dispensing the R8 antibody on the
using artificial saliva, taking into account that COVID-19  test line (TL) and the secondary antibodies (anti-mouse IgG)
diagnosis is possible using such a kind of sample.**® The  on the control line (CL), while the antibody nucleoprotein M5

2940 | Lab Chip, 2022, 22, 2938-2943 This journal is © The Royal Society of Chemistry 2022
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was conjugated to AuNPs. In order to characterise the sensor
response, we challenged it using nucleoprotein-spiked
artificial saliva samples covering a nucleoprotein
concentration range between 1 ng mL™ (21.2 pM) and 10 ug
mL™" (0.2 uM) (Fig. 2C). Through the analysis of the obtained
half-sticks, we calculated a limit of detection (LoD) of 3.0 +
1.2 ng mL™, limit of quantification (LoQ) of 14.7 + 2.0 ng
mL™", and a useful dynamic range of 11.4-791.0 ng mL™"
(Fig. 2C). The test line signals obtained using nucleoprotein
concentrations higher than 10 ng mL™ were clearly seen by
the naked eye (Fig. 2D). In addition, the recovery of
nucleoprotein samples ranged from 83.0 + 2.0% to 116.7 +
16.7%, demonstrating the accuracy of the test (Table S27).
The analytical performance of the described half-sticks is
comparable to that of a full SARS-CoV-2 nucleoprotein LFA
recently published for the detection of the nucleoprotein.®
To further support our results, we found another recently
published study by Cate et al, in which 1021 anti-
nucleoprotein antibodies were tested in LFA, taking
advantage of an automatized, high-throughput robotic
system,”” and the couple of antibodies we independently
selected has been found among the top performing couples.

Finally, to make stronger our message that knowing
beforehand the binding behaviour of bioreceptors would
speed up the development of diagnostic tests, we studied the
binding constant of three couples of antibodies selected
according to their performance in the preliminary steps,
which goes as follows. One of them worked in ELISA but did
not in half-stick (R8/M2), while the other two couples did
work in both types of assays (R8/M4 and R8/M5). R8/M2
showed an EC50 at least 72% higher than those of the other
two couples (R8/M4 and R8/M5) and also a higher working
range, thus indicating a lower affinity, which is not suitable
for LFAs (Table S3 and Fig. S47).

Conclusions

Despite the successful implementation of the LFA development
protocol,'® the significant amount of invested economic
resources (~25 000 €), personnel, and time (over 10 months) to
identify working antibodies is alarming. We understand that
the majority of the antibodies are validated for a few specific
applications, generally traditional laboratory-bound techniques
(e.g. ELISA, western blot). However, the COVID-19 pandemic
has demonstrated that we cannot rely exclusively on long
(hours) and cumbersome (multistep) diagnostic techniques to
effectively diagnose infectious diseases because we need
sensing platforms able to support massive (or high-frequency)
testing. Therefore, we urge antibody producers and distributors
to consider the implementation of more
characterisation of their products, which would allow
researchers to make better-informed purchases. At the same
time, the integration of new antibodies into point-of-care
devices would also be faster. The availability of information
such as the binding kinetics of bioreceptors could lead
researchers towards purchasing antibodies that better suit their

extensive
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platform's needs, e.g. antibodies with fast binding kinetics for
a LFA, which features a short receptor-analyte interaction time.
We realise that longer bioreceptor characterisation implies
higher costs for the company (e.g new instrumentation,
delayed commercial availability). Nonetheless, we truly believe
that researchers would rather buy more expensive, but well
characterised antibodies than cheaper but poorly characterised
ones. This in turn would optimise the time and economic
resources required for the development of a point-of-care
diagnostic device, speeding up its placement in the market.
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ABSTRACT: As the current pandemic has shown, lateral flow assays (LFAs) are a prime example of point-
of-care devices enabling quick testing at an affordable price. However, their ease of use undeniably affects
their sensitivity, making them less sensitive than other multi-step and time-consuming diagnostic assays, such

Au-IrO, ¥ l.

as polymerase chain reactions and enzyme-linked immunosorbent assays. A possible solution to overcome

this lack of sensitivity is the exploitation of bottom-up approaches to synthesize nanomaterials with

outstanding properties for use as colorimetric labels in LFAs, that is, using nanoparticles with better optical capabilities to improve
the generation of the colorimetric signal and the overall sensitivity of LFAs. Following this strategy, we rationally optimized the
synthesis of gold and iridium oxide nanoflowers (Au—IrO, NFs) to enhance their physical—chemical properties as colorimetric
labels in LFAs. Specifically, we were able to rationally control their size (from 155 to 53 nm in diameter) in order to guarantee an
optimal flow along the different pads of a LFA. Moreover, thanks to their superior plasmonic behavior (compared to standard
AuNPs), we could achieve an 8.5-fold lower limit of detection (down to 1.2 ng/mL) for human immunoglobulin G (HIgG) than
standard LFAs (10.1 ng/mL). Therefore, due to their optical and redox properties, bioconjugation capabilities, and synergic
combination of the individual components, Au—IrO, NFs appear as potential candidates for the next generation of optical LFAs.

KEYWORDS: lateral flow assay, gold nanoparticles, iridium oxide nanoparticles, paper-based biosensor, nanoflowers

B INTRODUCTION

The recent COVID-19 outbreak has highlighted again the
clinical relevance of lateral flow assays (LFAs) as simple and
rapid diagnostic tools with an ability to support mass-scale
screening.”” They consist of a series of connected paper-like
pads that, by capillarity, move the liquid sample along the strip,
allowing for the rapid, low-cost, and naked-eye detection of the
target molecule in its clinical range.’ Because the signal
transduction mechanism is based on the detection of the target
through the formation of an adsorbed immune complex on the
test line, they can be designed to detect any arbitrary molecule
by simply changing the antibody receptors. To date, LFAs have
been widely exploited in real-world applications ranging from
clinical (e.g, pregnancy test, antigen detection, serological
application, etc.)™” to environmental monitoring (e.g.,
detection of heavy metals, bacteria, and contaminants).é_8
Besides their versatility, the success and popularity of LFAs
rely on their simple operation, fast response (approximately 15
min), low cost, and naked-eye-readable results. Despite the
success and popularity of LFAs due to their simple operation
and fast response, their sensitivity is lower than that of well-
established laboratory-based detection methods [e.g., polymer-
ase chain reaction (PCR) and enzyme-linked immunosorbent
assay (ELISA)]. In consequence, LFA’s potential cannot be
fully exploited yet for applications requiring the detection and
quantification of ultra-low-concentrated biomarkers (e.g.,
circulating tumor DNA, tumor proteins).”'® Therefore, the
development of novel approaches with an ability to improve
the sensitivity of LFAs without compromising their ease of use

© 2023 American Chemical Society
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could reduce the burden of expensive laboratory-based
methods, allowing a more efficient early diagnosis to support
the mass-scale screening of biomarkers at the point of care."’

