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ABSTRACT

Lateral flow assay (LFA) is a point-of-care (POC) diagnostic testing method. LFA is
advantageous over many other POC tests for its diverse applications, simplicity, convenience of
use, quick time-to-result, low cost, and independence of elaborate equipment or trained labor.
However, the lack of desired sensitivity of the so-far-reported reporters limits LFA applications.
This thesis reports the use in LFA of gold nanostars (AuNSs) synthesized by applying a seed
growth method, systematically functionalized with antibodies without any aggregation, and fully
characterized. The influence of the morphology of the particles on the sensitivity and limit of
detection (LOD) of the LFA for human chorionic gonadotropin (hCG) hormone was studied. The
results were compared to those with standard commercial 40 nm gold nanospheres (AuNPs). The
gold nanostars used in this study produce low LODs owing to their high capturability and high
optical detectability related to their localized surface Plasmon resonance (LSPR). Preliminary
experiments on engineering and evaluation of hCG-targeted LFA using AuNSs colloid gave a
visual LOD of 2 pg/mL, about 50-fold magnitude more sensitive than colloidal gold LFA (~100

pg/mL) at the same conditions.
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CHAPTER 1. Introduction

1.1 Lateral Flow Assay (LFA)

Lateral flow assays (LFASs) are point-of-care (POC) diagnostic tests that have been the
center of scientific research due to their commercial and free-of-specialist usage, as well as their
applications in detection of manifold analytes like toxins in agriculture, food, environmental
monitoring, safety control, and drug industry to medical diagnosis and animal health.l'2 However,
LFAs often lack desirable sensitivity or limit of detection (LOD), and their results are semi-
quantitative in many cases.*

The LFA strip contains four important porous parts with the capacity of spontaneous
transport of fluid by capillary wicking. (Figure 1.1)

1) The sample pad: the first part made mainly from glass fiber that acts like a sponge on which
the sample containing the analyte (the antigen, e.g., hCG) is applied.

2) The conjugate release pad: commonly made from cellulose, contains dried antibody-
functionalized reporter nanoparticles.> ©

3) The nitrocellulose (NC) membrane: the last part on which two or more (in multiplex LFA)
colorful lines can potentially be observed during testing of the analyte; the control line (CL) and
the test line(s) (TL).

4) Absorbent pad: this part is located on the very top end of the strip and is made of cellulose, and
controls the flow rate and assists the forward movement of the sample. All four parts mentioned
above are assembled on a polyvinyl chloride adhesive backing card.®

In commercial versions, all mentioned parts of LFA are put inside a housing case. The

sample, which is dripped on the sample pad, might be blood, milk, urine, serum, plant material, or
1



food. Once the sample is loaded onto the sample pad region, capillary forces cause its migration
toward the absorbent pad, which is located at the other end of the strip. During this migration, the
sample dissolves the LFA reporters on the conjugate pad. If the target analyte is present in the
sample, it will react with the detecting reporters. The analyte conjugated with the detection
reagents keeps moving on the porous nitrocellulose membrane until it reaches the TL and CL
zones’. Figure 1.1 illustrates the different parts of the LFA strips as well as the sandwich
immunoassay mechanism that causes the TL and CL formations. In reality, there is an overlap
between different parts of the LFA.

On the CL and TL zone located on the NC membrane, there might be two mechanisms
applied to detect the presence of the analyte in the sample.

a) Competitive mechanisms for small molecules

In this format, the same molecule as the analyte competes with the analyte in attaching to
the TL antibodies. The competitive format itself splits up into two categories. In the first one, the
analyte and the same molecule placed on reporters in the conjugation pad compete with one
another in their conjugation to the capturing antibodies plotted in the TL. In the second one, the
mechanism includes the attachment of the analyte molecules to the capturing agents placed on the
reporters on the conjugation pad. This mechanism causes the blocking of these capturing agents.
This blockage prevents their attachment to the “immobilized antigens” in the TL zone. In both
formats, the signal gained from the LFA strips is inversely related to the concentration of the

analyte.



b) Sandwich immunoassay format for large molecules
In a sandwich immunoassay format, the presence of analyte will cause the capture of
reporting particles on the TL resulting in a detectable signal whose intensity increases with analyte

concentration.®

Sample Pad  Conjugate Testline  Control line
Pad

I~ EIN,
IR

Figure 1.1. Schematic representation of lateral flow assay

Mouse monoclonal
anti B-hCG

Mouse polyclonal

Y
Y anti O-hCG
Y

Secondary antibodies

(Goat anti-mouse igG)

