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ABSTRACT

Ultrasensitive detection for trace amount of proteins plays pivotal role in the diagnosis of
specific diseases in clinical application, basic discovery research and the improvement of
proteomics. Recently, lateral flow strip biosensor (LFSB) has gained considerable attention for
protein analysis. Compared with the traditional immunoassays, LFSB has several advantages:
user-friendly format, short assay time (generally several minutes), less interference due to
chromatographic separation, a relatively low cost, and no requirements for skilled technicians.
This ideal technique is suitable for on-site testing by people who are untrained. Traditional gold
nanoparticles (GNPs) based LFSB have been used for qualitative and semiquantitative analysis,
the application of GNP-based LFSB is limited by its low sensitivity. In this dissertation,
different nanomaterials and advanced detection technologies have been used to enhance the
LFSB sensitivities.

An ultrasensitive LFSB based on horseradish peroxidase (HRP)/GNP dual labels was
developed for qualitative (Yes/No) and quantitative detection of protein. The LFSB signal was
enhanced dramatically by introducing the second tracer (enzyme) on the GNP surface. The
detection limit of LFSB was 100 times lower than that of GNP-based LFSB.

A fluorescence LFSB based on enzyme tracers was developed for sensitive detection of
proteins. Alkaline Phosphatase (ALP) was selected as a label to prepare the LFSB. The signal
was from the fluorescent emission of the ELF-97 alcohol precipitate which was the product of
ALP catalyzed dephosphorylation of ELF-97 phosphate.

ALP-conjugated antibody (ALP-Ab) functionalized gold nanoparticles (GNPs) were used

as labels for the development of a chemiluminescence-based quantitative LFSB. The use of



chemiluminescence detection and GNPs as enzyme carriers allowed accurate and sensitive
analyte detection.

GNP-decorated silica nanorods (GNP-SINRSs) were synthesized and employed as the
labels for ultrasensitive detection of proteins on the LFSB. Owing to its biocompatibility and
convenient surface modification, SINRs were used as carriers to load numerous GNPs. The
signal of the GNP-SINR based LFSB was enhanced significantly compared to the GNP-based

LFSB since more GNPs were captured through the sandwich-type immunoreactions.
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1. INTRODUCTION

Identification and quantification of disease-specific biomarkers have obtained an
increasing attention in the past a few decades. A biomarker, defined as an indicator of specific
biological processes, is found in biological fluids in patients functioning for the diagnostic,
prognostic and predictive of cancer-related disease.! It is demonstrated that the DNA
methylation, changes in RNA or protein abundances, cell death or proliferation could be used as
biomarkers of disease-related biological process.? Early detection of cancer has a significant
impact on improving the survival rate of patients with many cancers, such as breast, colon,
kidney, skin, pancreas and lung cancer. The clinical treatment is more effective and more
successful if the disease is detected at a curable stage.® Proteins which are the important
biomolecules in living organisms, demonstrate vital functions in storage and metabolism of
energy and cellular regulations.* The abnormal expression of protein biomarkers in serum and
tissue often correlates with cancer-related disease. The detection of these proteins which
expressed at the lowest level at their earliest incidence could largely reduce patient’s suffering
and lower mortality rates.

Numerous techniques have been exploited for the sensitive detection of protein
biomarkers with exceptional sensitivity and high selectivity. Mass spectrometry (MS),”” western
blotting,? gel electrophoresis,” ! enzyme-linked immunosorbent assay (ELISA),'! protein

microarray,' >4

and nuclear magnetic resonance (NMR)!'*"16 are often such assays which play
pivotal role in the biomarker detection. However, these techniques with multiple washing steps,

complex procedures, and expensive instruments are limited to well-financed central testing

laboratories. Therefore researches have aimed at developing fast, simple, low-cost, disposable,



and easy-to-use platforms for multiplex proteins detection, especially in developing countries,

resource-limited and remote regions.

1.1. Point-of-care testing

Point-of-care testing (POCT), or bed-side testing is defined as medical testing at or near
the site of patient care. The driving notion behind POCT is to bring the test conveniently and
immediately to the patient. This increases the likelihood that the patient, physician, and care team
will receive the results quicker, which allows for immediate clinical management decisions to be
made. POCT includes: blood glucose testing, blood gas and electrolytes analysis, rapid
coagulation testing (PT/INR, Alere, Microvisk Ltd), rapid cardiac markers diagnostics (TRIAGE,
Alere), drugs of abuse screening, urine strips testing, pregnancy testing, fecal occult blood
analysis, food pathogens screening, hemoglobin diagnostics, infectious disease testing and
cholesterol screening. By performing the procedures with shorter assay time, less sample
amount, easier data collecting and management, as well as lower medical cost, POCT devices
have been widely used in screening diseases, monitoring drug abuse and testing the safety of
water or food. The lateral flow assay (LFA) or lateral flow chromatographic assay, introduced in
1988 by Unipath, is the commonest POCT diagnostics format available in the laboratory or in
commercial market.!” Paper chromatographic strips combined with conventional immunoassay
have been developed as a popular platform for qualitative or semi-quantitative detection of many

types of targets.

1.2. Principle of lateral flow chromatographic assay

Typical lateral flow chromatographic assay is performed on a lateral flow strip biosensor

(LFSB, Figure 1.1), which is composed of porous membranes, recognition elements, and a
2
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signal-generating system (commonly colored particles as the labels). The LFSB consists of four
components: sample pad, conjugate pad, nitrocellulose membrane and absorption pad. The
movement of liquid along the strip is essential in the LFSB, thus each part overlaps onto one
another to ensure the migration. One end of the strip is located a sample pad which is usually
made of cellulose for loading sample solution. The conjugate pad, made from glass fiber, is
attached with the sample pad; colored particles labeled with recognition elements are
dispensed/pipetted, and dried on the conjugate pad. The nitrocellulose membrane acts as
detection zone with sprayed at least two lines: a test line and a control line; the test line is use to
recognize the sample analyte and capture the colored particles to generate the detectable signal,
while the control line is to validate the proper performance of the strip. The attached absorption
pad at the other end of the strip is to maintain the flow of the liquid since the capillary force of

the strip material is the driving force for the movement of the liquid.

Sample solution Particle labeled
conjugateon
\{\ conjugate pad
A
A
o

Controlline

Sample pad ¢ Absorption pad
A

Nitrocellulose membrane

Backing Testline

Figure 1.1. Typical configuration of lateral flow strip biosensor.'®



1.3. Classification of lateral flow assay

According to the different recognition elements applied in the tests, the LFA could be
classified as ‘lateral flow immunoassay (LFI)’ and ‘nucleic acid lateral flow assay (NALFA)’.
LFI is based on antibody-antigen immunoreaction, and the antibodies are widely used in the LFI
configuration for recognizing analyte. There are two major detection formats reported for LFI:
competitive and sandwich-type formats. Competitive format is most often designed for detection
of small molecule with single antigenic determinants, which could not bind with two antibodies
simultaneously. In a typical competitive format, antibody is immobilized on the test line, labeled
analyte is dispensed on the conjugate pad and the analyte in the sample solution competes with
the labeled-analyte for binding the antibodies on the test line (Figure 1.2); instead of antibody,
analyte-protein complex also could be sprayed at the test line, and the labeled-antibody is
immobilized at the conjugate pad.'® Generally, the secondary antibody is dispensed on the
control line to capture the excess labeled-antibody. Under the competitive condition, the response

is negatively related to the analyte concentration.



Conjugate Test Line Control line

v

¥
Analyte !
o o i

oy YY vv

I] Negative Result

I Positive Result
Py

Figure 1.2. Competitive detection format of lateral flow immunoassay. (Adapted from original
source)'®

E Pre-run strip
i

On the other hand, sandwich-type format is applied for the analytes with more than one
epitope such as proteins. A pair of antibodies specifically recognizing different binding sites on
the analyte are introduced: the colored particles labeled with the reporter antibody is applied on
the conjugate pad, the other antibody called capture antibody is immobilized on the test line.
Analyte in the sample solution interacts with the report antibody-labeled particles initially to
form antibody-analyte complex on the colored particle surface, then continues migrating along
the strip toward test line. Detectable signal is achieved when the complex is captured by the
capture antibody on the test line through the second immunoreaction. The excess amount of
colored particles is captured by the secondary antibody on the control line. The more analyte
presents, the higher response from test line is obtained. The signal intensity is directly

proportional to the concentration of analyte in the sample solution. (Figure 1.3)



Conjugate Test Line Control line

Analyte

Pre-run strip
u] o

Positive Result

Negative Result

®
YY ¥

Figure 1.3. Sandwich detection format of lateral flow immunoassay. (Adapted from original
source)'®

NALFA platform has been used to detect the sequences of nucleic acids. Typically the
analyte is a specific sequence of nucleic acid (DNA or RNA) of the organism. The colored
particles labeled with an oligonucleotide probe (reporter probe), which is partially
complementary to the analyte, is applied on the conjugate pad; another partially complementary
DNA probe is immobilized on the test line as capture probe. The immobilization of capture probe
on the nitrocellulose membrane could be achieved either using bovine serum albumin (BSA)
conjugated capture probe, or through the interaction between biotinylated capture probe and
streptavidin/avidin sprayed at test line (Figure 1.4). Capillary force drives the sample solution
from the sample pad toward another end of the strip. The reporter probe on the colored particle

surface hybridizes to the part of the target sequence and move together to the test line. The

6



response is formed at test line when the capture probe hybridizes to the other part of the target.
Similar to the sandwich-type format of LFI, the response of the test line is proportional to the
amount of analytes in the sample solution. More recently, with a significant development of
aptamers (the artificial nucleic acid ligands), NALFA has been employed toward a wider range of

targets, such as small molecules (e.g. cocaine),?® proteins®! and whole cells.?

Nanoparticle

Reporter probe

Biotin-tagged capture probe

Coated avidin
Membrane

Nanoparticle

o)
@
t

Reporter probe

<4— BSA-tagged capture probe

t

<4— Membrane

Figure 1.4. Schematic representation of immobilization methods in nucleic acid lateral flow
assay. (A) Particles labeled reporter probe and biotinylated capture probe, immobilized through
the interaction between biotin and avidin/streptavidin; (B) Particles labeled reporter probe and
BSA labeled capture probe. !

1.4. Applications of lateral flow assay

Being a powerful POCT device, LFA has shown its promising applications in a wide

range of research and clinical fields.



Proteins are common targets for LFA. The pregnancy test kit is the best-known
commercial POCT device based on the measurement of the pregnancy hormone human chorionic
gonadotropin (hCG).!” Detection of protein cancer biomarkers is shown of greatly essential
applications in cancer prevention and treatment. The visual detection of free and total prostate
specific antigen in female serum, which is the most reliable tumor marker to detect prostate
cancer (PCa), was realized on the lateral flow device.?* Carcinoembryonic antigen (CEA) has
been widely used as a biomarker in clinical diagnosis of breast cancers, colon cancers and lung
cancers. The quantitative immunochromatographic strip biosensor (QISB) was reported for the
analysis of CEA in human serum sample.?* The LFA has been used to detect other disease-
specific protein markers. For example, LFA was used for detection of hepatitis C virus (HCV)
core antigen, and offered an easy and fast screening method for early diagnosis of HCV
infection.?> An aptamer-based LFA was reported for the detection of thrombin in human serum.?!
To achieve the rapid and accurate evaluation of patients with acute myocardial infarction (AMI),
a novel lateral flow immunoassay test was developed and was capable of simultaneous detection
of high-sensitivity cardiac troponin I (hs-cTnI) and myoglobin in patients.?® Worsley et al.?’
reported a rapid duplex immunoassay for assessments of wound healing and treatment. Two
common inflammatory wound biomarkers, interleukin 6 (IL6) and tumor necrosis factor alpha
(TNFoa) were successfully tested in plasma. The LFA was also used to detect specific IgE (sIgE)
to bee venom and wasp wenom in insect venom allergic patients. The results demonstrated that
the allergy LFA would be a reliable and versatile tool for the diagnosis of insect venom allergy.?®
Recently, Fang et al.?’ reported a lateral flow biosensor for the detection of DNA-binding

proteins and the measurement of the activity of transcription factors in cell samples.



The NALFA has been used to detect specific nucleic acid sequences to determine the
genomic detail of patient and to determine the special sequences for invading pathogens. Lateral
flow nucleic acid biosensor with isothermal strand-displacement polymerase reaction was
developed for detecting extracted human genomic DNA, and a good specificity was obtained
when HCV RNA, tuberculosis (TB) DNA and swine DNA were used as negative controls. >°
Prostate-specific antigen (PSA) cDNA and HCV RNA from Human Plasma were detected by
combining PCR and the dry-reagent strip biosensor.?! Single nucleotide polymorphisms (SNPs),
which are mainly correlated with genetic diseases, drug resistance of infectious agents and
disease susceptibility, were detected by using lateral flow biosensor with high sensitivity.>> The
specific RNA after isothermal amplification was assayed for the detection of Bacillus
anthracis.> The hybridization-based Streptococcus pneumoniae DNA assay in a complex matrix
was reported for the identification of Streptococcus pneumoniae infection.* The NALFA was
also used for the detection of microRNA (miRNA)-215 from A549 cell lysate.>®

In addition, the detection of small molecules or metal ions on the lateral flow devices
expanded the applications of LFA for testing and monitoring the safety of water, food and animal
feed. Various tests have been developed for the detection of toxin compounds including
Aflatoxin B in pig feed extracts,*® Carbarly and endosulfan from extracts of cereals and
vegetables,*” Fumonisin B in extracts of cereals and peanuts,*® (Dihydro) streptomycin in raw
milk.*® The release of heavy metals has shown the significant impact on the environment. The
amount of heavy metal ions should be carefully monitored. The detection of Mercury (Hg?"),*°
Chromium ions (Cr),*! Cadmium (Cd**),*? Lead (Pb*")** and Copper (Cu**)* on the lateral
devices has shown great promise for the applications of LFA in environmental protection and

monitoring toxic compounds.