The sensitivity of an LFA depends on a wide range of
physical—chemical and biological factors including, but not
limited to, the type of label (e.g, colorimetric, fluorescent,
electrochemical, etc.), the affinity of the selected bioreceptors
toward the targets, and the flow rates of different pads.'”"’
Among them, the selection of the optical label plays a key role
because it can affect important parameters of the LFAs, from
the flow of the sample to the signal-to-noise ratio (which is
defined as the optical contrast between the test/control line
and the nitrocellulose background) and must guarantee the
naked eye detection, which is crucial for their use at the point
of care."* The development of nanotechnology has boosted the
synthesis and the generation of new labels (i.e., nanomaterials)
with exceptional optical properties (e.g, absorption, trans-
mission, scattering, and light emission), creating a new set of
ideal candidates for biosensing purposes.'”~'” However, other
features of the selected nanomaterial must also be considered,
such as their size, shape, surface chemistry, and stability, to
fully adapt it on an LFA.
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To improve the sensitivity and limit of detection of LFAs,
several experimental strategies have been developed over the
last 2 decades.'®” Generally, those strategies aimed at
improvin§ the different com;)onents of the LFAs, such as
labels,”"™** strip design,”*>" readout (optical or electro-
chemical),”* ™ and microfluidics® with the final goal to
enhance the overall analytical response of the LFAs. Among
them, the development of new labels with the ability to
generate a stronger optical signal has been a simple yet
effective approach to improve the sensitivity of LFAs."” For
example, nanodiamonds, upconverting nanoparticles, quantum
dots, and magnetic nanoparticles have been used to develop
LFAs for the detection of clinically relevant targets.””**™* In
particular, AuNPs are the most used colorimetric LFA labels
that allow efficient naked eye detection due to their strong
surface plasmon resonance, simple synthesis, and conjugation.
Indeed, their surface plasmon resonance in the visible region
produces a strong red color, which makes the iconic red lines
that are ideal for the naked eye detection.”* Other examples of
metallic NPs used for the development of colorimetric LFAs
include iridium oxide nanoparticles (IrO, NPs),*® rhodium
nanoparticles,”” copper oxide nanoparticles,”® and Prussian
blue nanoparticles.”” Each NPs display different colorimetric
properties, which allow the generation of test lines with
different colors and better performances than the classical
AuNPs-based LFAs, albeit higher costs, more complex
synthesis, and different morphology and size which affect the
bioconjugations.

Besides the composition of the label, the morphology and
the size of the nanoparticles also play important roles in the
sensitivity of LFAs.***! For example, increasing the surface
area of a nanoparticle allows it to load more bioreceptors (e.g.,
antibodies, proteins, or aptamers), or the presence of spiked
structures can provide different optical properties due to
surface-enhanced plasmons. In this context, several research
groups have demonstrated how the use of non-spherical
nanoparticles with strong plasmonic behaviors (e.g., nanorods,
nanocubes, and nanostars) generally produces an improvement
in the LFA sensitivity when compared to the use of classical
quasi-spherical AuNPs.”>~** Looking in particular at mono-
and bimetallic non-spherical nanoparticles, we found studies
reporting up to S-fold and 10-fold improvements in the
sensitivity of LFAs when using gold and platinum nanoflowers,
respectively.”~** Uniquely of bimetallic nanoparticles, they
have ability to display both plasmonic and catalytic behavior
(e.g, Au-based alloy nanoparticles).*”*® This feature has been
recently harnessed by two works, where AuPt core—shell and
AuPt nanoflowers have been described as dual labels for LFAs,
increasing dramatically the sensitivity of the assay up to 2
orders of magnitude.””** Thus, non-spherical and hierarchical
nanoparticles appear as promising labels to enhance the
analytical properties of LFAs.

Given the background, we were inspired by the plasmonic
behavior of gold and iridium oxide (Au—IrO,) nanoflowers
that were recently reported by de Freitas and co-workers.>
More specifically, harnessing their unique morphology and
composition that provide excellent biocompatibility and
plasmonic properties, we decided to use them as colorimetric
labels in LFAs.

Rationale. On the one hand, while the debate about the
optimal size of a LFA’s label remains open (depending on the
type of nanoparticles, the porosity of the pads, the size of the
bioreceptor, etc.), the ideal choice would be one that ensures
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optimal nanoparticle’ stability and bioreceptor coverage
without sacrificing the sensitivity of the assay. Bottom-up
synthesis of mono- and bimetallic nanoparticles is a versatile
tool to achieve this chemical and physical balance. Specifically,
it is possible to tune their size and shape by simply changing
the amount of reducing agent, pH, and solvent during their
synthesis.”»>> Therefore, the possibility to synthetically tune
the size and shape of the NPs is an important parameter at the
time of choosing the label to employ in a new LFA. On the
other hand, the optical response of the nanoparticles is another
crucial parameter to consider. In general, these nanoparticles
should have large extinction coefficients (i.e., high optical
intensities) that visually contrast with the white background of
the LF membrane. For example, this explains why AuNPs that
show bright red colors and absorb at wavelengths ca. 520—530
nm are sometimes preferred to bigger gold nanoparticles that
allow a higher bioreceptor loading but absorb at higher
wavelengths (e.g, 600 nm), reducing the visual contrast with
the membrane.

Having this in mind, we selected as new optical labels for
LFAs the Au—IrO, NFs whose synthesis was proposed by de
Freitas et al.”” The idea is to exploit their dark color to create a
higher contrast with the white background of the LF strips, and
therefore to improve the sensitivity of nanoparticle-based
LFAs. These Au—IrO, NFs display strong optical properties,
but due to their size (over 100 nm), they are not ideal for
LFAs. Specifically, they would be more prone to precipitation
and aggregation once dried on the LFA, limiting their flow
through the membrane. Therefore, we rationally adapted their
synthesis to decrease the NFs’ size without compromising their
stability. In particular, we achieved it by changing the reaction
time and the reducing agent (citrate) concentration while
keeping their optical properties. As a test bed, we successfully
used the Au—IrO, NFs in a LFA for the detection of human
immunoglobulin G (HIgG).‘}’l’?’6

B RESULTS AND DISCUSSION

Synthesis of Au—IrO, Nanoflowers. The synthesis of
Au—IrO, NFs is based on a two-step reaction, and the
mechanism behind their formation agrees with the nucleation
and growth theory, as previously reported.”****” In the first
step, gold (HAuCl,) and iridium salt (IrCly;-«H,0) solutions
were mixed to induce the formation of the Au nuclei/seeds
through the reduction of AuCl,” species to AuCl,” by
IrCl2 3¢ (see Scheme 1, nucleation). This first co-reduction
produces a color change from yellow to yellow-greenish. Of

Scheme 1. Mechanism of Au—IrO, NFs Formation. (i) In
the First Step, the Co-Reduction of Both Metal Precursors
Leads to the Nanoflowers Nuclei (Nucleation); (ii) the Next
Addition of Sodium Citrate Allows Their Further
Reduction, Growth, and Stabilization, Inducing a Specific
Morphology of Nanoflowers

i) Nucleation ii) Growth

Co-reduction

AuCl;- SAuCly
IrClg® > IrClg

/ Aunuclei/seeds

" Sodium citrate U

Au-IrO, nanoflowers

Metal precursor mixture
(HAuCI, + IrCl;-xH,0)
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Figure 1. Characterization of Au—IrO, NFs and evaluation of the bioconjugation. The upper panel shows the characterization of the Au—IrO, NFs
obtained with the [1:0.25] ratio using (A) the TEM, (B) the SEM, (C) the X-ray photoelectron spectra of Au 4f and Ir 4f, (D) UV—visible spectra
before and after bioconjugation, and (E) Z-potential measurements before and after conjugation. Instead, the bottom panel (A’—E’) shows the
same characterizations but for the Au—IrO, NFs obtained with the [1:1.5] ratio. In both cases, the Au—IrO, NFs resulted monodispersed and
made of both Au and IrO,; at the same time, the UV—vis and Z-potential measurements indicate the successful biofunctionalization of both

nanoflowers with the anti-HIgG antibodies.