A detectable signal appears on the TL zone decreasing with increasing of the analyte
concentration, in the competitive mechanism, and rising directly by the enhancement of the analyte
concentration in the sandwich immunoassay format, cause the target detection.® If the analyte
being studied is human chorionic gonadotropin (hCG) in a sandwich immunoassay format, the
control line is plotted with secondary antibodies like anti-mouse 1gG. The formation of the line
there indicates the proper liquid flow through the porous membrane and is independent of the

presence or not of the analyte (hCG) in the sample. The CL formation also shows if the test works

3



well or not, by capturing the antibody functionalized nanoparticles. The test line is plotted with
the primary antibodies like goat polyclonal anti-p hCG. If the sample contains hCG, the hCG
would be sandwiched between antibody functionalized gold nanoparticles and the polyclonal
antibodies on the strip at the test line. Therefore, the appearance of color on the test line confirms
the formation of the sandwich immunoassay and the existence of the analyte in the sample, which

is hCG hormone on the pregnancy LFA test.>®

hCG (Figure 1.2) is a hormone possessing a glycoprotein structure composing of 237
amino acids with a molecular weight of 36.7 KDa. These 237 amino acids are composed of two
main subunits called: a-hCG with 92 amino acids (Mw = 14.5 KDa) and B-hCG with 145 amino
acids (Mw = 22.2 KDa). The two units of a-hCG and B-hCG create a hydrophobic core with a
high surface to volume ratio surrounded by the hydrophilic amino acids.> ** hCG is produced
usually after implantation and during pregnancy. Table 1.1 represents the hCG levels during

pregnancy.

O Subunit
C- terminal tail

0
(\
BCHOZ > Receptor
a 3 binding sites

Figure 1.2. Human chorionic gonadotropin (hCG) and its a-hCG and B-hCG subunits!!



Table 1.1. hCG concentration during pregnancy period*?

weeks since
last menstrual mlU/mL weeks since LMP mlU/mL
period (LMP)

3 5-50 13-16 13,300 — 254,000
4 5-428 17-24 4,060 — 165,400
) 18 — 7,340 25-40 3,640 — 117,000
6 1,080 — 56,500 Non-pregnant females <5.0
7-8 7,650 — 229,000 Postmenopausal females <9.5
9-12 25,700 — 288,000

The B-hCG subunit also is produced by some cancerous cells. Therefore, detection of hCG
can also be used in cancer diagnosis or paraneoplastic syndromes if the patient is not pregnant.’®
Each international unit of concentrations of hCG which is (mIU/mL) is equivalent to 2.35x107?
moles/mL, or about 6x10® grams/mL. The normal range for men is between 0-5 mIU/mL.* 1°
Besides, hCG is as an established clinical biomarker of pregnancy or some illnesses like metro-
carcinoma. Hence, in time detection of low concentrations of hCG within blood or urine tests helps

early diagnosis of cancers or pregnancy at the very early stages.?

The most common method of detection of hCG is using LFA. One of the drawbacks of

LFA is its incapability of simultaneous detection of two biomarkers, like the prediction of the



reoccurrence of some cancers. Another case is the monitoring of the germ cell tumors, in which
the level of hCG is needed to be reported along with a-fetoprotein.’® The appearance of multiplex
LFA solved this problem. In case of having a multiplex strip, the existence of the additional test
lines on the NC membrane, with different targets with the same or different reporters on a single
strip allow simultaneous detection of multiple analytes. Multiplex LFA is popular for being more
economical in application when the detection of more than one analyte at the same time is desired,
like in some cancer infection diagnoses.’