More Recently, it has been recognized that LFA could be directly used for whole-cell
assay, such as visual detection of Ramos cells??, multiplexed detection of Escherichia coli (non-
pathogenic or pathogenic),* multiplex immuno-disc sensor for the specific detection of

Pseudomonas aeruginosa and Staphylococcus aureus.*®

1.5. Labels used in lateral flow assay

Labels used in LFA play very important roles for the development of LFA with high
sensitivities. The intensity of test line depends on the amount of captured labels in the test zone.
The ideal label for LFA would obtain several characteristics: wide detection dynamic range, high
sensitivity, good stability, easy conjugation and low cost.!® Various labels including nanoparticles
(gold nanoparticles, quantum dots and magnetic nanoparticles), nanowires, nanotubes, dye-

doped microbeads and hybrid nanocomposites have been utilized in LFA.

1.5.1. Gold nanoparticle (GNP)

There 1s no doubt that gold nanoparticle (GNP) is the most popular label in LFA because
of easy preparation and conjugation, vivid color for visualization, good stability and cost-
effective. A large number of tests have been done based on GNP labels for detecting infectious

4748 metabolic disorders,* toxic compounds.’’>? The qualitative or semiquantitative

agents,
detection of analytes would be realized by the visualization with the analysis of color intensity.
However, the detection limit and sensitivity of GNP-based LFA remains to be improved,
particularly for the detection of trace amount of analytes. For instance, the most of detection

limits of the GNP-based LFA of proteins ranged from pg mL™! (nanomolar) to ng mL"!

(picomolar) levels.?** 3355 However, protein detection, such as cancer biomarker detection and
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early diagnosis of disease often require lower detection limits, in the range of pg mL!
(fetomolar) concentration.’*’

An improved sensitivity for the detection of cardiac troponin I was obtained by
introducing Immunogold—silver staining (IGSS) method. The color intensity of the test line was
largely enhanced due to the silver deposition and the detection sensitivity was increased by 51-
fold compared to the GNP-based LFA.>® Similarly Rohrman et al. employed gold nanoparticle
and gold enhancement solution to detect human immunodeficiency virus (HIV) RNA. The
signal-to-noise ratio was increased by 25% due to the gold deposition on the surface of gold
nanoparticles.>

Another effective method to amplify the intensity of the test line is the utilization of two
types of GNP conjugates. The 2™ GNP conjugate was to bind with the 1 GNP conjugate which
was previously captured at detection zone. The detection sensitivity for troponin I increased
about a 100-fold compared to the conventional LFA.%

Another approach for signal amplification is the use of hybrid gold nano-composite.
Magnetic nanogold microspheres (MnGMs) with Fe,O3; nanoparticles as core and gold
nanoparticles as shell were synthesized and bio-functionalized with monoclonal anti-aflatoxin B>
(AFB2) antibodies. The visual detection limit was about 3-fold lower than a conventional test
using GNP label.%! Instead of making hybrid nano-composite, multiple nanoparticles were used
to achieve higher analytical sensitivity of LFA. Besides of GNP, magnetic nanoparticle was
applied with a magnetic field to purify and concentrate analyte in bulk serum firstly, then this
enriched mixture was directly applied to the GNP-based lateral flow strip. Visual analysis of
Plasmodium falciparum histidine-rich protein 2 (PfHRP2) was enhanced by 50-fold using

magnetic enrichment assay.®?
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More recently, new detector was applied for GNP-based LFA. Instead of visual detection,
thermal contrast of GNP at detection zone was used for quantitative analysis. The amount of
heat generated by GNP was analyzed upon optical stimulation. The analytical sensitivity of

thermal contrast was enhanced 32-fold.®?

1.5.2. Enzyme labels

In conventional ELISA, enzyme is used extensively as a tracer for signal generation. The
potential advantage of using enzyme labels is the signal amplification that may be achieved by
enzyme catalytic reactions. The products resulting from the enzymatic reactions, which are
related to the concentration of analytes, would be detected with different types of detectors
(chemiluminescent, fluorescent, UV-vis). Enzyme labels have been used to develop sensitive
LFAs.

Cho et al.** reported an enzyme-based LFA with horseradish peroxidase (HRP)
conjugated antibody. Upon the formation of sandwich-type immunocomplex, HPR was
specifically accumulated on the detection zone. Enzyme substrate was then introduced to flow
through the detection zone. The color signal generated from the catalytic reaction product was
used for quantitative analysis. The sensitivity of the assay was enhanced 30-fold compared to
that of GNP-based LFA. In this case, only one enzyme molecular could be captured in each
single immunoreaction/nucleic acid hybridization. Later on GNP was used as a carrier to load
more enzyme trackers for further signal amplification. Reported DNA probe and HRP were
immobilized on the GNP surface. This dual labels based nucleic acid biosensor offered a
dramatic improvement in the detection of target DNA, and was capable of detecting of 0.01 pM

DNA without instrumentation.®’
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In addition of visual detection, enzyme-based chemiluminescence (CL) detection has
been integrated with LFA. The wide dynamic range of the CL measurement minimizes the need
of sample dilution. CL detection is also less affected by interferences from sample components

because of the absence of an excitation source. For example, Mirasoli et al.®

reported a
competitive LFA for fumonisins detection based on HRP-catalyzed CL and a portable charge-
coupled device (CCD) camera. An accurate analyte quantification was obtained with good
recovery when compared with liquid chromatography—mass spectrometry (LC-MS/MS) analysis.

A CL based LFA was used for the detection of 2,4,6-trinitrotoluene (TNT) in real samples with a

detection limit of 0.2 pg mL™!', which is 5 times lower than that of GNP based LFA.%

1.5.3. Other nano-/macro- material labels

Quantum dot (Qdot) has gained an increasing attention in many areas because of the high
brightness, size-tunable fluorescence emission and good stability against photobleaching. A
portable dry-reagent strip biosensor was reported for the analysis of nitrated ceruloplasmin, a
biomarker for cardiovascular disease, lung cancer and stress response to smoking. In this case,
Qdot was introduced as fluorescent label to prepare Qdot-antibody conjugates for LFA.%® A
silica/CdTe Qdot hybrid composite was also used as labels for fluorescent LFA. Large number of
CdTe Qdot bound onto silica nanoparticles to enhance the fluorescence intensity of the labels.
Alfa-fetoprotein (a-AFP) was used as a model analyte to demonstrate the concept. The results
indicated that the sensitivity of silica/CdTe Qdot based test strips were enhanced at least 10-fold
compared to the conventional GNP-based test strips.®’

Xia et al.”® reported a LFA using europium chelate-loaded silica nanoparticles as the

labels for fluorescent testing of hepatitis B surface antigen (HBsAg) over the range of 0.05-3.13
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ng mL"'. The clinical sera samples had been successfully evaluated by the method and the results
were as sensitive as ELISA.

Recently carbon nanomaterials have been used as labels in LFA. Carbon nanoparticles
based immunochromatographic assay was applied for the detection of the phytoregulator
forchlorfenuron (CPPU). The detection limit of the CPPU-specific LFA in kiwi fruits and grapes
was 33.4 mg/kg.”! A newly introduced type of carbon nanomaterials, named carbon nanostrings,
are elongated particles containing spherical particles with branched structures. Kalogianni et al.”
developed the carbon nanostrings based lateral flow device for the detection of polymerase chain
reaction (PCR) product and visual genotyping of SNP in human genomic DNA. Abera et al.”
reported using carbon nanotubes as label for quantitative lateral flow immunosensing in
competitive format. Instead of optical measurement, quantitative signal was obtained by simple
resistance measurement of the detection zone.

Upconverting phosphor technology (UPT) has been introduced in LFA. UPT particles are
composed of rare earth lanthanide elements doped in a crystal. Increased sensitivity in the

detection of infectious diseases in saliva was observed using UPT particles as labels.”

1.6. Objective

Visual detection is by far the commonest LFA measurement based on gold or dye doped
polymer (nano) particles. Because of its easy preparation and reasonable cost, GNPs based LFA
are largely explored for POCT application. The best-known commercial device is the pregnancy
test kit. Though GNPs has been demonstrated to be potentially useful in protein assay, the
detection limit of GNPs-based LFA remains to be improved for trace analysis. My research

project aims to improve the analytical performance of LFSB with various configurations by
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integrating promising detection technologies (visualization, fluorescence and
chemiluminescence) and novel nanomaterial labels.

An effective way for signal amplification of the GNPs-based LFA is to exploit enzymes
as alternative types of labels, which generate an enhanced signal resulting from its catalytic
reactions. In this dissertation:

1. The GNP was used as a carrier to load multiple HRP tracers for signal amplification. The
more HRPs to be captured via each immune-sandwich binding event, the more enzymatic
products accumulated at detection zone.

2. Integration with enzyme-based amplification, fluorescence and chemiluminescence
detectors were introduced to detect the enzymatic reaction products on the enzyme/GNP
based LFSB. Alkaline phosphatase (ALP), ELF-97 phosphate substrate and Lumigen
APS-5 substrate were used to demonstrate the proof-of-concept.

3. The GNPs decorated silica nanorods (SiNRs) were used as labels for the development of

ultrasensitive LFSB for protein assay.
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2. SENSITIVE PROTEIN ASSAY USING DUAL-LABEL BASED LATERAL FLOW

STRIP BIOSENSOR

2.1. Introduction

Sensitive, selective and rapid quantifications of extremely low concentration of proteins
have been an area of great interest for its potential application in many fields. Such highly
sensitive detection of proteins is essential for disease diagnosis, drug discovery and defense
against biological threats. Conventional immunoassays, based on the antibody-antigen
recognition events, have been developed to detect proteins in various formats, such as
radioimmunoassay (RIA)’°, enzyme-linked immunosorbent assay (ELISA)’®, dot
immunobinding assay (DIBA)”’-7® and antibody arrays (protein chips).””*! Although those
approaches offer good sensitivities and specificities, they are often limited in point-of-care
testing (POCT) and in-field detection due to safety issues, extended analysis time, complex assay
procedure, expensive instruments as well as well-trained personnel. Therefore, continuing efforts
have been made to seek an ideal tool for fast, sensitive, low-cost and easy-to-use detection
method for proteins.

Recently, lateral flow strip biosensor (LFSB) has been widely used as a powerful tool for
protein analysis, clinical diagnosis and biological warfare agents®*®* by virtue of its user-friendly
format, short assay time, low cost, and no requirement for skilled technicians. Gold nanoparticle
(GNP) is the most commonly used label 3% in LFSB due to its advantages of facile preparation,
highly stability and cost-effective. However, only high concentration of proteins can be
qualitatively or semi-quantitatively detected using GNP as a colorimetric signal reporter.

Therefore, quantitative LFSBs have been developed by introducing an enzyme®*?! or
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fluorophore®® 9293

as labels to meet the requirement of sensitive protein detection. Fluorescence
based LFSBs were usually performed on expensive optical detectors and complex software for
imaging and analysis, which limits its in-field and POCT applications. Recently, a horseradish
peroxidase (HRP)-based LFSB in connection with a portable strip reader was used to detect
Carcinoembryonic Antigen (CEA) in human plasma®’. To date, many efforts have been made to
improve detection sensitivity by signal amplification strategies.”**® Nanoparticles as carriers to
load a large amount of enzymes have been explored to amplify the detection signals of
biomolecules. Enhanced sensitivity can be obtained from the increasing amount of enzymes

loading in each immunoreaction event. For example, Wu et al.”’

employed an enzyme-
functionalized silica nanoparticle labels for biomarkers detection. On the basis of this strategy,
the designed immunosensor displayed an improved electrochemical and chemiluminescence
measurement of a-fetoprotein compared with traditional sandwich immunoassay. An et al.”8
investigated a novel electrochemical immunosensor by using an enhanced GNP labels which
were fabricated by modifying the surface of GNP with HRP-Ab.

In this work, we reported a dual-label based LFSB in connection with the portable strip
reader for POCT and in-field detection of ultra-low concentration of protein. Signal amplification
was obtained by using HRP-labeled antibody functionalized GNP as the label. 3-Amino-9-
ethylcarbazole (AEC) was chosen as an enzymatic substrate. Its insoluble end product, which is
red in color, can be observed visually. Compared with the GNP based LFSB,* the sensitivity of
GNP-HRP dual-label based LFSB increased by 25 fold. The LFSB was capable of detecting 20
pg mL! of rabbit IgG (R-IgG) in 20 min. This device has shown promise to be a fast, accurate

and cost-effective tool for the detection of trace amounts of protein biomarker and may find wide

applications in clinical diagnostics and other biomedical analytical fields.