note, the mixing time of the precursors must be no longer than
S min because this will induce the agglomeration of
nanoflowers. This is due to the formation of bigger seeds,
which leads to observe a solution that is clearly green. In the
second step, the previously generated seeds were added into a
boiling citrate solution to induce the growth of the nanoflowers
by the further reduction of the pre-formed seeds by the citrate
ions™ (which act as a reducing agent and stabilizer) (see
Scheme 1, growth). This second reduction process produces a
second color change in the solution from yellow-greenish to
blackish-blue. The different intermediates involved in the
reaction (ie, nucleation and growth) of the NFs display
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different colorimetric properties; therefore, the synthesis can
be monitored by naked-eye and UV—visible spectroscopy. We
tested two different metal ratios in order to evaluate how the
metal content affects the plasmonic signal, and we selected
[Au/Ir] ratios of [1:0.25] and [1:1.5]. The UV—visible spectra
of the obtained Au—IrO, NFs suspension display a broad peak
between 500 and 700 nm for both ratios, with maximum
absorption around 600 nm (Figure S1). The presence of the
single peak is indicative of the formation of an Au-IrO,
bimetallic nanostructure, because two separated peaks indicate
the formation of individual AuNPs and IrO, NPs (Figure

https://doi.org/10.1021/acsanm.2c04915
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$2).5%7%° This preliminary data clearly demonstrates the
efficacy of our synthetic approach to produce Au—IrO, NFs.

Our next goal is to synthetize smaller nanoflowers than those
previously reported (ie, <100 nm) to support the LFA
platform. To achieve this, we decided to simultaneously work
on two important parameters to tailor their synthesis: the
[citrate]/[AuCl,”] ratio and the reaction time. Previous
studies have reported that the [citrate]/[AuCl,”] ratio plays
a key role in the synthesis and size of mono- or bimetallic
nanoparticles in the presence of a reducing agent such as
sodium citrate.”*®" It has been reported that bigger ratios
induce the formation of smaller nanoparticles.”" Inspired by
this observation, we decided to increase the citrate
concentration from 1.7 to 2.5 mM to compensate an increment
of [citrate]/[AuCl,”] ratio. Next, we also considered the
reaction time as an important parameter because it is directly
connected with the growth of the NFs. Therefore, we have also
decreased the reaction time of the second step from 30 to §
min to limit the NFs growth and size.

The rationale modification of both parameters of the
reaction allowed us to obtain smaller nanoflowers with the
expected stability and morphological features. We were able to
decrease the diameter of Au—IrO, NFs [1:0.25] from 155 + 6
to 65 + 6 nm and the diameter of Au—IrO, NFs [1:1.5] from
93 + 6 to 53 + 4 nm, as shown by the TEM images in Figure
1. The results are in agreement with previous studies where the
increase in the [citrate]/[AuCl,”] ratio provides smaller
nanoparticles, while the higher content of iridium induces
the formation of nanoflowers with a lower size (due to the
faster reduction kinetics of the AuCl,~ species conducted by
the IrClg>~ ones).”” After optimizing the reaction, we scaled-up
the initial volume of the NFs synthesis up to five times,
obtaining a final volume of 30 mL and characterized the
morphology and size distribution of Au—IrO, NFs by using
TEM measurements. The resulting scaled-up Au—IrO, NFs
were quite homogeneous with a narrow size distribution
(Figure S3A,B), as well as showed the same morphology as
those synthesized in the initial volume. The size distribution
histograms show that the diameters of Au—IrO, NFs [1:0.25]
and [1:1.5] were 64 + 3 nm (Figure S3A) and SS + 2 nm
(Figure S3B), respectively. These results were consistent with
the sizes of small-volume synthesis of Au—IrO, NFs; thus, we
demonstrate the feasibility of a scale-up synthesis for Au—IrO,
NFs.

Au-—IrO, Nanoflower Characterization. Before applying
the new Au—IrO, NFs as labels in LFAs, we proceeded with
their full morphological and elemental characterization.
Regarding the morphology of the particles, as shown by the
TEM images (Figure 1A,A’), both Au—IrO, NFs samples
exhibited good mono-dispersity, homogeneous size, and
branches on their surfaces (similar to those obtained by de
Freitas et al.),”’ resembling a flower-like nanostructure.
Interestingly, using the [Au/Ir] ratio of [1:0.25], the
nanostructures showed a spikier surface when compared with
the ones with ratio [1:1.5] (see Figure 1B,B’). Regarding the
elemental analysis, the EDX results confirmed the presence of
gold and iridium in the nanoflowers, while the EDX line-scan
profile showed the distribution of both elements through the
entire nanoparticle (Figure S4). Finally, the nanoflower
compositions were directly determined by inductively coupled
plasma—optical emission spectrometry (ICP—OES), showing
the following percentages Au—IrO, NFs [1:0.25] with 85% Au
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and 5.9% Ir, while the ones with a [1:1.5] ratio showed 76%
Au and 10% Ir.

We employed X-ray photoelectron spectroscopy (XPS) to
study the surface chemistry of the Au—IrO, NFs. In this
context, prior to element identification and their respective
binding energies, both systems were calibrated to the C (1s)
line at 284.8 eV, and the data were analyzed using specific
software as mentioned above. For gold, two photoemission
peaks associated with the Au 4f spin—orbit components were
found between 84 and 88 eV and identified as Au 4f,,, and Au
4f;, core level regions, respectively (see Figure 1C,C’). These
peaks separated by ~3.7 €V are associated with Au’, which is in
agreement with the literature.®>%3 Regarding the iridium, two
binding states around 62 and 65 eV were identified as Ir 4f,,
and Ir 4f;,, core-level regions, respectively. The values for this
doublet, separated by 3 eV in binding energy, were very close
with the ones reported for Ir*" in Ir0,.°*~®® Detailed data
about XPS spectra can be found in Table SI.