In order to have an efficient LFA, the shape and properties of the reporters are vital
factors.*® There are many forms of the reporters, like quantum dots, latex beds, gold nanoparticles,
magnetic nanoparticles, electrochemical active tags, SERS active tags, and enzymatic tags, to be
used in LFA for the detection of various target analytes. The choice of the reporters in LFA
depends on the detection technique used in capturing analyte. The on-site detection of the analyte
is done through applying different methods including (a) visual-, (b) magnetic-, (c) fluorescent-,
(d) surface enhanced Raman spectroscopy (SERS-), (e) electrochemical- based methods.®

(a) Visual-based detection in LFA

As it is obvious from its name, the visible, colorful appearance of the TL zone of LFA strips
reveals if the target is present in the sample. The need for the formation of the visible line requires
the use of colorful particles. The necessity of colorful particles drives use of light-driven
nanotechnology in their structure, like different sized and shaped gold nanoparticles or silver
nanoparticles, explained in the following, or latex particles.'®

(b) Magnetic-based detection in LFA

Magnetic beads and nanoparticles like Fes04%° or magnetized carbon nanotubes?® are the

examples of the reporters used in this technique. The use of these reporters has gained attention
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due to their stability over time. However, a magnetic reader is needed to assess the signal in this
technique.

(c) Luminescent-based detection in LFA

Sometimes, to increase the signal intensity, the chemiluminescence tags are used. However,
it also requires an expert user most of the time.'® Organic fluorophores, quantum dots, and
fluorescent dyes are the common fluorescent reporters used in this method.*® 2! Moreover, the low
photostability of the fluorophores,?> 2 the high cost and intermittent on/off behavior of quantum
dots,?* and low colloidal stability of the dyes'® limit their application. These drawbacks can be
addressed by using persistent luminescent nanophosphors (PLNPs).? In this case, the LFAs
coupled with minimal hardware on a smartphone can detect the signal with high sensitivity toward
different biomarkers.?>-%’

(d) SERS-based detection in LFA

Surface-enhanced Raman scattering (SERS)-based lateral flow immunoassay (LFA) is a
technique in which Raman reporter-labeled nanoparticles are used as SERS detection probes.
SERS allows the highly sensitive quantitative evaluation of the analyte by measuring the signals
from the test zone. Although this method can trace very low concentrations of the analyte, it is
not a costly-effective or simple technique.?® 2° This is due to the need for highly expensive and
specialized equipment with tunable laser sources, beside an expert technician.

(e) Electrochemical- based detection in LFA

Another option is the conjugation of an electrochemical technique with a calorimetric detection
of the analyte in LFA that leads to the quantification of the results usually by using red/ox

properties of some the reporters in LFA.*®



Sometimes, the combination of two of the detection techniques mentioned above is used. In
the dual detection mode LFA, the visual-based detection LFA along with other detection
techniques are used to decrease the systematic error of the detection and lead the simultaneous
qualitative and quantitative results. However, these coupled techniques enhance their cost and
brings up the requirement of a special reader and specialized expert.*°

The low sensitivity of LFA and its aforementioned valuable advantages, at the same time,
caused the evolution of the LFA research by applying nanotechnology-driven enhancement of its
technology, to increase their sensitivity.3 AuNPs are the most popular so-far reported reporters of
LFA. The prevalence of the AuUNPs as LFA reporters is from their easy synthesis protocols, facile
surface modification with sulfur-based coatings®, affordability, and naked-eye detection.® 3

The colorimetric detection is related to the nanoplasmonics properties of the gold
nanoparticles. Nanoplasmonic is considered as one of the most interesting light-driven

technologies, particularly for bio-sensing applications.

1.2 Localized Surface Plasmon Resonance (LSPR)

The optical phenomena experienced by plasmonic materials, in general, originates from
the interaction of light with the free electrons of the material, which will lead to the coherent
oscillation of those electrons, also known as surface plasmon resonance.** When the size of the
plasmonic material is smaller than the wavelength of the incoming light (i.e., on the nanometer
scale), coherent localized plasmon oscillations will result. This is also known as localized surface

plasmon resonance (LSPR) and is illustrated in Figure 1.3.3
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Figure 1.3. Schematic illustration of the LSPR which rises from the interaction of the
electromagnetic wave with the oscillating electrons on the surface of the nanoparticles.