17



2.2. Experimental section

2.2.1. Apparatus

Airjet AJQ 3000 dispenser, Biojet BJQ 3000 dispenser, Clamshell Laminator and the
Guillotine cutting module CM 4000 were from Biodot LTD (Irvine, CA). A portable strip reader

DT1030 was purchased from Shanghai Goldbio Tech. Co., LTD (Shanghai, China).

2.2.2. Reagents and materials

NazPO4+12H,0, sucrose, Tween 20, Triton X-100, phosphate buftfer saline (PBS, pH 7.4,
0.01 M), bovine serum albumin (BSA), 3-amino-9-ethyl-carbazole (AEC) were purchased from
Sigma-Aldrich (St. Louis, MO). Rabbit IgG, Horseradish peroxidase conjugated goat anti-rabbit
IgG (HRP-ADb), Goat anti-rabbit IgG (Primary Ab), Mouse anti-goat IgG (Secondary Ab) were
obtained from Thermo Scientific (Rockford, IL). Hydrogen peroxide (30%) was purchased from
VWR international (Radnor, PA). Colloidal gold (40 nm) was provided from the Diagnostic
consulting network (Carlsbad, CA). Glass fibers (GFCP000800), cellulose fiber sample pads
(CFSP001700), laminated cards (HFOOOMC100) and nitrocellulose membranes (HFB24004)
were provided from Millipore (Bedford, MA).

All other chemicals were of analytical reagent grade. All buffer solutions were prepared
using ultrapure (>18 MQ cm) water from a Millipore Milli-Q water purification system

(Billerica, MA).

2.2.3. Preparation of GNP-HRP-AD conjugates

HRP-ADb was conjugated with GNP for the preparation of GNP-HRP-Ab conjugates.

Briefly, at room temperature, 7.5 pg of HRP-Ab was added into 1.0 mL of 5-fold concentrated
18



GNP (pH 9.0). The mixture is gently incubated for 2h, and blocked by 100 puL of 1% BSA
solution for 30 min. Then the solution was centrifuged at 12,000 rpm for 18 min, and the
nanoparticles were washed with PBS (1% BSA) three times. The resulting ruby sediments were
dispensed in 1 mL of buffer containing 20 mM Na3zPO4¢12H;0, 0.25% Tween 20, 10% sucrose

and 5% BSA.

2.2.4. Fabrication of dual-label based lateral flow strip biosensor

The biosensor consists of the following components: sample application pad, conjugate
pad, nitrocellulose membrane and absorption pad. A schematic diagram of the biosensor was
shown in Figure 2.1A. The sample application pad (17 mmx=30 cm) was soaked in a buffer (pH
8.0) containing 0.25% Triton X-100, 0.05 M Tris-HCl and 0.15mM NaCl. Then it was dried and
stored in desiccators at room temperature. Primary Ab with concentration of 1.2 mg mL™! and
secondary Ab were dispensed at the different locations of nitrocellulose membrane (25 mm x 30
mm) as test zone and control zone by using Biojet BJQ 3000 dispenser. The nitrocellulose
membrane was then dried at 37 °C for 1 h. In order to reduce nonspecific binding, nitrocellulose
membrane should be treated with blocking reagent (a solution of 1% BSA in PBS buffer) for 30
minutes, and this was washed with PBS as well as distilled water. Finally, all the parts were
assembled on a plastic adhesive backing layer (typically an inert plastic, e.g., polyester) using the
Clamshell Laminator. Each part overlapped 2 mm to ensure the solution migrating through the
biosensor during the assay. The biosensor with a 3 mm width was cut by using the Guillotin
cutting module CM 4000. The GNP-HRP-ADb conjugates were dropped on the conjugate pad

using a pipet before each test.
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2.2.5. Sample assay procedure

One-hundred and twenty microliters of sample solution containing a desired
concentration of rabbit IgG was applied onto the sample application pad. After waiting for 5
minutes, additional 25 puL of PBS buffer containing 0.05% Tween 20 and 1% BSA was added.
After 10 minutes, when two red bands were developed at the test zone and the control zone
respectively, 60 pL of substrate solution containing 0.05% AEC and 0.015% H20O> which was
freshly prepared in acetate solution was applied to the sample pad. The enzymatic reaction
proceeded for 5 minutes to deposit an insoluble enzymatic product on the test zone and the
control zone of the biosensor. For quantitative measurements, the optical intensities of both test
and control lines on the biosensor were recorded simultaneously by using a strip reader
combined with the ‘GoldBio strip reader’ software. The numeric values of recorded data was

obtained from pixel images of test and control lines.

2.3. Results and discussions

2.3.1. Principle of dual-label based lateral flow strip biosensor

The proof-of-concept of dual-label based LFSB was demonstrated by using the rabbit
IgG model system. Figure 2.1A presents the configuration of the LFSB. In general, sample
solution containing a desired concentration of rabbit IgG was applied onto the sample application
pad. The solution migrated along the nitrocellulose membrane by capillary force and rehydrated
the GNP-HRP-AD conjugates on the conjugate pad. Then the immunoreactions between rabbit
IgG and anti-IgG on the GNP surface occurred and the formed complexes continued to migrate
along the membrane. When the complexes reached the test zone, they were then captured by the

primary Ab immobilized on the test zone via the immunoreactions resulting in the sandwich-type
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complexes and the first red band (Figure 2.1B). The excess GNP-HRP-Ab conjugates continued
to migrate due to the capillary action and were captured on the control zone via the binding
between the secondary antibody and the GNPs-HRP-Ab. The second red band was developed at
this moment (Figure 2.1B). After several minutes the substrate solution was applied. The
enzymatic reaction proceeded to deposit red enzymatic product on the test zone and control zone
of the biosensor, showing two enhanced red lines on the membrane (Figure 2.1C). In the absence
of rabbit IgG, only one red band on the control zone was observed (Figure 2.1b and c). In this
case, the red band on the control zone (control line) shows that the biosensor has worked
properly. Qualitative analysis can be simply performed by observing the color change of the test
zone, and quantitative analysis can be implemented by reading the optical intensities of the red

bands on the test zone with a portable strip reader (Figure 2.1D).
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Figure 2.1. Schematic illustration of the configuration of the lateral flow strip biosensor and the
principle of the test.
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Figure 2.2 presents the typical photo images and corresponding optical responses of the
LFSB in the presence of 0 and 10 ng mL™! rabbit IgG before and after the addition of AEC
substrate. Only one band could be seen in the absence of rabbit IgG (Figure 2.2A and C). Two
visible red bands were observed in the presence of rabbit IgG (Figure 2.2B) and the intensities of
the test line and the control line increased significantly after the addition of AEC (Figure 2.2D).
The intensities of the red bands were recorded with a portable strip reader and shown on the right
side of each photo image in Figure 2.2. Well-defined peaks were observed, and the peak area is
proportional to the amount of captured GNPs on the test line, thus the concentration of rabbit

IgG in the sample solution.

C T

0ngmL!IgG

0 ngmL1!IgG

10 ng mL* 1gG B e o St N 10 ng mL- IgG

Without Enzyme substrate With Enzyme substrate

Figure 2.2. Typical images and corresponding responses on the dual-label based LFSB. (Without
(left) and with (right) the addition of AEC substrate.)

2.3.2. Optimization of experimental parameters

In the current study, HRP-Ab was used to prepare GNP-HRP-ADb conjugates. The

response of the biosensor depends on the amount of captured GNP-HRP-Ab conjugate on the test
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zone. The excess HRP-Ab in the conjugate solution may compete with GNP-HRP-Ab and bind
to the rabbit IgG target, resulting in the decrease of sensitivity. To obtain a maximum response,
the optimal amount of HRP-Ab was established by measuring the signal (10 ng mL"" of rabbit
IgG) to noise (0 ng mL™! of rabbit IgG) ratio (S/N) with an increasing amount of HRP-Ab in
preparation of GNP-HRP-Ab conjugate. Figure 2.3A presents the histogram of S/N ratio of the
biosensor. The maximum S/N ratio was obtained by using 7.5 ug mL™' of HRP-Ab. So this
concentration of HRP-Ab was used to prepare the conjugate in the following experiment.

Background signal caused by the nonspecific adsorption of protein and conjugate on the
membrane is one of the essential issues in the development of dual-labels based LFSB. In the
current study, there was a response coming from the control (in the absence of rabbit IgG). To
minimize such nonspecific adsorption, the nitrocellulose membrane (after primary antibody and
secondary antibody immobilization) was blocked with a buffer containing 1% BSA. As shown
in Figure 2.3B, the S/N ratio of the LFSB pretreated with 1% BSA was much higher than that of
the LFSB untreated with BSA. Such delimitation of nonspecific adsorption may be attributed to
the shield effect of BSA.

The intensity of the test band depends on the amount of the GNP-HRP-Ab conjugate
captured on the test zone, which relates to the amount of conjugate on the conjugate pad. Figure
2.3C presents the histogram of S/N ratios of LFSB with an increasing amount of conjugate
solution. It can be seen that the S/N ratio increased up to 5 uL of GNP-HRP-AD on the conjugate
pad. The higher loading amount of GNP-HRP-Ab conjugates caused an increasingly nonspecific
adsorption, resulting in a high background, and thus low S/N ratio (results not shown). So 5 uL

of GNP-HRP-AD conjugate was employed to prepare the LFSB.
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Another factor affecting the sensitivity and reproducibility of the LFSB is the
compositions of the running buffer. Several buffers including PBS, PBS (1%BSA), PBS with
0.05% Tween 20 (PBST) and PBST (1% BSA) were tested, and the S/N ratios of the LFSB are
shown in Figure 2.3D. One can see that the best performance was obtained with the PBST (1%

BSA) buffer. Therefore, a PBST (1% BSA) buffer was selected for the experiments.
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Figure 2.3. Optimization of experimental parameters. (A) Effect of HRP-Ab concentration in the
conjugate solution, (B) Effect of BSA blocking at test zone, and (C) Effect of the loading volume
of GNP-HRP-AD conjugate on the LFSB’s S/N ratio. Assay time: 20 minutes; Sample solution
was prepared with PBST (1% BSA); Concentration of primary Ab for the preparation of test
zone: 1.2 mg mL!; Nitrocellulose membrane was unblocked (A) and blocked (C) with 1% BSA;
rabbit IgG concentration: 10 ng mL™!. (D) Effect of running buffer components on the LFSB’s
S/N ratio. Assay time: 20 minutes; Concentration of primary Ab for the preparation of test zone:
1.2 mg mL!; Concentration of HRP-ADb for the preparation of conjugate: 7.5 pg mL;
Nitrocellulose membrane was blocked with 1% BSA; Loading volume of GNPs-HRP-Ab
conjugate: 5 pL; rabbit IgG concentration: 10 ng mL™".
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2.3.3. Signal amplification using GNP-HRP dual labels in lateral flow strip biosensor

In order to verify the signal amplification function of dual labels in LFSB, the
performances of three biosensors based on varied labels were compared. Figure 2.4 shows the
illustrations, images and corresponding responses of 10 ng mL™! of rabbit IgG on GNP, HRP and
GNP-HRP labels based biosensors, respectively. An increase of signal intensity on both the
control zone and the test zone was observed from HRP label based biosensor, compared with the
GNP label based biosensor. Such signal enhancement attributed to the deposition of red product
which was formed during enzymatic reaction catalyzed by HRP. For conventional amplification
strategy, using enzyme as a label, only one label can be captured in one immunoreaction event.
Whereas in the dual-label strategy, a large amount of enzymes loading per immunoreaction could
be achieved and result in higher signal intensity. It was observed that the signal intensity of
GNP-HRP dual-label based biosensor displayed an increasing signal in comparison of HRP
based biosensor at the same rabbit IgG concentration. This confirmed that signal amplification
using GNP-HRP dual label came from the increasing amount of HRP captured on both control

zone and test zone.

26



Figure 2.4. Schematic illustration, images and corresponding responses of rabbit IgG from three
biosensors based on GNP, HRP and GNP-HRP labels, respectively. (Assay time: 20 minutes;
Sample solution was prepared with PBST (1% BSA); Concentration of HRP-Ab for the
preparation of test zone: 1.2 mg mL!; Nitrocellulose membrane was blocked with 1% BSA;
rabbit IgG concentration: 10 ng mL™.)