Bioconjugation of the Au—IrO, Nanoflowers. Bio-
conjugation of the synthesized particles was optimized using
three different pH values and evaluated by UV-—vis
spectrophotometry. Using pH 9, we observed the aggregation
of the Au—IrO, NF—antibody conjugate, making it not a
suitable condition for the preparation of optical LFA’s labels.
Instead, pH 7 and 8 guaranteed the stability of the Au—IrO,
solutions. Specifically, as shown in (Figure 1D,1D’), the
maximum absorbance peak did not change for either of the
two Au—IrO, NF compositions after the conjugation with
antibodies, indicating that the monodispersity was maintained
after the conjugation process. This behavior is similar to a
previously reported study by our group in which IrO, NPs did
not exhibit any measurable change after the bioconjugation at
neutral pH.*>%°

Dynamic light scattering (DLS) and Z-potential measure-
ments were performed to AuNPs and Au—IrO, NFs before
and after conjugation with the antibodies to evaluate the
changes on the hydrodynamic sizes, surface charge, and
stability of the nanoparticles. In all cases, the hydrodynamic
sizes increased upon the bioconjugation (Figure 1E,E"), which
can be attributable to a coating layer of antibodies over the
nanoparticles (see Table S2). It is worthy to note that while
the TEM provides the actual size of the metallic particle, the
DLS provides the hydrodynamic size of the particle, which also
takes into account the size of the antibodies on the particle
surface. Finally, we estimated the stability of the Au—IrO, NFs
using Z-potentials. Specifically, when absolute Z-potential
values are within the range of +30 mV, nanoparticles are
likely to aggregate or sediment, instead if the absolute Z-
potential values are above/below the +30 mV range,
nanoparticles remain stable in colloidal suspensions.”” Before
the conjugation, the Z-potential values (in mV) were —41,
—45.9, and —34.9 for AuNPs, Au—IrO, [1:0.25], and Au—IrO,
[1:1.5], respectively. These values indicated that they were
stable in colloidal solutions and negatively charged because of
the citrate present on their surface, acting as a stabilizer. The
physisorption of antibodies onto the nanoparticle surface led to
an increase in the Z-potential from negative values to fewer
negative values (in mV) up to —35.6, —37.7, and —38 mV for
AuNPs, Au—IrO, [1:0.25], and Au—IrO, [1:1.5], respectively.
These values indicated both the presence of antibodies on the
NF’s surface and their stability (see Table S2).

Lateral Flow Immunoassay. To demonstrate the ability
of Au—IrO, NFs to work as labels in LFAs, we compared their
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Figure 2. Quantification of HIgG in immunoglobulin-depleted human serum by LF strips with: (A) AuNPs, (B) Au—IrO, NFs [1:0.25], and (C)
Au—IrO, NFs [1:1.5] as colorimetric labels, ranging from 1 to 3000 ng/mL and their corresponding calibration curves at their optimal pH. Black

rectangle over the LF strips indicates the visual limit of detection.

analytical performance against standard AuNPs for the
detection of HIgG, a clinically relevant biomarker used in
serological assays. Specifically, we fabricated LFA strips using a
protocol previously reported,31 and we exploited three
different NPs: AuNPs (40 nm in diameter) as a control,
Au—IrO, NFs [1:0.25] and Au—IrO, NFs [1:1.5] to assess
their performance on LFA strips. The effect of the AuNP’s size
on the LF sensitivity can be found in the Supporting
Information (Figure SS). Then, we challenged AuNP- and
Au—IrO, NFs-based LFAs at their optimal conditions with
different concentrations of HIgG in immunoglobulin-depleted
human serum samples ranging from 0 to 3000 ng/mL (Figure
2). Quantitative analyses of the LFA strips were performed
according to Parolo et al,'” and the peak intensities of test
lines were plotted versus HIgG concentration to obtain
analytical parameters. Data were fitted using a four-parameter
logistic curve as summarized in Table S3.

We found that AuNPs-based LFA strips exhibited an
estimated visual limit of detection (LoD) of 10 ng/mlL,
while the use of nanoflowers allowed us to obtain lower visual
LoDs of 3 ng/mL for both systems (ie, Au—IrO, NFs
[1:0.25] and [1:1.5]) (see Figure 2). The quantitative analysis
of the LFAs using a previously reported procedure'” also
highlights the superior analytical properties of Au—IrO, NFs in
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comparison to the standard AuNPs. Specifically, the calculated
LoDs were 10.1, 1.3, and 1.2 ng/mL for AuNPs, Au—IrO, NFs
[1:0.25], and Au—IrO, NFs [1:1.5], respectively. Meaning that
about 7-fold and almost 8.5-fold improvements were achieved
using Au—IrO, NFs [1:0.25] and Au—IrO, NFs [1:1.5] with
respect to the classical AuNPs-LFAs. The LoDs obtained in
real samples were similar to those obtained with the human
IgG in PBS buffer (Figure S6), showing that the matrix did not
affect substantially the signal, thus proving their potential for
real sample applications. As we mentioned before, the
sensitivity can be improved by different factors such as size,
shape, and optical properties of the nanoparticles used as
labels. In this work, the main contributor to this improvement
is definitely the high optical intensity of the Au—IrO, NFs,
especially the Au—IrO, NFs [1:0.25] which molar extinction
coeflicient (&) is twofold the &, xpq(40nm) used in this work, ie.,
5 % 107 vs 2.5 x 10° M~ cm™". Calculations of these values
can be found in the Supporting Information (see Table S4).
Specifically, the Au—IrO, NFs-based LFA strips employing a
ratio of Au—IrO, NFs [1:0.25] display an intense blackish line,
producing a bigger contrast with the nitrocellulose. On the
contrary, using Au—IrO, NFs with higher iridium content
[1:1.5] allow us to obtain a more grayish line at the same
concentration of target (Figure S7). This difference can be
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Table 1. Comparison of the Nanoparticle-Based LFAs for Detection of IgG

label target range (ng/mL) lineal range (ng/mL) LoD (ng/mL) references
Au nanocages rabbit IgG 0-50 0.5-50 0.1 68
IrO, NPs human IgG 0—-1000 250-750 70 22
AuNPs-17 nm human IgG 0—1000 10—1000 35 26
73
Au—Pt NFs rabbit IgG 0-20 0.5—-20 0.047 69
Au-IrO, NFs [1:0.25] human IgG 0—3000 10—-300 1.3 this work
Au-IrO, NFs [1:1.5] 12
120+ r- } | 0o/® = | -
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Figure 3. Specificity and selectivity tests of (A) Au—IrO, [1:0.25]

and (B) Au—-IrO, NFs [1:1.5] LFA for detection of human IgG.

Immunoglobulin-depleted serum was spiked with 1000 ng/mL of IgG from chicken, goat, mouse, and rabbit hosts as the interferences.

Table 2. Recoveries from the Intra- and Inter-Assays for Detecting HIgG in Immunoglobulin-Depleted Human Serum Samples

by Au—IrO, NFs LFAs

intra-assay

inter-assay

Au-IrO, NFs [spiked HIgG] ng/mL [calculated HIgG] ng/mL
[1:0.25] 30 27.6 + 3.3
100 98.5 + 4.8
300 298.0 + 31.2
[1:1.5] 30 327 +24
100 106.5 + 6.3
300 276.6 + 23.9

recovery (%) [calculated HIgG] ng/mL recovery (%)
g 8

919 + 11.1 309 £ 32 103.1 £ 10.5
98.5 + 4.8 99.9 £ 12.5 99.9 £ 12.5
99.3 + 10.4 286.5 + 38.1 95.5 £ 12.7
109.7 £ 7.2 31.5 £ 43 1032 + 13.3
106.5 + 6.3 97.0 £ 144 97.0 £ 144
92.2 + 8.0 258.0 + 36.5 86.0 + 12.2

attributable to the suppression of the localized surface plasmon
resonance (LSPR) of the plasmonic component (Au) caused
by a higher content of iridium in the Au—IrO, NFs [1:1.5],
which leads to a decrease in the absorbance intensity of the
nanoflowers.>® These results are also supported by the better
defined plasmonic peak of Au—IrO, NFs [1:0.25] observed in
the UV—vis measurement.