The LSPR spectrum of a metallic nanoparticle depends on its size, shape, material, and the
dielectric constant of its environment, which itself depends on the refractive index of the
surrounding media of the nanoparticle.®®

The LSPR inherent to plasmonic nanoplatforms enables the use of these nanostructures in
cost-effective point-of-care (POC) diagnostic devices. The LSPR peak position depends on the
dielectric nanoplatform/nanoparticle environment. For example, a small change in refractive index
of the AuNPs environment results in changes in their LSPR frequency. Since it is easy to track the
LSPR frequency, nanoscale sensing application is possible using nanoparticles..* Therefore,
plasmonic-based bio-sensing has been predominantly used for its fast and real-time capture of
biological analytes, such as antibodies, enzymes, and nucleic acids.®

There are many kinds of materials exhibiting plasmonic properties like gold, silver,
aluminum, copper, and doped semiconductors and metal oxides. Among them, gold and silver are
the most common ones due to the more enhanced LSPR, which is even higher in silver comparing
to gold. However, the simplicity of the synthesis procedure, inertness, and facile surface

modification of gold made it the most popular candidate for LSPR-based applications.®” Figure



1.4 shows calculated absorption, scattering, and extinction (sum of absorption and scattering) of
different sized silver or gold nanoparticle using the computational boundary element method.*
Increasing of the size of the spherical AUNPs and Ag nanoparticles cause the redshift of their LSPR
peak. Also, the 20 nm Au and Ag NPs extinction is mainly for their high absorption of the incident
light. However, the increase of the NPs size from 20 nm to 80 nm results in higher intensity of the

scattering peak as the main component of extinction.
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Figure 1.4. Calculated extinction, absorption, and scattering of (a) 20, (b) 40, and (c) 80 nm
silver nanoparticles, and (d) 20, (e) 40, and (f) 80 nm gold nanoparticle using the computational
boundary element (BME) method?®
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1.3 Gold Nanoparticles

The LSPR peak of the gold nanoparticles (AuNPSs) is related to electron oscillations on

their surface. Generally, the wavelength of the light absorbed red shifts with increasing the size of

the AuNPs,*® and enhancement of the refractive index of their environments.*® Accordingly, gold

nanoparticles have been widely adopted for different types of applications since tuning of their

LSPR can be achieved through modification of the shape, size, and composition.** Some recent

reviews summarize various applications of gold nanoparticles mentioned below.3> 4243 These

applications include using of AuNPs in:

Drug delivery- AUNPS can do nano-drug delivery to difficult sites like brain, tumors,
retina, and intracellular organelles.*

Tumor detection and imaging of tumors- AuNPs in different shapes can provide SERS
signal using Raman tags on their surface. Coating of their surface with thiol modifying
PEG, they can target tumors and their SERS signal can be detected..*® The AuNPs
accumulation in cancerous textures enhances the contrast in the imaging of the cancerous
cells versus healthy cells.*% 47

Using them as photothermal agents- Because AuNPs absorb at the near infrared (NIR)
region, they can be used to destroy tumor cells. This is due to the ability of NIR wavelength
to penetrate human skin and tissue.*®

Gene therapy- Owing to the facile surface modification of the AuNPs with DNA, AuNPs
are used in gene therapy applications.*®

Radiotherapy dose enhancer- The local deposition of the dose of the radiotherapy near the
AuNPs and the greater cellular uptake of the tumor cells compared to the normal ones

provides this feature of their application.*
11



e Bio-sensing in any form of optical, electrochemical, and immunological- AuNPs LSPR
sensitivity to the refractive index of its environment is the main reason for being able to
apply them in any sensing applications. Furthermore, the controllable surface modification
of AuNPs with peptides and glycans develop the detection biological assays for capturing
antibodies in human serum.>! A recent review by Priyadarshini, et al. (2017) summarizes
various bio-sensing applications of gold nanoparticles as sensors in calorimetric detection
of toxic metal ions.>?

e Toxic gas detection- AuNPs are also used to detect the poisonous gases like the aggregation
response of the AUNPs in absence of a toxic gas like H,S and NO, and the disaggregation
of them in presence of HsS in an alkaline medium as the form of HS™ cause the AuNPs
stabilization and prevent them from aggregation which cause LSPR redshift.>