2.3.4. Analytical performances of dual-label based lateral flow strip biosensor

Under optimal experimental conditions, we examined the performance of the dual-label
based biosensor with different concentrations of rabbit IgG. The quantitative behavior was
measured by monitoring the recorded signals of a biosensor with strip reader. Figure 2.5A
displays typical photo images and corresponding optical responses of biosensor with increasing
concentrations of rabbit IgG. A series of well-defined peaks on both control zone and test zone
were observed. The resulting calibration curve of the peak area versus logarithm of [Rabbit IgG]
showed two linear ranges over 0.02 ng mL! to 50 ng mL™! (Figure 2.5B). Under the lower
concentration range, the amount of GNP-HRP-Ab captured on test zone was small, resulting in
fewer amounts of GNPs at the test zone. Therefore, optical responses predominantly came from
enzymatic products produced on the test zone. While in higher concentration range, a large
amount of GNPs were captured, functioning together with enzymatic products to produce the
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signal of the test line. Two linear ranges attributed to the different contributions from GNPs and
enzymatic products under different concentrations. The detection limit is estimated as 0.02 ng
mL"! (S/N=3). This detection limit is far better than that of the GNP label based LFSB (0.5 ng
mL) and comparable to that of the HRP label based LFSB (0.05 ng mL™").’ The results also
showed that the sensitive and specific response of this biosensor was coupled with high
reproducibility. In series of six repetitive measurements of 10 ng mL™! and 1 ng mL"! rabbit IgG,

the relative standard deviation of 9.5% and 7.5% were found respectively.
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Figure 2.5. (A) Typical photo images and optical responses, as well as (B) calibration curve
corresponding to the different concentrations of rabbit IgG. (Assay time: 20 minutes; Sample

volume: 120 uL. (n=3))

2.4. Conclusion

We have successfully developed a dual-label based lateral flow strip biosensor for rapid,

sensitive and quantitative detection of protein. The concept was demonstrated by using a rabbit
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IgG model system. Under optimal conditions, the LFSB was capable of detecting a minimum 20
pg mL" of rabbit IgG in 20 min. The detection limit was 25 times lower than that of the GNP-
based LFSB. The excellent analytical performances of the dual-label based LFSB make it
particularly attractive for detecting extremely low concentration of protein biomarkers in

decentralized analytical applications.
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3. DEVELOPMENT OF FLUORESCENT LATERAL FLOW STRIP BIOSENSOR

3.1. Introduction

Lateral flow strip biosensor (LFSB), combing chromatography separation with traditional
immunoassay, is designed for single use at point-of-care testing (POCT), especially outside of
the laboratory. It has been widely applied for clinical diagnosis,®*-1% detection of infection
disease and contamination,®-1%2 monitoring toxic compounds in food, feed and water.%3-1% |n
comparison with conventional laboratory instrument analysis, LFSB owns many benefits, such
as user-friendly, short assay time, low cost and simplified procedure. Typically the application of
LFSB is performed by using a colored particle conjugated antibody to detect the presence of
target analyte. Gold nanoparticle (GNP) is the commonly used particle as a label due to its vivid
color, cost-effective, good stability and easy preparation. Usually the detection of analyte is
limited to qualitative or semiquantitative measurement.

Many efforts have been made to improve the sensitivity of LFSB. One of the approaches
is to use sensitive detectors, which can be used to quantify the captured labels on the test zone of
LFSB. Fluorescent, electrochemical, and chemiluminescent detectors have been integrated with
LFSB. Among these detectors, the fluorescence detectors have gained considerable attentions
because it provides a sensitive, accurate and fast detection platform using fluorescent
particles/fluorophores labels. Li et al.%® reported a portable fluorescence LFSB for the detection
of protein biomarker. Quantum dots (Qdots) were used as labels and conjugated with the
specific antibodies to prepare the LFSB. Upon capturing Qdots labeled antibodies on the test
zone in the presence of target, the quantitative detection was realized by recording the

fluorescence intensity of captured Qdots. The LFSB was successfully utilized for detecting the
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protein biomarker in the spiked human plasma sample. Later on more effective and more
sensitive approach was reported that involves binding a large number of individual Qdots onto
larger silica nanoparticles to obtain composite Qdot probes of higher fluorescence intensity.5°
Lanthanide chelates, possessed high sensitivity in time resolved fluoroimmunoassay, was coated
onto porous silica nanoparticles to form the stable fluorescent nanosilica label. The proposed
fluorescent nanosilica-based lateral flow immunosensor (LFI) has an excellent ability for
quantitative analysis of trace amounts of clenbuterol.%

A drawback for fluorescent particle/fluorophore based LFSB is that some of them are
very photolabile, resulting in a problem for testing and storage. Therefore enzyme-catalyzed
fluorescence using fluorogenic substrate was introduced to provide greater sensitivity.1%
Recently, a new alkaline phosphatase (ALP) substrate was used to yield bright fluorescent
product upon enzymatic hydrolysis. This technique provided a well-localized precipitate product
and a photostable signal with a large Stokes shift.1%°

In the present work, ALP was selected as a label to conjugate with antibody. ELF-97
phosphate, a specific fluorescence substrate of ALP, was employed to initiate the fluorescent
responses. Rabbit 1gG was used as a model analyte to demonstrate the proof-of-concept. The
maximum excitation and emission of ELF-97 alcohol, the product of ALP catalyzed reaction,
were at 345 nm and 530 nm respectively. Quantitative detection was determined by recording the
fluorescent intensities of the test line with the assistance of the portable lateral flow fluorescent
reader. The feasibility of the biosensor was evaluated. The total assay time for a sample is less
than 30 min. The detailed optimization and attractive performance are reported in the following

sections.
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3.2. Experimental section

3.2.1. Apparatus

Airjet AJQ 3000 dispenser, Biojet BJQ 3000 dispenser, Clamshell Laminator and the
Guillotine cutting module CM 4000 were from Biodot LTD (Irvine, CA) and used for the
preparation of LFSB. The intensity of fluorescence was scanned in a portable ESE-Quant Lateral

Flow Reader (ESE GmbH, Germany).

3.2.2. Reagents and materials

Sodium citrate (Na3Ct), gold (III) chloride trihydrate (HAuCls*3H>O, 99.9+%),
NazPO4+12H,0, sucrose, Tween 20, Triton X-100, phosphate buffer saline (PBS, pH 7.4, 0.01
M), bovine serum albumin (BSA), Tris-HCI (1M) were purchased from Sigma-Aldrich (St.
Louis, MO). ELF-97 endogenous phosphatase detection kits (E-6601) were provided by
Molecular Probes, Inc. (Eugene, OR). Rabbit IgG, alkaline phosphatase conjugated goat anti-
rabbit IgG (ALP-Aby), goat anti-rabbit IgG (Abi), mouse anti-goat IgG (Abz) were obtained
from Thermo Scientific (Rockford, IL). Glass fibers (GFCP000800), cellulose fiber sample pads
(CFSP001700), laminated cards (HFOOOMC100) and nitrocellulose membranes (HFB18004)
were provided by Millipore (Bedford, MA). All other chemicals were of analytical reagent grade.
All buffer solutions were prepared using ultrapure (>18MQcm) water from a Millipore Milli-Q

water purification system (Billerica, MA).
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3.2.3. Preparation of lateral flow strip biosensor

The LFSB consists of four components: sample application pad, conjugate pad,
nitrocellulose membrane, and absorption pad. A schematic diagram of the LFSB is shown in
Figure 3.1A. The sample application pad (17 mmx30 cm) was made from cellulose fiber
(CFSP001700, Millipore) and was soaked with a buffer (pH 8.0) containing 0.25% Triton X-100,
0.05M Tris-HCI, and 0.15 M NaCl. Then it was dried and stored in desiccators at room
temperature. Test zone at the nitrocellulose membrane (25mmx30 cm) was prepared by
dispensing Ab; (1.2mg mL™!) with Biojet BJQ 3000. The membrane was dried at room
temperature for 1 h and stored at 4 °C. Finally, all of the parts were assembled onto a plastic
adhesive backing layer using the Clamshell Laminator. Each part overlapped 2 mm to ensure the
solution migrating through the LFSB during the assay. Each LFSB was cut with a 3 mm width by
using the Guillotin cutting module CM 4000. The ALP-Ab; conjugate solution was dropped on

the conjugate pad using a pipette and air-dried before each test.

3.2.4. Sample assay procedure

One hundred microliters of sample containing a desired concentration of rabbit IgG in
PBS+0.5% BSA buffer was applied to the sample pad. After 5 min, another 50 pL of PBS+0.5%
BSA buffer was applied to wash the LFSB. Upon the completion of immunoreaction at detection
zone, 5 pL of ELF-97 phosphatase substrate (20-fold diluted in dilution buffer) was applied to
the test zone. The enzymatic reaction was allowed to proceed for 3 min. The resulted enzymatic
product was determined with a portable ESE-Quant lateral flow reader, and the fluorescent

intensities of the test line could be analyzed by using a “Lateral flow studio” software.
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3.3. Results and discussions

3.3.1. Principle of fluorescent lateral flow strip biosensor

The configuration of the biosensor based on ALP catalyzed fluorescent detection is
illustrated in Figure 3.1A. Rabbit IgG was used as a model target to demonstrate the proof of
concept. In a typical assay, a sample solution containing a desired concentration of rabbit IgG
was applied to the sample application pad. The solution migrated along the LFSB by capillary
force and rehydrated the ALP-Ab; on the conjugate pad. Then the immunoreaction between
rabbit IgG and ALP-Ab; conjugate occurred and the formed ALP-Ab;-rabbit IgG complex
continued to flow toward the detection zone. Once reaching the test zone, the complex was then
captured by the Ab; immobilized on the test zone via the second immunoreaction. The excess of
ALP-Ab, kept moving until been captured by the Ab; at control line (Figure 3.1B) which was
used to validate the testing. The fluorescent response from LFSB was generated after adding
enzyme substrate-ELF-97 phosphates. Upon enzymatic cleavage, this weakly blue-fluorescent
substrate yielded a bright yellow-green-fluorescent precipitate with good photostability (Figure
3.1C). The quantitative analysis was realized by recording the fluorescent intensities of the test
zone with a portable ESE-Quant reader (Figure 3.1D). In the presence of rabbit IgG, two peaks
from test line and control line could be observed by fluorescent reader (Figure 3.2A). Only one
peak from the control line was detectable in the absence of rabbit IgG, indicating the LFSB was

working properly (Figure 3.2B).
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Figure 3.1. Schematic illustration of the configuration and measurement principle of the
fluorescent LFSB. (A) configuration of LFSB; (B) Principle of LFSB in the presence and
absence of rabbit IgG, (C) Formation of fluorescent product by adding ELF-97 phosphate
substrate, (D) Portable ESE-Quant Lateral Flow Reader (left) and the typical fluorescence
responses (right) recorded at test line and control line.
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Figure 3.2. Typical fluorescence responses recorded by the portable fluorescent reader. (A)
Blank solution; (B) 1 ng mL ! rabbit IgG. Excitation: 363 nm, and emission: 530 nm.

3.3.2. Optimization of experimental parameters

In the current study, the fluorescence intensity of test line depends on the amount of the
captured ALP-Ab; conjugates. The concentration of ALP-Ab; conjugates on the conjugate pad
influences the amount of the captured ALP-Ab; conjugates on the test line, and thus the
performance of LFSB. Figure 3.3A presents the S/N ratio (ratio between 1 ng mL™! rabbit IgG
and 0 ng mL™! rabbit IgG (control)) changes with the different concentrations of ALP-Ab;
conjugates loaded. One can see that the highest S/N ratio was obtained with 0.06 mg mL™! of
ALP-Ab;. The decrease of S/N at higher concentration was ascribed to an increasing of
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fluorescence background from overloaded ALP. Therefore, 0.06 mg mL™! of ALP-Ab; was
selected as the optimal condition.

The fluorescence response of LFSB was also affected by the amount of capture Ab;
dispensed on test zone. Figure 3.3B presents the effect of Ab; amount on the signal intensity of
the LFSB. The amount of Ab; on the test zone was controlled by the dispensing cycles of the
Ab. It was found that the highest fluorescence intensity was obtained with two dispensing cycles
of Ab; on the test zone. Therefore, two-dispensing-cycle was used as the optimal condition in the
following experiments.

Enzymatic reaction time would affect the amount of product and the fluorescence
intensity of the test line of LFSB. The histogram of the S/N ratios under different enzymatic
reaction time is shown in Figure 3.3C. The S/N ratio was found to be the highest for 3 min. The
decrease in the S/N at longer reaction time is ascribed to the increased background signal since
no stop solution was used here. Therefore, 3 min was selected as the optimal enzymatic reaction
time.

The composition of the running buffer has a significant effect on the performance of the
LFSB. PBS bufters containing different percentage of BSA were tested, and the results are
shown in Figure 3.3D. One can see that the PBS with 0.5% BSA exhibited the best performance.

Thereby, PBS (0.5% BSA) buffer was selected for the experiments.
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Figure 3.3. Optimization of experimental parameters. (A) Effect of ALP-Ab concentration
dispensed on the conjugate pad (with 2-cycle dispensing test line, PBS+0.5% BSA as running
buffer and 3 min enzymatic reaction time), (B) Effect of dispensing cycles of Ab; on the test
zone (with 0.06 mg mL™ ALP-Ab conjugate, PBS+0.5% BSA as running buffer and 3 min
enzymatic reaction time), (C) Effect of enzymatic reaction time (with 2-cycle dispensing test
line, PBS+0.5% BSA as running buffer and 0.06 mg mL™* ALP-Ab conjugate), and (D) Effect of
running buffer components (with 2-cycle dispensing test line, 0.06 mg mL™ ALP-Ab conjugate
and 3 min enzymatic reaction time) on the fluorescent LFSB’s S/N ratio. Rabbit IgG
concentration: 1 ng mL™, running buffer amount: 100 pL, substrate amount added: 5 pL.