An overview of different nanoparticle-based LFAs for the
detection of immunoglobulin G is presented in Table 1. From
the listed nanoparticles, besides the ones used in this work, the
nanoparticles that exhibit the lowest LoDs correspond to the
gold nanocages®® and Au—Pt nanoflowers®” because of their
unique shapes that allow a higher amount of immobilized
antibodies on their surfaces. Spherical AuNPs (17 nm) were
used as labels for the detection of HIgG, leading to LoDs of 35
and 73 ng/mL in nitrocellulose membranes with different pore
sizes, which also have an impact on the sensitivity of the
assay.”® A previous work from our group employed IrO, NPs
as labels in LFAs due to their bioconjugation capabilities and
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their vivid blue color, enabling a better contrast with the
nitrocellulose, improving the LoD by twofold compared with
AuNP-based LFAs for HIgG detection.” Despite this, their
synthesis is lengthy (ca. 3—4 h) and requires a high amount of
blocking proteins upon bioconjugation to avoid the unspecific
adsorptions onto the detection membrane. This blocking
condition diminish the optical signal on the LFA strip and may
detract from their colorimetric advantage with the AuNDPs.
Here instead, we achieved an 8.5-fold improvement using Au—
IrO, NFs [1:1.5] (when compared with the optimized AuNP-
based LFA) that are easy to synthesize and modify.
Additionally, the Au—IrO, NFs have a tremendous potential
to be used as electrocatalytic labels.

Our LFA strips are sensitive and selective. To demonstrate
the specificity of the Au—IrO, NFs-based LFAs, we challenged
them against immunoglobulin-depleted human serum samples
spiked with 1000 ng/mL of IgG from different hosts, such as
chicken, goat, mouse, rabbit, and human. This ensures to
change the chemistry of the biomolecule without changing the
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Figure 4. Stability assays. Au—IrO, NFs-based LFAs after performing the stability assay (A). Optical intensity values for the detection of 0, 30, 100,
and 3000 ng/mL of HIgG in immunoglobulin-depleted human serum, using LFA strips stored at room temperature for 0—4 weeks for (B) Au—

IrO, NFs [1:0.25] and (C) Au—IrO, NFs [1:1.5] LFA, respectively.

properties of the biological fluid. As demonstrated by the
collected data, IgGs from chicken, goat, mouse, and rabbit
produced very weak colorimetric signals, similar to their blank
(obtained in PBS) (see Figure 3). As a positive control
experiment, we spiked the serum sample with antibodies from
human and, as expected, we observed a 62.3 and 67.7% cross-
reaction rate with human IgG antigen (100%). Given the
results, both Au—IrO, NFs-based LF systems showed good
specificity and selectivity, as well as they could discriminate
between human IgG from other IgG interfering biomolecules.
The performance of the proposed LFAs was also evaluated
by recovery experiments. Immunoglobulin-depleted human
serum samples were spiked with 30, 100, and 300 ng/mL of
human IgG in the same day (intra-assay) and in 3 consecutive
days (inter-assay). The recoveries of Au—IrO, NFs [1:0.25]
LFA ranged between 91.9 and 99.3% for intra-assay experi-
ments and varied between 95.5 and 103.1% for inter-assay
experiments. Similarly, the intra- and inter-assay recoveries of
Au—IrO, NFs [1:1.5] LFA were from 92.2 to 109.7% and from
86.0 to 103.2%, respectively (see Table 2). Summarizing, all
the recovery values were between 86 and 109%, and the
coefficients of variation (CV) were less than 15% (Table 2).
These results demonstrate that both Au—IrO, NFs LFAs
possess a good accuracy and can be considered as a promising
alternative for the detection of HIgG in a real scenario.
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To assess the performance of the proposed LFAs in the
long-term, the Au—IrO, NFs-based LF strips were stored at
room temperature for 0, 1, 2, and 4 weeks, and the signal of
immunoglobulin-depleted human serum samples with 0, 30,
100, and 300 ng/mL HIgG was measured (Figure 4A). For all
human IgG concentrations tested, the CV values over the time
ranged between 0.5 and 7.1% for the Au—IrO, NFs [1:0.25]
LFA (Figure 4B) and between 0.7 and 8.5% for the Au—IrO,
NFs [1:1.5] LFA (Figure 4C). These values demonstrate that
both Au—IrO, NFs-based LFAs were stable for at least 1
month.

B CONCLUSIONS

To the best of our knowledge, we have demonstrated for the
first time the use of tailored Au—IrO, NFs as colorimetric
labels for LFAs for the detection of HIgG as a model
biomarker. The promising results obtained in this work
indicate that Au—IrO, NFs can be used as superior
colorimetric labels (compared to the standard AuNPs) in
LFAs for the detection of protein biomarkers. Specifically, we
managed to decrease the Au—IrO, NFs diameter to make them
better suited to flow through the LFA strips, while at the same
time we preserved their strong plasmonic behavior and
stability. Particularly relevant for point-of-care applications,
the synthesis and functionalization of Au—IrO, NFs are simple
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and straightforward, potentially supporting their mass
production. Employing them as colorimetric labels in LFAs,
we achieved an improvement in the LoD of up to 8.5-fold
when compared to classical 40 nm AuNPs. Despite we
demonstrate the ability of the Au—IrO, NFs-based LFA strips
to detect the target in a commercial biological fluid, the
selected artificially treated sample does not have the same
complexity of a pooled human serum sample. This represents a
limitation of this work; therefore, further studies need to be
performed to optimize the LFAs to support samples from real
patients. Looking ahead, we believe that due to the presence of
IrO, on the nanoflower, they could also act as dual optical/
electrochemical labels in paper-based electrochemical sys-
tems, thanks to their plasmonic peak and electrocatalytic
behavior.”

B EXPERIMENTAL SECTION

Reagents and Apparatuses. HAuCl,-3H,0 99%, IrCl;-«H,0
99%, NayCqO,H;2H,0 99%, boric acid (H;BO; 99%), sodium
tetraborate decahydrate (B,NaO,H,0, 99%), phosphate buffered
saline tablet, Tween-20, sucrose (99.5%), and bovine serum albumin
(BSA, 96%) were supplied by Sigma-Aldrich. Human IgG from
human serum (12511), anti-human IgG (produced in goat; 11886),
and anti-human IgG y chain-specific HRP-modified (produced in
goat; A6029) were also supplied by Sigma-Aldrich (Spain), while anti-
goat IgG (produced in chicken, ab86245) and anti-mouse IgG H&L
(produced in goat, ab6708) were supplied by Abcam. Human IgG-
depleted serum was purchased from Celprogen. Chicken IgG
(ab6829) and goat IgG 2 (ab6702) were bought from Abcam.
Human IgG antibodies (1A6) were supplied by Thermo Fisher.
Mouse IgG (40588-T62) and rabbit IgG (40143-R019) were supplied
by Sino Biological. 20, 40, 60, and 80 nm of AuNPs were supplied by
nanoComposix.