3.3.3. Analytical performance

Under optimal experimental conditions, we examined the performance of the LFSB in the
presence of different concentrations of target rabbit IgG. For quantitative analysis, the responses
of the LFSB were recorded with the portable lateral flow fluorescence reader. A serial of well-
defined peaks were observed, and the peak areas increased with the increasing of rabbit IgG

concentration (Figure 3.4).
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The resulted calibration curve (Figure 3.5) of the peak height versus rabbit IgG
concentration is linear over 0.1 to 5 ng mL™! range and is suitable for quantitative analysis. The

detection limit of 0.1 ng mL™! (based on S/N =3) was estimated in connection with a 30 min

assay time.
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Figure 3.5. Calibration curve of fluorescent LFSB with different concentrations of rabbit 1gG.
(Error bars represent standard deviation: N=3.)
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3.4. Conclusion

We have successfully developed an enzyme-based fluorescent LFSB for sensitive
detection of protein. Rabbit 1gG was used as model target to demonstrate the proof of concept.
Under optimal conditions, the detection limit is 0.1 ng mL™ (S/N = 3) with the linear range of
0.1-5 ng mL™. The new fluorescent LFSB provided a rapid, sensitive, low cost and quantitative
tool for the detection of protein samples. It shows great promise for use of fluorescent LFSB for
point-of-care or in-field detection. Further work will aim at to improve the sensitivity of the
LFSB by employing nanoparticles for signal amplification, and to detect multiple proteins

simultaneously.
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4. DEVELOPMENT OF CHEMILUMINESCENT LATERAL FLOW STRIP

BIOSENSOR

4.1. Introduction

Lateral flow assays (LFA) have gained an increasing attention for performing fast and
low-cost analysis of samples at the place where the samples are collected. Compared to
traditional laboratory analysis platforms, such a lateral flow assay or biosensor has some
advantages for point-of-care or in-field testing: short assay time, small volume of sample, user-

friendly and low cost.?!

The LFA have been used for clinical diagnosis or screening of diseases,
testing drugs of abuse, monitoring the safety of water and food.!” While conventional LFA is
based on colloidal gold and latex or polystyrene beads for visual detection through the color
formation. Thus this approach only allows qualitative or semi-quantitative analysis. The
application of LFA is challenged for detection of trace amount analytes.'! Therefore, it is highly
desirable to develop an ultrasensitive LFA for detection of proteins.

Many efforts have been made to improve the performance of LFA. For example, enzyme
! and fluorescent dye doped nanoparticles®” °* %3 have been used as labels to enhance the LFA
sensitivities. Electrochemical detectors have been integrated with LFA for sensitive detection of
protein biomarkers.!'?"!'* Chemiluminescence is a sensitive measurement tool and has been
applied in life sciences, clinical diagnosis, environmental and food analysis.!!> The enzyme-
based chemiluminescence reaction is initiated by using an enzyme label (usually horseradish
peroxidase (HRP) or alkaline phosphatase (ALP)), upon addition of suitable substrate. Even with

low quantum efficiency of chemiluminescence reactions, the approach still provides a superior

analytical performance. Such high sensitivity is due to the signal amplification from enzymatic
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reaction in the presence of excess enzyme substrate. In addition the wide dynamic range of the
chemiluminescence detection ensures the analysis of samples with a broad range of
concentrations. In addition, chemiluminescence detection due to the absence of an excitation
source enhances the detectability compared to fluorescence measurement. !¢

Recently enzyme-based chemiluminescence detection has been used for LFA with
improved detection sensitivity with respect to colloid gold or latex beads based LFA. Kim et
al.'!” reported a chemiluminescence LFA by using HRP labeled antibodies for detecting
myoglobin. Upon addition of luminol substrate, the detection limit of myoglobin was determined
as 10 ng mL™!, as much as 100-fold enhanced compared to colloid gold based test. The strategy
also demonstrated the broadened application for detection of trace compounds in forensic and
environmental fields with the aid of CCD-based light measurement instrumentation.%¢-¢

In this work we describe a chemiluminescent (CL) lateral flow strip biosensor (LFSB)
based on gold nanoparticles (GNPs) and ALP. Rabbit IgG was chosen as an analyte model to
demonstrate the concept. Anti-rabbit IgG antibodies and ALPs were immobilized on the surface
of GNPs. Using GNPs as enzyme carrier, more ALPs were captured in each antibody-antigen
binding incident, resulting in more enzyme substrate to be converted to CL product. Thus the
detection sensitivity was enhanced compared to the results obtained without using GNPs. The
developed chemiluminescent LFSB was able to provide quantitative detection of Rabbit IgG
with dynamic range from 0.05 to 2 ng mL™!. The observed detection limit was 0.02 ng mL!,

showing a significant improved sensitivity compared to HRP based chemiluminescent LFSB

with the detection limit of 10 ng mL!.!"7
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4.2. Experimental section

4.2.1. Apparatus

Airjet AJQ 3000 dispenser, Biojet BJQ 3000 dispenser, Clamshell Laminator and the
Guillotine cutting module CM 4000 were from Biodot LTD (Irvine, CA). A portable strip reader
DT1030 was purchased from Shanghai Goldbio Tech. Co., LTD (Shanghai, China).
QuantiReader™ Benchtop Luminometer was bought from DiaCarta (Hayward, CA) for

chemiluminescence detection.

4.2.2. Reagents and materials

Sodium citrate (Na3Ct), gold (III) chloride trihydrate (HAuCls*3H>O, 99.9+%),
NazPO4+12H,0, sucrose, Tween 20, Triton X-100, phosphate buffer saline (PBS, pH 7.4, 0.01
M), bovine serum albumin (BSA), Tris-HCI (1M) were purchased from Sigma-Aldrich (St.
Louis, MO). Rabbit IgG, alkaline phosphatase conjugated goat anti-rabbit IgG (ALP-Ab1), goat
anti-rabbit IgG (Ab1), and mouse anti-goat IgG (Abz) were obtained from Thermo Scientific
(Rockford, IL). Lumigen APS-5 was purchase from Lumigen (Southfield, Michigan). Glass
fibers (GFCP000800), cellulose fiber sample pads (CFSP001700), laminated cards
(HFOOOMC100) and nitrocellulose membranes (HFB24004) were provided from Millipore
(Bedford, MA).

All other chemicals were of analytical reagent grade. All buffer solutions were prepared
using ultrapure (>18 MQ cm) water from a Millipore Milli-Q water purification system

(Billerica, MA).
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4.2.3. Synthesis of GNPs with different diameters

GNPs with three different diameters were prepared according to the reported methods
with minor modifications.!!®1!? All glassware used in the procedure was thoroughly cleaned with
aqua regia (HCl: HNOs = 3:1), following with washing and oven-dried. The synthesis began with
50 mL of 0.01% HAuCl4 heated to boil in a round bottom flask with vigorous stirring. To obtain
different sizes of GNPs, sodium citrate (1%) was added with amount of 400 pL, 614 uL and 1mL
to synthesize 50, 30 and 16 nm diameter of GNPs, respectively. Reflux system was used here to
minimize any loss of solution from heating. Finally the obtained solutions were cooled to room

temperature and stored in dark bottles at 4 Celsius.

4.2.4. Preparation of GNP-ALP-Ab1 conjugates

ALP-Ab; was conjugated with GNP for the preparation of GNP-ALP-Ab; conjugates.
Briefly, at room temperature, 7 pg of ALP-Ab; was added into 1.0 mL of 5-fold concentrated
GNPs. The mixture is gently incubated for 2h, and blocked by 100 uL of 1% BSA solution for
1h. Then the solution was centrifuged at 12,000 rpm for 15 min, and the nanoparticles were
washed with Tris-HCI (0.1 M, 1% BSA) three times. The resulting ruby sediments were
dispensed in 1 mL of buffer containing 20 mM Na3zPO4¢12H>0, 0.25% Tween 20, 10% sucrose

and 5% BSA.

4.2.5. Fabrication of chemiluminescent lateral flow strip biosensor

The biosensor consists of the following components: sample application pad, conjugate
pad, nitrocellulose membrane and absorption pad. A schematic diagram of the biosensor was

shown in Figure 4.1A. The sample application pad (17 mm x 30 cm) was soaked in a buffer (pH
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8.0) containing 0.25% Triton X-100, 0.05 M Tris-HCI and 0.15mM NaCl. Then it was dried and
stored in desiccators at room temperature. Ab; with concentration of 1.2 mg mL™' and Ab, were
dispensed at the different locations of nitrocellulose membrane (25 mm x 30 mm) as test zone
and control zone by using Biojet BJQ 3000 dispenser. The nitrocellulose membrane was then
dried at 37 °C for 1 h. Finally, all the parts were assembled on a plastic adhesive backing layer
using the Clamshell Laminator. Each part overlapped 2 mm to ensure the solution migrating
through the biosensor during the assay. The biosensor with a 3 mm width was cut by using the
Guillotin cutting module CM 4000. GNP-ALP-Ab; conjugates were dropped on the conjugate

pad of the biosensor with a pipette and air-dried before the test.

4.2.6. Sample assay procedure

The chemiluminescent LFSB was dipped into a centrifuge tube containing 100 pL of
sample solution with a desired concentration of rabbit IgG. After waiting for 5 minutes,
additional 50 pL of Tris-HCI (0.1 M) buffer containing 1% BSA was added. Two red bands were
developed at the test zone and control zone of LFSB in 20 min. Two microlitter of Lumigen
APS-5 substrate was applied to the test zone and control zone. The enzymatic reaction proceeded
for 1 minute to yield enzymatic products on the test zone and control zone of LFSB. The
chemiluminescence intensities of test line and control line were recorded with Diacarta Benchtop

Luminometer.

45



4.3. Results and discussions

4.3.1. Principle of chemiluminescent lateral flow strip biosensor

The proof-of-concept of chemiluminescent LFSB was demonstrated by using rabbit IgG
model system, and GNP-ALP labels. Figure 4.1A present the configuration of the
chemiluminescent LFSB. In general, sample solution containing a desired concentration of rabbit
IgG was applied to the sample pad. The solution migrated along the nitrocellulose membrane by
capillary force and rehydrated the GNP-ALP-Ab; conjugates on the conjugate pad. Then the
immunoreactions between rabbit IgG and GNP-ALP-Ab; occurred and the formed complexes
(GNP-ALP-ADb;-IgG) continued to migrate along the membrane. When the complexes reached
the test zone, they were then captured by the Ab; immobilized on the test zone via the second
immunoreactions, resulting in the sandwich-type complexes (GNP-ALP-Ab;-IgG-Ab;) and the
first red band (Figure 4.1B). The excess GNP-ALP-Ab; conjugates continued to migrate due to
the capillary action and were captured on the control zone via the binding between Ab. and
GNP-ALP-Ab;. The second red band was developed at this moment (Figure 4.1B). After waiting
for 5 min, two microliter of Lumigen APS-5 substrate was applied. The enzymatic reaction
proceeded 1 min to produce chemiluminescent product on the detection zone (Figure 4.1C). In
the absence of rabbit IgG, only one red band on the control zone was observed (Figure 4.1B). In
this case, the red band on the control zone (control line) shows that the biosensor has worked
properly. Quantitative analysis can be realized by recording the chemiluminescence intensities of

the test line.
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Figure 4.1. (A) Schematic illustration of chemiluminescent LFSB, (B) principle of LFSB
measurement and (C) chemiluminescent measurement after adding Lumigen APS-5 substrate.
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4.3.2. Optimization of experimental parameters

First, we studied the effect of GNP diameters on the response of LFSB. GNPs with three
diameters of 16 nm, 30 nm and 50 nm were prepared and used to fabricate the LFSBs. It was
found that the S/N ratio decreased with the increase of GNP diameter, and the best S/N ratio (the
chemiluminescence response ratio of 1 ng mL™! rabbit IgG to blank) was obtained with 16 nm
GNP (Figure 4.2). The decreased S/N ratio with large size of GNPs may be caused by the
reduced stability of large size GNPs. In addition, GNPs with large diameters required more
antibodies to cover the surface. Same amount of ALP-Ab; was used to conjugate with different
sizes of GNPs, thus the GNPs with large diameter probably would not be fully covered by ALP-
Abi. The stability of GNP-ALP-Ab; conjugates prepared with large size of GNP was more
interfered by the buffer components which could cause the aggregation or precipitation of the

conjugate, and resulted in the reduced binding efficiency of GNP-ALP-Ab; toward the analyte.
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Figure 4.2. The effect of GNP diameters on the S/N of LFSB. (GNP-ALP-Ab; conjugate: 6 uL;
test line: 2x dispensing cycles; running buffer: Tris-HCI (1%BSA); rabbit IgG concentration: 1
ngmL™)
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The enzymatic reaction time is another factor to influence the chemiluminescent response
of LFSB. After adding Lumigen APS-5 substrate the chemiluminescence of enzymatic product
could be recorded in just a few seconds, but dramatically declined after 5 mins. Figure 4.3A
presents the chemiluminescent responses of 1 ng mL™! rabbit IgG with different enzymatic
reaction time. There was not significant change of chemiluninescent from 1 min to 3 min
reaction time. Therefore, 1 min was chosen as the optimal enzymatic reaction time for the
following procedure.

Another factor affecting the sensitivity and reproducibility of the LFSB is running buffer.
The composition of running buffer has a significant effect on the performance of LFSB. Several
buffers including PBS (1%BSA), PBST (1%BSA) and Tris-HCI (0.1M, 1%BSA) were tested,
and the results are shown in Figure 4.3B. Comparing the S/N ratios, the best performance was
obtained with the Tris-HCI (0.1M, 1%BSA) bufter. Therefore, a Tris-HCI (0.1M, 1%BSA) buffer
was selected for the experiments.

The amount of capture Ab; on the test zone affects the response of LFSB. Figure 4.3C
presents the effect of the Ab; amount on the signal intensity of LFSB. The amount of Ab; on the
test zone was determined by the dispensing cycles of the Abi. The signal intensity was the
highest for two dispensing cycles of Ab; on the test zone. The decreased S/N ratio with more
dispensing cycles resulted from the higher background signal. Therefore, two-dispensing-cycle
was used as the optimal condition in the following experiments.

The chemiluminescent intensity of the test line depends on the amount of the GNP-ALP-
Ab; conjugate captured on the test zone, which relates to the amount of conjugate dispensed on
the conjugate pad. The amount of GNP-ALP-Ab; conjugate was adjusted by dropping different

volume of conjugate solution on conjugate pad. Figure 4.3D presents the histogram of the S/N
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ratio of LFSB with an increasing amount of conjugate solution. It can be seen that the best S/N
ratio was obtained with 6 uL of GNP-ALP-Ab; on the conjugate pad. The higher loading amount
of GNP-ALP-Ab; conjugates caused an increasing signal from blank sample. From the above

result, 6 pL of GNP-ALP-Ab; conjugate was employed.
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Figure 4.3. Optimization of experimental parameters. (A) Effect of enzymatic reaction time (with
2x dispensing cycle of test line, 6 pL of conjugate and Tris-HCI (1%BSA) as running buffer); (B)
Effect of different types of running buffer (with 2x dispensing cycle of test line, 6 pL of
conjugate and 1 min enzymatic reaction time); (C) Effect of dispensing cycles of capture
antibody at test line (with 2x dispensing cycle of test line, Tris-HCI (1%BSA) as running buffer
and 1 min enzymatic reaction time); and (D) Effect of loading amount of conjugates (with 2x
dispensing cycle of test line, Tris-HCI (1%BSA) as running buffer and 1 min enzymatic reaction
time) on chemiluminescence responses for 1 ng mL ! of rabbit IgG.
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4.3.3. Analytical performance of chemiluminescent lateral flow strip biosensor

Under optimal experimental conditions, we examined the performance of the
chemiluminescent LFSB with different concentrations of rabbit IgG. The quantitative
measurement was performed by recording chemiluminescent signals of test line. Figure 4.4
displays typical chemiluminescence responses in RLU with increasing concentrations of rabbit
IgG. The resulting calibration curve of the signal intensity versus concentrations of rabbit IgG
showed a good linear range over 0.05 ng mL™! to 2 ng mL™!. The detection limit is estimated as
0.02 ng mL! (S/N=3). This detection limit is 25-fold lower than that of the GNP label based

LFSB (0.5 ng mL),% and 500-fold lower than that of HRP based CL-LFI ( 10 ng mL1).!"”
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Figure 4.4. Calibration curve of chemiluminescent LFSB. (The inset shows the linear response
for rabbit IgG. Each data point represents the average value obtained from three measurements.)
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4.3.4. Selectivity and reproducibility.

Selectivity and reproducibility are two important parameters to evaluate the performance
of a biosensor. The selectivity of the GNP-ALP-based LFSB was assessed by testing the
responses of other proteins (thrombin, CEA, human IgG, and platelet derived growth factor-BB
(PDGF-BB)) at 100 ng mL! level, as well as the mixtures of rabbit IgG (10 ng mL™!) and those
non-target protein (100 ng mL™"). The histogram of the responses is shown in Figure 4.5.
Excellent selectivity for rabbit IgG, over other proteins, was achieved. The sensitive and specific
response was coupled with high reproducibility. The reproducibility of the GNP-ALP-based
LFSB was studied by testing the sample solutions at different concentration levels (0, 1 and 10
ng mL™! of rabbit IgG). Samples from the same batch preparation and at the same concentration
level were tested 6 times with 6 different LFSBs and yielded RSD of 7.53%, 9.24% and 6.98%,

respectively.
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Figure 4.5. Selectivity of chemiluminescent LFSB. Histogram of LFSB responses of (a) Tris-HCI
(1% BSA), (b) 100 ng mL"! of CEA, (c) 100 ng mL™! of Thrombin, (d) 100 ng mL"! human IgG,
and (e) 100 ng mL"! PDGF-BBin the absence and presence of 10 ng mL™! of rabbit IgG.
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4.4, Conclusion

We have successfully developed a novel chemiluminescent LFSB based on GNPs and
ALP dual labels for rapid, ultrasensitive and quantitative detection of proteins. The device took
advantages of the loading capacity of GNPs and the high sensitivity of ALP-catalyzed CL
analysis to achieve the signal amplification. Under optimal conditions, the LFSB was capable of
detecting a minimum 0.02 ng mL™! of rabbit IgG in 30 min. The proposed biosensor possessed
high selectivity and good reproducibility. It shows great promise for use of the LFSB for point-

of-care and in-field detection of proteins.
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5. GOLD-NANOPARTICLE-DECORATED SILICA NANORODS BASED LATERAL

FLOW STRIP BIOSENSOR FOR VISUAL DETECTION OF PROTEIN

5.1. Introduction

Sensitive detection of proteins is of tremendous interest for a broad range of applications,
such as clinical diagnosis, food safety, and environmental analysis.!?%"12* A variety of strategies

and techniques has been developed to detect proteins, including enzyme-linked immunosorbent
assay (ELISA), Western blot, agarose and polyacrylamide gel electrophoresis, and

immunosensors in connection with various transducers.'?>13* The assay sensitivities were further

134137 and novel

enhanced by using nanomaterials (nanoparticles, nanowires, and nanotubes
signal-amplification approaches.!**"'*! However, most nanomaterial-based signal-amplification
methods generally involved a time-consuming detection process or advanced laboratory
equipment. Lateral-flow immunoassay (LFI), also called immunochromatographic assay, has
been studied extensively for different applications, such as pregnancy tests as well as detecting
cancer biomarkers, infectious agents, and biowarfare agents.!**"'43 In a typical LF]I, the antibody-
modified marco-nano-particles move along the strip with the analytes driven by capillary force
and are eventually captured by the preimmobilized antibodies in the test zone. The captured
marco-nano-particles, which are proportional to the target concentrations, can be determined by
observing the color changes for the test band or by recording the fluorescence, electrical, or
magnetic signals with appropriate transducers.!**1* Gold nanoparticles (GNPs),!*-1%® carbon

133 etc. have been used as labels to

nanoparticles,'* quantum dots,'**15? Fe;04 nanoparticles,
develop LFIs. Although the fluorescent, magnetic, and electrical LFIs offered high sensitivity,

the requirements for instrumentation and skilled personnel limit their point-of-care or in-field
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applications. Among the aforementioned colored particles used for LFI, GNPs are the most
applicable materials due to their unique optical properties (plasma absorption), remarkable
chemical stability, and easy surface modification. The GNP-based LFIs have been applied for the
qualitative and semiquantitative/quantitative detection of proteins,'>* metal ions,'> and natural
toxins.'*® Most reported LFIs for protein analysis were established with detection limit ranging
from ug mL™! (nanomolar) to ng mL™! (picomolar).?*~* 3355 However, protein detection, such as
cancer biomarker detection and early diagnosis of disease often require pg mL™! (fetomolar)
detection limit.’¢->7- 157 Therefore, it is highly desirable to develop an ultrasensitive LFI for
visually detecting proteins.

Recently, great efforts have been made to improve the sensitivity of the GNP-based LFIs
by using a dual-labeling method. Choi et al. reported a dual-GNP conjugate-based lateral-flow
assay method to analyze Troponin 1.!°® The first GNP conjugate was prepared with an antibody
against Troponin I. The second GNP conjugate was designed to bind with the first GNP
conjugate and thus resulted in a larger size to improve the detection limit. The detection
sensitivity increased about 100-fold compared to the conventional LFI. Mei et al. reported a
sensitivity-enhanced LFI based on the same concept using different-sized GNPs for the visual
detection of bisphenol A.'> The LFI detection limit was 10 times lower compared to the
traditional GNP-based assay. He et al. reported an ultrasensitive lateral flow strip biosensor
(LFSB) based on horseradish peroxidase (HRP)-GNP dual labels.!®® Deposition of an insoluble,
enzymatic catalytic product (red-colored chromogen) on the captured GNPs at the LFSB test
zone offered a dramatic visual enhancement. Combining enzyme catalytic amplification with the
unique optical properties of GNPs, the LFSB was capable of detecting 0.01 pM of target DNA

without instrumentation. Tang et al. found that using magnetic GNP labels lowered the detection
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limit 3-fold for aflatoxin B, compared to a conventional immunodipstick test using GNPs as
colored reagents.'°!

Inspired by the signal amplification methods, the composite nanomaterial, formed by
numerous GNPs evenly coated on a single substrate, would be an ideal colored reagent to
enhance the LFSB sensitivity. Several materials, including carbon nanotubes and polymers, 6163
were used as substrates to prepare the composite nanomaterials. However, most of the composite
nanomaterials involved complicated or strict synthetic procedures. Silica-based nanomaterials
(nanoparticles, nanowires, and nanorods) have attracted considerable interest in biomedical
research because of their unique properties, such as inertness, high payload capacity,
biocompatibility, and great surface-modification.!®® The silica-based nanomaterials have been
utilized to develop highly sensitive biosensors and bioassays.!¢’!7? In this paper, we report an
ultrasensitive protein assay using a gold-nanoparticle-decorated silica nanorod (GNP-SiNR)
label and a LFSB. Silica nanorod was chosen as a matrix to make the GNP-SiNR hybrid. A large
number of GNPs on a single SiNR provided a purple color that was much darker than the pure
GNP solution. The nanohybrid, instead of GNP, was used as a colored reagent in LFSB. Rabbit
IgG was used as a model target to demonstrate the proof-of-concept. A pair of antibodies capable
of specifically recognizing rabbit IgG was used to prepare the LFSB (Figure 5.1). Capture
antibody was immobilized on the test zone of the LFSB, and report antibody was conjugated
with GNP-SiNR hybrid (Ab-GNP-SiNR). Rabbit IgG interacted with Ab-GNP-SiNR to form
rabbit [gG-Ab-GNP-SiNR complex and continued to move along the strip. Accumulation of

GNP-SiNR on the test zone produced a visible dark-purple band, which could be used for either

qualitative or quantitative detection of rabbit IgG by a portable strip reader. Under the optimal
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conditions, a detection limit of 0.01 ng mL™" (10 pg mL™") was obtained. The promising

properties of the GNP-SiNR-based LFSB are reported in the following sections.
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Figure 5.1. (A) Schematic representation for the configuration of the lateral flow strip biosensor,
(B) reagents on the lateral flow strip biosensor, and (C) measurement principle of the lateral flow
strip biosensor in the absence and presence of rabbit IgG.
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5.2. Experimental section

5.2.1. Apparatus

A Hitachi SU8010 field scanning-electron microscope (SEM; Tokyo, Japan) was used to
take images of the developed nanocomposites. The elemental analysis was obtained by
performing energy-dispersive X-ray spectroscopic (EDS) measurements (Oxford X-Max;
Concord, MA, USA), and the spectrometer was attached to a Hitachi SU8010 field-emission
SEM. A Shimadzu UV-vis spectrometer (Columbia, MD, USA) was used to obtain the
absorption spectra of the nanomaterials. An Airjet AJQ 3000 dispenser, Biojet BJQ 3000
dispenser, Clamshell Laminator, and the Guillotine cutting-module CM 4000 purchased from
Biodot LTD (Irvine, CA, USA) were used to prepare lateral-flow strips. A portable strip reader

DT1030 (Shanghai Goldbio Tech. Co.; Shanghai, China) was used for signal recording.

5.2.2. Reagents and materials

Tetraethylorthosilicate (TEOS, 98%) was purchased from Acros Organics (NJ, USA).
Sodium citrate (Na3Ct), gold (III) chloride trihydrate (HAuCls-3H>0, 99.9+%), hydroxylamine
hydrochloride (98%, ACS grade), sodium borohydride (NaBH4, >98%), Na3;PO4¢12H>0, sucrose,
Tween 20, Triton X-100, phosphate buffer saline (PBS, pH 7.4, 0.01 M), phosphate buffer saline
with 0.05% Tween 20 (PBST), and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich, Inc. (St. Louis, MO, USA). Ammonium hydroxide (NH4OH, 28.0%-30.0%), potassium
carbonate (K>COs-1.5 H2O, ACS grade), and ethanol (95%) were obtained from Fisher Scientific
Co. (Pittsburgh, PA, USA). Polyvinylpyrrolidone molecule (PVP; average molecular weight M,
=40,000) and 1-pentanol (99+%, ACS grade) were purchased from Alfa Aesar (Ward Hill, MA,

USA). Rabbit IgG, goat anti-rabbit IgG (Ab1), and mouse anti-goat IgG (Ab2) were obtained
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from Thermo Scientific (Rockford, IL, USA). Glass fibers (GFCP000800), cellulose-fiber
sample pads (CFSP001700), laminated cards (HFOOOMC100), and nitrocellulose membranes
(HFB18004) were provided by Millipore (Billerica, MA, USA). All chemicals were analytical
reagent grade unless specified. All buffer solutions were prepared using ultrapure water (>18 MQ

cm) from a Millipore Milli-Q water purification system.