Nitrocellulose membrane CN150 was purchased from Sartorius
Stediem (Gottingen, Germany). Cellulose membrane (CFSP001700)
and glass fiber were purchased from Merck Millipore (Billerica, MA,
USA), and supporting adhesive cards were purchased from Kenosha
(Amstelveen, The Netherlands).

The stirrer used for conjugating antibodies to nanoflowers was a
PCMT ThermoShaker (Grant Instruments, UK). A lateral flow
dispenser was used to distribute the reagents over the nitrocellulose
(IsoFlow Bioreagent, Imagene Technology, Germany). Nanoparticles
were centrifuged in a Centrifuge Allegra 64 R from Beckman Coulter
(USA). Lateral flow strips were cut using a cutter from Shanghai
Kinbio Tech (China). A spectrophotometer SpectraMax ID3
(Molecular Devices, USA) was used to measure the UV—vis spectra
of nanoflower suspensions. LFA scanner SkanMulti from Skannex
(Oslo, Norway) was used to scan the LFs strips.

Preparation of Nanomaterials. Both AuNPs and Au—IrO, NFs
were synthesized as previously reported in the literature. The former
were synthesized by the Turkevich method,”® while the latter were
prepared using a modified version of the protocol reported by de
Freitas et al.*’

AuNPs. For preparing AuNPs, a S0 mL of aqueous solution of 0.1%
HAuCl,-3H,0 was heated to boiling and vigorously stirred in a 250
mL Erlenmeyer flask. Then, 1.25 mL of 1% sodium citrate was added
quickly to the boiling solution. Boiling was continued for an
additional 10 min upon the color change from pale yellow to bright
red. Finally, the suspension was cooled to room temperature under
continuous stirring and stored at 4 °C until use.

Au—IrO; NFs. In order to evaluate the colorimetric properties of
the Au—IrO, NFs, we prepared two nanoflowers with different
compositions. Specifically, we used two different molar ratios of Au
and Ir (i.e, Au/Ir [1:0.25] and [1:1.5]). In addition, we modified the
protocol reported by de Freitas et al. by changing the citrate
concentration and reaction time. These modifications in the protocol
were necessary for the fabrication of particles with diameters suitable
to run through the nitrocellulose pores.
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Briefly, S mL of sodium citrate (2.5 mM) was heated until boiling.
Meanwhile, 354 uL of HAuCl,-3H,O, 12 mM, were mixed with 88.5
or 531 uL of IrCly-«H,0, 12 mM (for [1:0.25] and [1:1.5] ratios,
respectively), and then reached up to 1 mL with milliQ water. This
solution was added in one shot to the boiling solution of citrate.
Boiling was continued for an additional S min upon the color change
from pale green to petrol-blue. Finally, the suspension was cooled to
room temperature under continuous stirring and then stored at 4 °C
until use.

Characterization of Au—IrO, NFs. ICP—OES was used as a
technique to determine the metal content (i.e., gold and iridium
percentage) of the nanoflowers and was performed at the Servei
d’Analisi Quimica of the Universitat Autonoma de Barcelona by using
an inductively coupled plasma—optical emission spectrometer
(PerkinElmer, model Optima 4300DV).

All the size measurements and morphological observations of
nanoflowers were conducted in a field emission gun transmission
electronic microscope (model TecnaiTM G2F20, FEI, USA) and a
field emission scanning electron microscope (model Magellan 400L,
FEL USA).

XPS measurements were performed at room temperature with a
SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH,
Berlin, Germany) at a base pressure of S X 107'° mbar using
monochromatic Al Ka radiation (1486.74 eV) as an excitation source
operated at 300 W. The energy resolution, as measured by the full
width at half-maximum of the Ag 3d;/, peak for a sputtered silver foil,
was 0.62 eV. Measurements were made using CasaXP$S software. The
hydrodynamic particle diameters and zeta potential measurements
were performed in a Zetasizer Nano ZS (Malvern Instruments, UK).

Conjugation of Antibodies to Nanomaterials. Anti-human IgG
antibodies were conjugated to nanomaterials, as previously
reported.'”>' AuNPs were adjusted to pH 9 with borate buffer
(BB), 0.1 M and Au—IrO, NFs were adjusted to pH 7 with BB 0.01
M, at pH 8 and 9 with BB 0,1 M. Then, 1.5 mL of both nanomaterials
were mixed with 100 uL of 140 ug/mL of anti-human IgG y-chain
specific HRP modified and incubated for 20 min at 650 rpm at room
temperature. Then, 100 yL of 1 mg/mL BSA solution was added, and
stirring was continued for another 20 min at 650 rpm at room
temperature. AuNPs were centrifuged at 14,000 rpm and 4 °C for 20
min, while Au—IrO, NFs were centrifuged at 7000 rpm at room
temperature for 20 min. Supernatants were removed, and the pellets
of the conjugated nanomaterials were resuspended in 500 uL PBS
buffer containing 5% sucrose, 1% BSA, and 0.5% Tween-20 to obtain
an optical density (OD) of 3. For this conjugation, the optimal pH
was 9 and 7 for AuNPs and Au—IrO, NFs, respectively.

Lateral Flow Immunoassays: Preparation of the Strips and
Procedure. Preparation and Assembly. For HIgG detection, test and
control lines were spotted onto the nitrocellulose by printing 1 mg/
mL of anti-human IgG and anti-goat IgG, respectively, at a dispensing
rate of 0.5 uL/cm using an IsoFlow reagent dispensing system.
Finally, the nitrocellulose was dried at 37 °C for 2 h. The sample pad
(cellulose) was prepared by dipping it into 10 mM PBS, 5% BSA, and
0.05% Tween-20 and dried at 60 °C for 2 h. The conjugate pads were
prepared by carefully dispensing the previously prepared anti-human
IgG (y-chain specific)-HRP/nanoparticle conjugates (with an OD =
3) and dried under vacuum for 2 h. Therefore, the different pads were
assembled as follows: detection pad (nitrocellulose membrane),
conjugation, sample, and absorbent pad. Finally, the strips were cut 4
mm wide using a strip cutter. Under these conditions, the minimum
number of nanoparticles per mm?* able to discriminate the intensity
line from the background were 8.4 X 10° and 1.6 X 10° particles/ mm?
for Au—IrO, [1:0.25] NFs (65 nm) and Au—IrO, [1:0.25] NFs (53
nm), respectively.”"

Lateral Flow Immunoassay Procedure. Sample solutions of 80 uL
containing different concentrations of HIgG in PBS 10 mM at pH 7.4
ranging from 1 to 3000 ng/mL, were dispensed onto the sample pad
and allowed to flow through the strips during 15 min. Although a
visual response was observed in that time, the same volume of buffer
was again dispensed to wash away the excess of conjugate and were
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dried for another 15 min. Three replicates of each concentration were
performed, including the blank (buffer only).

Calibration Curves of Au—IrO, NFs for Detecting HIgG in Spiked
Human Serum (Immunoglobulins Depleted). Calibration curves,
specificity, recovery, and stability tests were performed by using
immunoglobulin-depleted human serum spiked with human IgG.
Specifically, samples were spiked with 0, 1, 3, 10, 30, 100, 300, 1000,
and 3000 ng/mL of HIgG and tested by Au—IrO, NFs LFAs to check
the feasibility in real sample detection.