5.2.3. Preparation of Silica Nanorods (SiNRs)

A one-step synthetic method was used to prepare SiNRs. In a typical synthetic procedure,
a total of 3.00 g of PVP was added to 30.00 mL of 1-pentanol. The mixture was sonicated for 30
min to obtain a well-mixed PVP/pentanol solution. Then, 3.00 mL of 95% ethanol, 0.84 mL of
H>0, and 0.20 mL of 0.17 M Na3Ct were added to the PVP/pentanol mixture, followed by hand-
shaking for a few seconds. After the addition of 0.30 mL of TEOS and 0.50 mL of NH4OH, the
reaction was allowed to proceed overnight at room temperature. The SiNRs were collected by
centrifuging at 11,000 rpm for 30 min and removing the supernatant. The collected SiNRs were

washed 3 times with ethanol and dried in the oven at 100 °C.

5.2.4. Preparation of gold seeds

Typically, 4.00 mL of 1% HAuCl4 solution was added to 100.00 mL of H>O in an ice
bath, followed by the addition of 0.50 mL of 0.20 M K>COj3 to reduce Au(III) to Au(I). The
solution is then stirred for 10 min until its color changes from yellow to light yellow or colorless.
Then, 1.00 mL of freshly prepared NaBH4 (0.50 mg mL™") was slowly added. The formation of a

reddish solution indicated the successful synthesis of gold seeds.
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5.2.5. Preparation of Gold-Nanoparticle-decorated Silica Nanorods (GNP-SiNRs)

The GNP-SiNRs were prepared according to the reported methods with slight
modifications.!”! An aliquot with 1.00 mL of 10.00 mg mL™' SiNR solution was added to a 40.00
mL gold-seed solution, and the mixture was stirred vigorously for 20 min. Surplus gold seeds
were removed by centrifugation at a speed of 6,500 rpm for 15 min. The obtained reddish
precipitate was gold-seed-decorated SiNRs and was redispersed in 10.00 mL of water for the
gold-shell growth process. In the gold-shell growth process, 4.00 mL of 1% HAuCls solution and
0.025 g of K2CO3 were added to 90.00 mL of water. The mixture was stirred until it turned to
light yellow or colorless. Then, 10.00 mL of a gold-seed-decorated SiNR solution, 1.00 mL of
0.5 M hydroxylamine hydrochloride, and 1.00 g of PVP were sequentially added to the growth
solution. After overnight reaction, the solution was centrifuged at a speed of 6,500 rpm for 15
min and was washed 3 times with water. Finally the obtained GNP-SiNRs were suspended into
10 mL of water and stored at 4 Celsius for use in the future. The size of the GNPs that decorated

the SiNR’s surface can be adjusted by adding different amounts of 1% HAuCl4 (0, 2, 4, or 6 mL).

5.2.6. Preparation of GNP-SiNR-Ab: and GNP-Ab1 conjugates

GNP-SiNR-Ab; and GNP-Ab; conjugates were prepared according to the reported
methods with slight modifications.!”? Initially, 0.01 mg of Ab; was mixed with 1.00 mL of GNP-
SiNRs (pH 9.0), followed by gentle shaking for 1 h at room temperature. Then, 0.10 mL of 10.0
wt% BSA was added, and the mixture was incubated for 30 min. The mixture was further
washed with PBS (1% BSA) and centrifuged at 6,000 rpm for 5 min to remove the washing

liquid. Finally, the as-prepared GNP-SiNR-Ab; conjugates were collected and suspended in 1.00
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mL of eluent buffer containing 20.00 mM NazPO4¢12H,0, 0.25% Tween 20, 10% sucrose, and
5% BSA.

To prepare GNP-Ab; conjugate, 0.01 mg of Ab; was added to 1.0 mL of fivefold-
concentrated GNPs (pH 9.0). The mixture was gently incubated for 1 h and blocked by 0.1 mL of
10 wt% BSA for 30 min. The obtained solution was centrifuged at 12,000 rpm for 18 min, and
the nanoparticles were washed with PBS (1% BSA) 3 times. The resulting ruby sediments were
dispensed in 1.0 mL of buffer containing 20 mM Na3PO4¢12H>0, 0.25% Tween 20, 10%

sucrose, and 5% BSA.

5.2.7. Analytical procedure

Lateral flow strip biosensors (LFSBs) were prepared according to the reported procedure
with minor modifications.* The LFSB consisted of the following components: a sample-
application pad, a conjugate pad, a nitrocellulose membrane, and an absorption pad. Both the
sample-application pad and the absorption pad were made from cellulose fiber. The sample-
application pad (17 mm x 30 cm) was soaked in a buffer (pH 8.0) containing 0.25% Triton X-
100, 0.05 M Tris-HCI, and 0.15 mM NaCl. Then, the sample pad was dried at 37 °C in the oven
and stored in desiccators at room temperature. Abi, with a concentration of 1.20 mg mL™!, and
Ab; (0.85 mg mL) were dispensed at different locations of the nitrocellulose membrane (25 mm
x 30 mm) to form the test line and the control line by using a Biojet BJQ 3000 dispenser. The
nitrocellulose membrane was then dried in the oven at 37 °C for 1 h. Finally, all the parts were
assembled on a plastic, adhesive backing layer (typically an inert plastic, e.g., polyester) using
the Clamshell Laminator. Each part overlapped 2 mm to ensure that the solution migrated

through the biosensor during the assay. The LFSB with a 3-mm width was cut with the Guillotin
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cutting-module CM 4000. The GNP-SiNR-Ab; or GNP-Ab, conjugates were dropped on the
conjugate pad using a pipet before each test.

The assay was performed by dipping the LFSB in a 1.50 mL microcentrifuge tube
containing the desired concentration of rabbit IgG in 0.10 mL of running buffer (PBST with 1%
BSA). The test and control zones could be evaluated visually within 20 min. The intensities of
the test line and the control line were measured using a strip reader, and the results were further

analyzed using the GoldBio strip-reader software.

5.3. Results and discussions
5.3.1. GNP-decorated SiNRs as colored reagents in the lateral flow strip biosensor

Silica-based nanomaterials (nanoparticles, nanorods, and nanowires) have shown great
promise in various fields due to the nanomaterials’ unique physical and chemical stability as well
as their well-established surface modification.!”*'* In the current study, silica nanowires
(SiNWs) and nanorods were used as substrates to coat GNPs due to the larger surface area per
rod or wire compared to that per nanoparticle. The synthesized GNP-SiNWs and GNP-SiNRs
were used as labels for the lateral-flow assays. The mobility of GNP-SiNWs was much slower
than that of GNP-SiNRs on the nitrocellulose membrane due to the large size of the SINWs. (The
length of SINWs is up to tens of micrometers; results not shown) Therefore, we chose GNP-

SiNRs, which have a dark purple color and better mobility, as the colored reagents.

5.3.2. Preparation and characteristics of GNP-decorated SiNRs (GNP-SiNRs)

A two-step deposition process involving gold-seed deposition and seed growth was used

to prepare the GNP-SiNRs. SiNRs with a length varying from 3.4 to 7.0 um (Figure 5.2A) were

62



used as the substrate to load numerous GNPs. Gold seeds were deposited on the SiNR surface by
simply mixing GNP and SiNR solutions for 20 min. Figure 5.2B presents the typical SEM image
of the gold-seed-loaded SiNRs. One can see that the gold seeds with a diameter of 9.7 = 1.6 nm
are monodispersed on the SiNR surface. The gold-seed-decorated SiNRs were then added to a
gold growth solution to form a uniform GNP layer. Figure 5.2C shows the SEM image of GNP-
decorated SiNRs after the GNP growth process. A layer of GNPs was coated on the SINR
surface, and the density of GNPs was much higher than the gold-seed-decorated SiNRs. To
further identify the formation of the GNP layer on the SiNR surface, element analysis was
performed by the EDS technique. A strong peak for the gold signal was observed in the EDS
spectra of GNP-SiNRs, indicating that GNPs were successfully loaded on the SiNRs (Figure
5.2D). Figure 5.2E presents the UV-vis absorption spectra of the GNP-SiNR suspension, gold-
seed solution, and SiNR suspension. No UV-vis absorption (Figure 5.2E, a) was observed for the
SiNR solution while a typical surface plasmon resonance (SPR) absorption peak around 514 nm
of gold-seed solution was observed (Figure 5.2E, b). However, GNP-SiNRs showed a red-shifted

SPR band in the near-infrared region compared to that of the gold seeds (Figure 5.2E, c).
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Figure 5.2. SEM images of (A) SiNRs, (B) gold-seed-decorated SiNRs, and (C) the formation of
the GNP layer on the SiNR surface, (D) a representative EDS spectra of GNP-SiNRs, and (E)
UV-vis spectra of SiNRs (a), gold seeds (b), and GNP-SiNRs (c).

We studied the effect of the HAuCls concentration in the seed growth solution on the
GNP size and coverage on the SiNR surface (Figure 5.3). Without the addition of a gold
precursor (HAuCly) in the growth solution, the GNP size (9.7 £+ 1.6 nm) did not change, and
GNPs were evenly positioned on the SiNR surface (Figure 5.3A). By adding 2 mL of 1%
HAuCly, gold seeds grew to bigger GNPs with a size of 16.7 + 2.4 nm (Figure 3B). In the case of
4 and 6 mL of 1% HAuCls addition to the growth solution, the SiNR surface was covered with a
layer of GNPs (Figure 5.3C-D). However, a large number of free GNPs was synthesized when 6
mL of 1% HAuCls solution was added. Therefore, in the following lateral-flow immunoassay
application, GNP-SiNR synthesized from the addition of 4 mL of 1% HAuCly in the growth
solution was used as the colored reagent. On the basis of surface area of a SINR (diameter: 200
nm; length: 3.4 mm) and cross section area of a GNP (diameter: 16.7 nm), it was estimated that

there were 10000 GNPs coated on a single silica nanorod.
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Figure 5.3. SEM images of GNP-SiNRs by adding (A) 0, (B) 2, (C) 4, and (D) 6 mL of 1%
HAuCly in the gold growth solution.

5.3.3. GNP-SiNR label based lateral flow strip biosensor

The GNP-SiNRs were, thus, used as labels to fabricate the LFSB. Rabbit IgG was used as
model target to demonstrate the proof-of-concept. Figure 5.1 schematically illustrates the LFSB’s
configuration and measuring principle. The LFSB consisted of a sample pad, a conjugate pad, an
absorption pad, and a nitrocellulose membrane (test line and control line; Figure 5.1A). All the
components were assembled on a common-adhesive backing layer. Goat anti-rabbit IgG Ab; was
conjugated with GNP-SiNRs, and the Ab;-GNP-SiNR conjugates were dispensed on the
conjugate pad. Goat anti-rabbit IgG Ab; was also used as the capture antibody and was dispensed

on the test zone of the nitrocellulose membrane. Mouse anti-goat IgG Ab> was used as the
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secondary antibody and was immobilized on the control zone of the nitrocellulose membrane,
which was 2 mm behind the test zone (Figure 5.1B). During the assay, the LFSB was dipped into
a test tube, and the sample solution moved up by capillary force. The Ab;-GNP-SiNRs
conjugates were rehydrated and released from the conjugate pad. The binding between Ab; in
Ab1-GNP-SiNR conjugates and rabbit IgG (target) occurred, and the formed complexes (IgG-
Ab1-GNPs-SiNRs) continued to migrate along the membrane. When reaching the test zone, the
complexes were captured by the antibody on the test zone via the second immunoreaction,
resulting in the accumulation of GNP-SiNRs on the test zone. A dark-purple band was observed,
and the color intensity of the test band was directly proportional to the amount of analyte (IgG)
in the sample solution. The solution continued to flow until it passed through the control zone
where the excess Abi-GNP-SiNRs conjugates were captured by the secondary antibody (anti-
goat IgG Ab») to produce a second dark-purple band (Figure 5.1C, right). In the absence of the
target, only the band on the control zone was observed, and no band was observed in the test
zone. In this case, the band in the control zone (control line) showed that the LFSB was working
properly (Figure 5.1C, left). Quantitative analysis was achieved by reading the test-line
intensities with a portable strip reader. The more analytes are present in the sample, the more
conjugates would be captured on the test zone, leading to the increased signal.