Specificity Tests for Au—IrO, NFs LFAs. Immunoglobulin-depleted
human serum was spiked with 1000 ng/mL of IgGs from chicken,
goat, mouse, rabbit, and human. Human serum samples (0 and 1000
ng/mL HIgG spiked) and the above-mentioned samples were tested
by using the Au—IrO, NFs [1:0.25] and Au—IrO, NFs [1:1.5] LF
strips to evaluate their specificity and selectivity for detection of
HIgG.

Recovery Tests for Au—IrO, NFs LFAs. Immunoglobulin-depleted
human serum was spiked with 0, 30, 100, and 300 ng/mL of HIgG.
Samples were detected in 1 day (intra-assay) and in 3 consecutive
days (inter-assay). Recoveries were calculated by the equation (spiked
concentration of HIgG/calculated concentration of HIgG X 100) to
evaluate the accuracy and precision of the Au—IrO, NFs LFAs.

Stability Tests for Au—IrO, NFs LFAs. Au—IrO, NFs LF strips were
stored at room temperature (25 °C) for 0, 1, 2, and 4 weeks.
Immunoglobulin-depleted human serum samples spiked with 0, 30,
100, and 300 ng/mL of HIgG were tested by using the LF strips per
storage period to evaluate the stability of the Au—IrO, NF systems.

Data Analysis. Once dry, a flatbed SkanMulti LFA scanner was
used to scan the strips for obtaining the respective calibration curves.
The image analysis was performed using Image] software, following
the procedure reported by Parolo et al.'” Origin version 8.5 software
was used to fit the data to a four-parameter logistic curve.
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Lateral Flow Biosensor for Rapid Detection of Escherichia coli
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INTRODUCTION

Microbiological pollution is one of the important threats for good water quality worldwide. Escherichia coli (E. coli) is a good indicator for water
microbiological pollution because of two main reasons: first, E. coli is the most abundant bacteria in mammal digestive systems; and second, E. coli can be also
more easily grown and detected than other water-borne pathogens (i.e. other bacteria and viruses)'.

The traditional gold standard methods to detect E. coli (filtration membrane and direct bacteria cultivation) rely on long detection time (> 24 h) and complicated
procedures, which hinder in-situ detection and in-the-field analysis>?. Lateral flow assay offers several advantages over the aforementioned technologies, such as
rapidity, simplicity, low-cost, easy interpretation, user friendly usage and in-situ detection®. In this work, we have developed a polyclonal antibody-based lateral
flow biosensor (LFB) with an easily-interpretable colorimetric output to detect “general” E. coli. Performance of LFB was tested and its sensitivity, selectivity,
accuracy, reproducibility and applicability with real samples were studied. After optimization, a sensitivity of 10* CFU/mL in river water samples was achieved

by combining the LFB with a filtration system within a total time of 30 minutes.

Schematic of E. coli LFB

Selectivity and specificity of E.coli LFB
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CONCLUSIONS

» In combination with a basic filtration system, this LFB showed two orders of magnitude
improvement of sensitivity (10* CFU/mL).

» The LFBs were stable with good reproducibility (RSD: intra-assay < 10%, inter-assay < 15%).

» These LFBs were able to detect several different strains of E. coli but distinguishing them from
Salmonella, proving the potential application of detection of “general” E. coli in water samples.

» The LFBs were detected with the tap, river and sewage waters, providing good sensitivity and

recoveries analyzing spiked samples.
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AuNP-based lateral flow assay for detection of SARS-CoV-2 nucleoprotein: implicit design challenges in a new pandemic
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antibodies to the preliminary testing of the device [3].

ABSTRACT 2020 was marked by a SARS-CoV-2 outbreak that has claimed more than 2 million lives around the world [1], pushed healthcare systems to their limits, shaken th
economy at all levels and greatly affected people’s daily life. Roughly one year after the appearance of the first case of COVID-19, although there are vaccines available, the
eradication of the pandemic is an enduring challenge due to the extremely rapid infectivity and the emergence of new strains of the virus. Therefore, there is the need of diagnostic
devices dedicated to each situation: general screening, herd immunity, strain identification, etc.

Lateral flow assays make ideal point-of-care testing platforms due to their simplicity, low cost and user friendliness [2]. Moreover, paper can be easily functionalized with different
kind of bioreceptors (e.g., antibodies, DNA, etc.). Herein, we present a AuNP-based lateral flow device for the detection of SARS-CoV-2 nucleoprotein, from the screening of

In the scenario of a new pandemic, the initial lack of bioreceptors for the development of diagnostic platforms creates the conditions for a race towards the launch of the first
commercially available products. Therefore, the performance of these new bioreceptors is unbeknownst to researchers during the first stages of the pandemic. Here we will show
and discuss the standardization procedures and previous validation of receptor as guidelines to be used for urgent design and application of LFA. ELISA tests were carried out to
determine the most efficient set of antibodies for its later transfer to a paper-based format. However, changing the environment on which antibodies work doesn't always translate
Qell, thus we take the opportunity to raise this issue in the context of a congress devoted to biosensors for pandemics. /
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Flgure 4. (A) Dot test for rapid evaluation of antibody performance;
(B) LFA for detecting gradient concentration of Np (ng/mL) in PBS.
Naked eye LOD: 10 ng/mL.

GNCLUSIONS Selection of high-quality antibodies is the most critical steh
establish a specific and sensitive LFA. Compared with LFA, ELISA's various
reaction conditions (long time, strict temperature control, shaking, free
antibodies, and high enzyme sensitivity) are more likely to lead to immune
reaction. Therefore, antibodies with good performance on ELISA tests are not
necessarily fit for LFA, and antibodies with poor ELISA results are not tested
on LFA. To develop a proper LFA diagnostic product as soon as possible in the
context of a pandemic, high-throughput and rapid ELISA testing must be used
to select antibodies with good sensitivity and specificity from a large number
of commercial antibodies. Then dot test is used as a secondary screening,
which is less time- and reagent-consuming than a full-fledged LFA, while still

having strong conformity between them. Here, we formally adopted this
process to develop a SARS-CoV-2 nucleoprotein LFA. /
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Figure 2. (A) antibodies are dispensed on nitrocellulose membrane to form the
test line and control line; (B) Conjugation of AuNPs with antibodies are sprayed
on glass fiber to form the conjugate pad; (C) Various pads are assembled and
cut into lateral flow strips; (D) LFA reader or smartphone are used for
etecting and analysis the lateral flow strips.
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Figure 3. Antibody selection for the development of the Nucleoprotein LFA. 1) ELISA
test for preliminary screening from a large number of antibodies; 2) Dot test for
performance screening on nitrocellulose membrane of antibodies; 3) Antibodies with

satisfactory performance on both ELISA and Dot tests are then used for developing a