To confirm the signal amplification of the GNP-SiNRs, the responses of the sample
solutions at three concentration levels (0, 1.0, and 5.0 ng mL™! IgG) on the GNP-SiNR-based
LFSB were compared with the GNP-based LFSB. Figure 5.4 presents the photo images of the
LFSBs after the assays were completed. When rabbit IgG was absent in the sample solutions,
neither of the two LFSBs showed a response on the test zones (Figure 5.4A). No test line could

be observed from the GNP-based LFSB in the presence of 1.0 ng mL™! of rabbit IgG (Figure
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5.4B, left) while there was a visible test line on the GNP-SiNR-based LFSB (Figure 5.4B, right).
As shown in Figure 5.4C, the intensity of the test line on the GNP-SiNR-based LFSB in the
presence of 5.0 ng mL™! rabbit IgG was significantly higher than that of the GNP-based LFSB
which exhibited a very weak response. Such dramatic signal enhancement on the GNP-SiNR-
based LFSB is mostly due to the large surface area of the SiNRs where numerous GNPs were
loaded. The number of the captured GNPs per antibody-antigen binding on the GNP-SiNR-based
LFSB would be much higher than that of the GNP-based LFSB. In addition, the antibody density
on the Abi-GNP-SiNR conjugates would be higher than that of the Abi;-GNP conjugates. The
immunoreaction efficiency on the GNP-SiNR-based LFSB was, thus, higher than that for the

GNP-based LFSB with a short assay time.
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Figure 5.4. Photo images of the GNP-based LFSBs (left) and the GNP-SiNR-based LFSBs
(right) in the presence of different concentrations of rabbit IgG. (A) 0 ng mL!, (B) 1.0 ng mL™,
and (C) 5.0 ng mL™.
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5.3.4. Optimization of experimental parameters

The amount of capture Ab; on the LFSB test zone affects the LFSB response. Figure
5.5A presents the effect for the capture Ab; amount on the signal-to-noise (S/N) ratio of the
LFSB. The amount of Ab; on the test zone was determined by the dispensing cycles of the Ab;.
The S/N ratio was the highest for one dispensing cycle of 1.2 mg mL™! (8x10°® mol L") Ab; on
the test zone. The decreased S/N with more dispensing cycles resulted from the higher
background signal. Therefore, one dispensing cycle (around 0.3 pL of solution) was used as the
optimal condition in the following experiments.

The amount of Ab; on the GNP-SiNRs surface affects the LFSB’s immunoreaction
efficiency and sensitivity. We optimized the Ab; concentration in the conjugation solution. The
LFSB’s S/N ratio increased up to 10 pg mL™' (~6.7x10° mol L) Ab, in the conjugation
solution; a further concentration increase caused a decreased S/N ratio (Figure 5.5B). The
decrease of S/N ratio was due to the decreased immunoreaction efficiency when a higher amount
of antibody was conjugated on the SiNRs. On the basis of the optimal concentration of Ab
antibodies for preparing the conjugate, there were approximately 11000 antibodies absorbed on a
single silica nanorod. Concentrations exceeding the optimal condition may cause the steric
hindrance of the antibodies absorbed on the surface and consequently result in the decreased
antibody-antigen binding efficiency. Since the antibodies are polyclonal antibodies which could
recognize multiple epitopes on one antigen, the molar ratio of antibody: antigen is at least 1:1. As
aresult, 10 ug mL™!' of Ab; antibodies were employed to prepare the Ab;-GNP-SiNR conjugates
in the following experiments.

The running buffer’s composition is one of the main factors in developing a biosensor

because it has a significant impact on the efficiency of antibody-antigen binding and the
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elimination of nonspecific adsorption. Several buffers, including PBS (1% BSA), PBST (1%
BSA), and Tris-HCI (1% BSA), were tested, and the results are shown in Figure 5.5C. The
highest S/N ratio was obtained with the PBST (1% BSA) buffer. Therefore, a PBST (1% BSA)
buffer was selected for the experiments.

The band intensities depended on the Ab:-GNP-SINR conjugates captured on the test and
control zones which, in turn, corresponded to the amount of conjugates on the conjugate pad. To
obtain a maximum response using a minimal amount of Ab:-GNP-SiNR conjugates, the Ab:-
GNP-SINRs on the conjugate pad were optimized by increasing the volume of the Ab;-GNP-
SINR conjugates loaded on the conjugate pad. Figure 5.5D displays the histogram for the
LFSB’s S/N ratio with an increasing volume of conjugate solution (0.8 to 8 uL). It can be seen
that the S/N ratio increased up to 4 pL; a further volume increase caused a decreased S/N ratio.
The S/N ratio loss at a high volume may be attributed to the saturation of signal intensity and an
increased nonspecific adsorption. Therefore, 4 uL of Ab;-GNP-SiNR conjugate was employed as

the optimal volume for the entire study.
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Figure 5.5. Optimization of experimental parameters. (A) Effect of dispensing cycles of Ab; on
the LFSB’s S/N ratio. Loading volume of Ab;-GNP-SiNR conjugates: 2 pL, Abi concentration in
the conjugate: 5 pg mL™!, running buffer: PBST (1% BSA). (B) Effect of Ab; concentration in
the conjugate solution on the LFSB’s S/N ratio. Dispensing cycle of Ab;: 1 cycle, loading
volume of Ab;-GNP-SiNR conjugates: 2 pL, running buffer: PBST (1% BSA). (C) Effect of
running buffer components on the LFSB’s S/N ratio. Dispensing cycle of Abi: 1 cycle, loading
volume of Ab;-GNP-SiNR conjugates: 2 puL, Ab; concentration in the conjugate: 10 pg mL™.

(D) Effect for the loading volume of Ab;-GNP-SiNR conjugates on the LFSB’s S/N ratio.
Dispensing cycle of Ab;: 1 cycle, Ab; concentration in the conjugate: 10 ug mL™!, running

buffer: PBST (1% BSA). Concentration of rabbit IgG: 1.0 ng mL™.

5.3.5. Analytical performance

Under optimal experimental conditions, we examined the performance of the GNP-SiNR-

based LFSB with different concentrations of rabbit IgG. Figure 5.6 presents the typical photo

images (right) and the corresponding optical response recorded with a portable strip reader in the

presence of different concentrations of rabbit IgG (0 to 2.0 ng mL™). There was no test line

observed on the LFSB test zone in the absence of rabbit IgG (control), indicating negligible
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nonspecific adsorption under the optimized experimental condition. The test line was quite
visible, even at 0.05 ng mL! rabbit IgG which can be used as the threshold for the visual

determination (yes/no) of rabbit IgG without instrumentation.
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Figure 5.6. Typical response curves and photo images for the LFSB with an increasing rabbit
IgG concentration (0.05 to 2.0 ng mL™).

In addition, quantitative detection was performed by recording the peak areas of the test
bands with the aid of a portable strip reader (Figure 5.7). It was observed that the peak area
increased with an increase in the rabbit IgG concentration until reaching a plateau at 100 ng mL"
!. The saturation of the calibration curve was caused by the physical size of the surface area of
the test line limiting the number of GNP-SiNR that could bind. On the basis of response of 100

ng mL! (~6.7x107'° mol L) of rabbit IgG, the molar ratio of capture antibody (test line)/rabbit
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IgG (target):/report antibody (GNP-SiNR-ADb) was estimated to be 10:1:4. The peak area had a
linear correlation with the rabbit IgG concentration in the lower concentration range (0.05 — 2.0
ng mL) as shown in the inset of Figure 5.7. The calibration equation was determined to be peak
value A= 188.76 C + 61.908 with a correlation coefficient of 0.9941, where A and C represent
the peak area and the concentration of rabbit IgG, respectively. The detection limit was estimated
to be 0.01 ng mL™"! (~6.7x107'* mol L") from 3 times the standard deviation corresponding to the
blank sample detection (S/N = 3). Compared to other labels for visual detection, the detection
limit of GNP-SiNR-based LFSB is comparable with that of the fluorescent microspheres?’,
almost 50-fold lower than GNP-based LFSB,* 1000-fold lower than the blue-colored latex
particle-based LFSB,!” and five orders of magnitude improved than a competitive liposome-

based LFSB.!7¢
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Figure 5.7. Calibration curve of the LFSB. (The inset shows the linear response for rabbit IgG.
Each data point represents the average value obtained from three different measurements.)
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5.3.6. Selectivity and reproducibility

Selectivity and reproducibility are two important parameters to evaluate a biosensor’s
performance. The selectivity of the GNP-SiNR-based LFSB was assessed by testing the
responses of other proteins (thrombin, CEA, human IgG, and PDGF-BB) at 100 ng mL"!, as well
as the mixtures of rabbit IgG (1 ng mL™) and the nontarget protein (100 ng mL™). The histogram
of the responses and the corresponding photo images are shown in Figure 5.8. Excellent
selectivity for rabbit IgG, over other proteins, was achieved. The sensitive and specific response

was coupled with high reproducibility.
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Figure 5.8. (A) Histogram of the LFSB responses and (B) the corresponding photo images.
(Rabbit IgG concentration: 1 ng mL™.)

The reproducibility of the GNP-SiNR-based LFSB was studied by testing the sample
solutions at different concentration levels (0, 0.5, 5, and 50 ng mL* of rabbit 1gG). Samples from
the same batch preparation and at the same concentration level were tested 6 times with 6

different LFSBs. Similar responses were obtained at the same concentration level (see the
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histogram of the responses in Figure 5.9). The relative standard deviations for the signals were
1.80%, 6.63%, 3.93%, and 5.49% for 50, 5, 0.5, and 0 ng mL! of rabbit IgG, respectively,

indicating an excellent reproducibility.

800

700 -

600 -

500 -

400 -

Intensity

300 -

200 -

100

o -
50 5 0.5 0

Rabbit IgG concentration / ng mL™!

Figure 5.9. Reproducibility study in the presence of 50, 5, 0.5, and 0 ng mL! of rabbit IgG.
(Tests were performed 6 times for each sample solution.)

5.4. Conclusion

We have developed a highly sensitive lateral-flow strip biosensor (LFSB) using GNP-
SiNRs as labels. The LFSB detection limit was lowered 50 times compared to the traditional
GNP-based lateral-flow assay. As demonstrated here, the significance of this work is to introduce
a new type of nanolabel for signal enhancement on the lateral-flow immunoassay. In addition,
the GNP-SiNRs can be used as nanolabels for nucleic acid and other biological molecular
detection with high sensitivity. Future work will aim to detect cancer biomarkers (proteins and

nucleic acids) in human blood or serum.
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6. SUMMARY AND FUTURE PROSPECTS

The research work described in the dissertation demonstrated the improved sensitivity of
LFSB based on using various labels and different measurement strategies. The amplified
response signals were obtained from LFSB combing with novel nanomaterials, enzymes and
advanced optical detection methods. Those ultrasensitive biosensors broadened the application
field of LFSB for detection of proteins at trace level which could not be analyzed using
conventional LFSB method. The improved LFSBs showed promising applications in early
diagnosis of protein-related cancer, detection of infectious disease and maintaining cardiac
health.

The signal amplifications were investigated by four strategies:

1. A dual-label based LFSB using both GNP and HRP was described for simple and low-
cost protein assay. Rabbit IgG was used as a model system for the demonstration of the
proof-of-concept. Combining the enzyme catalytic amplification of HRP and the unique
optical property of GNP, the dual-label based biosensor could distinguish 0.02 ng mL™! of
rabbit IgG from the blank with the help of a portable strip reader. The detection limit was
25 times lower than that of the GNP-based LFSB.

2. An enzyme-based fluorescent LFSB has been developed for sensitive detection of
protein. ALP was used as a label to conjugate with antibody. A sandwich immunoreaction
was performed on a lateral flow strip resulting in the ALP accumulated at the test zone of
the strip. The fluorescence signal was then obtained by adding the ALP substrate to
generate fluorescent product located at the test zone. This enzyme-based fluorescent
LFSB showed a good linear relationship over the range from 0.1 to 5 ng mL™! of rabbit

IgG with a detection limit of 0.1 ng mL™!' (S/N=3).
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3. An improved chemiluminescent LFSB has been developed for sensitive analysis by
taking advantages of ALP as a signal-trigger enzyme and GNP as enzymes’ carrier. The
detection signal was obtained by adding Lumigen APS-5 (ALP substrate) to generate
sustained high-intensity chemiluminescence responses. The use of chemiluminescence
detection allowed accurate and sensitive analyte detection. Under optimal conditions, a
limit detection of 0.02 ng mL™! for rabbit IgG was achieved, with an analytical working
range of 0.05-2 ng mL"".

4. GNP-decorated silica nanorods (GNP-SiNRs) were synthesized and used as the labels for
fabrication of LFSB. Owing to its biocompatibility and convenient surface modification,
SiNRs were used as carriers to load numerous GNPs. Sandwich-type immunoreactions
were performed on the lateral flow strips, and the accumulation of GNP-SiNRs on the
test zone produced the characteristic colored bands, enabling visual detection of proteins
without instrumentation. The quantitative detection of rabbit IgG was performed by
reading the intensities of the colored bands with a portable strip reader. The response of
the optimized device was highly linear for the range of 0.05-2 ng mL™!, and the detection
limit was estimated to be 0.01 ng mL™!. The detection limit was lowered by 50 times
compared to the traditional GNP-based lateral flow assay.

Even with highly enhanced sensitivity, the lateral flow strip biosensors are still faced with
a number of challenges for point-of-care diagnosis or on-field application. The analytes tested
with proposed biosensors are commercial products, without validation against real clinical
samples. Successful and accurate detection of analytes in complex biological samples, such as
human blood or saliva, is a greatly important future application. Moreover, to achieve an

excellent specificity in validation of protein biomarkers for cancer development and progression,
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accurate detection of multiple biomarkers is required due to the low specificity when using single
tumor marker. Simultaneous analysis of multiplexed biomarkers with biosensor becomes
particularly important in laboratory research and clinical diagnosis. Extensive experiments will
be necessary to be carried out with analysis of patient samples for configuration of reliable
detection platform; also more works will be focused on the multiplex detection on a single LFSB

for diagnostics of the specific cancer-related disease.
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