complete SARS-CoV-2 nucleoprotein LFA.
Note: N-negative, P-positive; X’ means negative results and V' indicates positive results
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Monitoring generic Escherichia coli based on lateral flow biosensor for water
fecal pollution assessment
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Microbiological pollution is one of the important threats for good water quality worldwide.
Escherichia coli (E. coli) is a good indicator for monitoring water microbiological pollution due to
two main reasons: first, E. coli is the most abundant bacteria in mammal digestive systems; and
second, E. coli can be also more easily grown and detected than other water-borne pathogens (i.e.
other bacteria and viruses)?.
The traditional gold standard methods to detect E. coli (filtration membrane and direct bacteria
cultivation) are time-consuming (>24 h), expensive, well-equipped and complicated, which hinder
in-situ detection and in-the-field analysis?. Lateral flow assay offers several advantages over the
aforementioned technologies, such as rapidity, simplicity, low-cost, easy interpretation, easy usage
and mass screening on site. In this work, we firstly utilized the bioluminescent bacteria (Allivibrio

fischeri) to analogously characterize the fluidity of E.coli on different size of nitrocellulose
membrane and rapidly choose the optimal membrane, and optimized the size of gold nanoparticles,
the concentration of antibody conjugated on nanoparticles
and concentration of capture antibody sprayed on membrane
and then developed a polyclonal antibody-based lateral flow
biosensor (LFB) with an easily-interpretable colorimetric
output to detect “general” E. coli. Finally, under the optimal
conditions, a sensitivity of 10* CFU/mL in river water
samples was achieved by combining the LFB with a filtration
system within a total time of 30 minutes with a good
reproducibility (RSD: intra-assay< 10%, inter-assay< 15%)*.
Figure 1 E.coli lateral flow biosensor for water monitoring
Keywords: Lateral flow, Escherichia coli, water quality monitoring
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and characterization of bioreceptors to develop nanoparticle-based
lateral-flow immunoassays under COVID-19 pandemic

INTRODUCTION The COVID-19 outbreak has imposed the urgent need for rapid and low-cost diagnostic tools able to support high-frequency testing’?. Among the different diagnostic
platforms, lateral flow assay (LFA) allows the rapid and specific measurement of biomarkers in their clinical relevant range. Due to their advantages (fast, simple, low cost, and user-
friendly etc.) WHO suggested their use to fight the COVID-19 outbreak and recognized people infected with SARS-CoV-23. The selection of bioreceptors with strong affinity
and high specificity is crucial in the development of lateral flow assays, especially in the sandwich ELISA format. This work aims at raising the attention of the scientific community to the
need for better characterized bioreceptors for fast development of point-of-care diagnostic devices able to support mass frequency testing. Particularly, we present the
difficulties encountered in finding suitable antibodies for the development of a lateral flow assay for detecting the nucleoprotein of SARS-CoV-2.
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Figure 1. Characterization of AuNPs before
and  after conjugation  with  anti-
nucleoprotein Abs. (A) TEM images of AuNPs
with uniform shape distribution; (B) Histogram of
AuNPs (Average size of AuNPs: 163 + 1.1 nm,
150 particles); (C) The change of average
hydrodynamic diameters, PDI and Z-potential of
AuNPs before and after conjugation with anti-
nucleoprotein Abs.

Figure 2. ELISA tests to screen antibody
combinations against the nucleoprotein of the
SARS-CoV-2. (A) Schematic representation of the
immunosandwich ELISA. (B) Antibody combinations
with best ELISA performance. (C-E) Each individual
graph shows the ELISA test results of same capture
antibodies (coated on ELISA plate wells) combined with
multiple detection antibodies.
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Figure 3. Dot test for screening out antibody
combinations and calibration curve of detection of
nucleoprotein spiked in artificial saliva based on
half-stick LFA. (A) Schematic representation of the dot
test on half-stick LFA. (B) All antibody combinations with
good performance in the dot test (easy to distinguish
between blank and positive samples with the naked
eye). R1/M5, R8/M4 and R8/MS5 elicit the best response.
(C) Calibration curve of the half-stick LFA with R8/M5
antibodies. The data was fitted to a four-parameter
logistic curve (blue line).
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A rational approach to tailor Au-IrO, nanoflowers as colorimetric labels for lateral
flow assays
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Lateral flow assay (LFA) is regarded as an ideal screening tool and is widely used in clinical diagnostics
due to its simplicity, rapidity, user-friendliness and low cost'?. In particular, during the COVID-19
pandemic, colorimetric lateral flow assay (especially gold nanoparticles based LFA) has demonstrated
its convenience and superiority in personal home use3. However, lateral flow assay shows relatively
low sensitivity due to short reaction time and insufficient sample processing (i.e. sample matrix colour
interference). The application of nanoparticles with higher extinction coefficient (stronger light
absorption capacity) is the most direct and simplest way to improve the sensitivity of lateral flow
assay. Following this strategy, we rationally optimize the synthesis of gold and iridium oxide
nanoflowers (Au-IrO> NFs) referring to De Freitas and co-workers’ work* with modification by
increasing the concentration of reduction reagent (2.5 mM sodium citrate) and decreasing reaction
time. Specifically, we were able to rationally control their size (from 155 nm to 53 nm in diameter) in
order to guarantee an optimal flow along the different pads of a LFA. Then, thanks to their superior
plasmonic behavior (compared to standard AuNPs), we could achieve an 8-fold lower limit of
detection (down to 1.7 ng/mL) for human immunoglobulin G (human IgG) than standard LFAs (13.5
ng/mL). And the Au-IrO, NFs based lateral flow assay can specifically identify the human IgG among
various IgG from other hosts. Meanwhile, the Au-IrO2 NFs based LFA showed acceptable recovery for
detecting human IgG spiked in human serum (human IgG depleted). Therefore, due to their optical
and redox properties, bioconjugation capabilities, and the synergic combination of the individual
components, Au-IrO; NFs appear as potential candidates for the next generation of optical LFAs.
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Figure 1: Scheme of Au-IrO2 nanoflowers based lateral flow assay
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In the last decades, with the rapid development of nanotechnology and nanoscience, nanomaterials have been introduced
to enhance the sensitivities of bioassays. In particular, gold nanoparticles (AuNPs) have attracted considerable interest
due to their unique optical properties and various advantages including strong localized surface plasmon resonance
(LSPRY), signal amplification capabilities, biocompatibility, ease of functionalization, rapid response, stability, cost-
effectiveness, multiplexing capabilities, miniaturization and portability potential and clinical versatility. These features
make them highly valuable in point-of-care diagnosis, especially in lateral flow devices®®. However, non-spherical
nanoparticles with strong plasmonic behaviors can improve the sensitivity due to the stronger light absorption capacity,
multibranched surface structure and bigger surface-area-to-volume ratio*, when compared to the use of classical spherical
AuNPs. Beyond their use in lateral flow, gold-based nanomaterial can be also employed as efficient absorbers in inner
filter effect (IFE®) assays or as efficient quencher® in DNA-based sensors.

Here, | show the use of AUNPs and non-spherical nanoparticles, i.e. gold-iridium oxides nanoflowers (Au-1rO, NFs), for
different applications, ranging from their use in lateral flow assays*’, to their use as strong and efficient absorbers in
bioluminescent assays (BBLISA), and to their use as quencher in fluorescence DNA-based sensors. Detailed protocol and
some preliminary results related to the detection of neutrophil gelatinase-associated lipocalin (NGAL) protein and
miRNA-5100 for monitoring acute kidney injury will be shown.
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