There have been many gold NP shape and size to improve the aforementioned applications’

performance. AuNPs in different shapes from spherical to anisotropic shapes, including gold
nanorods (AuNR)**, gold nanocubes (AuNC)®, gold nanoprisms®®, gold nanoflowers®’, and gold
nanostars®® have been reported. Sau et al. (2004) provided different structural architectures for
AuUNPs like rod, rectangle, hexagon, cube- triangle, and stars at high yields at room temperature.®®
Control the size and shape of the gold nanoparticles’ crystal structure requires the knowledge of
thermodynamic and kinetic parameters of their synthesis procedure. These parameters might be
the additives concentration, thermal energies provided for different steps, light exposure and their
combinations.5® 81 6263 The diversity of the shapes of the gold nanoparticles is the result of an
interplay between the faceting inclination of the stabilizing agent, decreasing the surface energy
of particular facet more than the others, and the speed of their growth which is kinetically

controlled.®*% The evolution of the synthesis of the gold nanoparticles from nanospheres toward
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fancy anisotropic shapes like gold nanostars happened due to the higher wavelength of LSPR that
anisotropic shapes could provide leading to a broader range of implementation of the AuNPs.%’
The anisotropic shapes of the gold nanoparticles provide the electron oscillation alongside
different directions. For example, in gold nanorods (AuNR), longitudinal and transverse LSPR
modes correspond with oscillation of the surficial electrons along the AuNRs larger and smaller
axes, respectively. The aspect ratio of these axes defines the extinction peaks position on their UV-
Vis spectrum.®® The pointy shape of the AuNSs makes the electron oscillation along with their
tips (central broad LSPR peak) as well as core surface (less intense peak at a lower wavelength).

Figure 1.5 shows different LSPR that obtained from a spherical, rod-shaped, and star-shaped gold

nanoparticles.58 5
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Moreover, the gold nanoparticles not only exhibit unique features like the LSPR but also

are easily functionalized with organic coatings, making them applicable in a variety of biomedical

and sensing applications.>®

1.4 Synthesis of Gold Nanostars

In general, there have been several approaches to synthesis of AuUNSs with narrow size and

shape distribution with a special branching degree. These approaches include: 3 7

Seed growth method- A method developed in the recent 15 years, which is also
widely used for the synthesis of AuNRs and is the most common method of
synthesis of the AuUNSs. This method is based on the reduction of chloroauric acid
with ascorbic acid in the presence of a surfactant. The surfactant used for growth
solution usually has the same concentration as the surfactant used for the gold nano
seeds stabilization.™

Non “seed-mediated” methods- This method is usually a water-based synthesis
technique, that unlike the seed-mediated approaches, is a direct method in which
the nucleation and growth of the AuUNSs’ arms are done at the same step. They
trigger by addition of small quantity of silver nitrate to a solution containing the
surfactant, reducing agent and gold precursor. Multi-spiked AuNSs formation
doesn’t require preparation of the seeds.”

One-pot synthesis methods- The precursor solution is directly produced while the
proper reducing agent and surfactant are both present, varying the reaction time
and the reactant concentration in this method can produce the star-like shapes of

gold nanoparticles.” 7

14



e Electron beam lithographic approaches- These expensive methodologies can be
used for the fabrication of the AuNSs as a bottom-up procedure. The advantage
of this technique is the production of the stars with controllable, sharp tips
compared to other methods.” 7

Although beam lithographic techniques provide organized sharp tips surface features with
the tunable LSPR, they are neither timely nor economically competitive with the chemical
methods.”® Among all the wet procedures available for the synthesis of the gold nanostars, the
seed growth method is a robust way to get desirable size and shape of the AuNSs since it is based
on a step-by-step enlargement method. The method is generally composed of two steps: seed
preparation step, and growth step.®® The use of surfactant as a capping agent in seed growth
methods not only causes preferential adsorption on certain crystalline facets allowing anisotropic
growth but also controls the formation speed of the spikes along with preferred directions on the
surface of the particles. That produces the nanostars with the desired size and shape.?® Using a
mild reducing agent also plays a significant role in the formation of the arms of the AuNSs. Slow
and mild reduction of the available gold ions on the surface of the seeds is controlled by using a
mild reductant and certain concentration of the surfactant. Because of the choice of the surfactant,
reagents, and reducing agent, their concentration, and the order they are added to the reaction
yields yet different wavelengths of LSPR exhibited by the star-shaped gold nanoparticles.’’

The first synthesis of gold nanostars possessing a spherical core surrounded with pointy
arms was inspired by the synthesis procedure of gold nanorods by a seed growth method. This
synthesis was based on first making the seeds out of HAuCl, by adding NaBH4 and subsequent
reduction of gold on the gold seeds’ surface using ascorbic acid (AA) in the presence of

cetyltrimethylammonium bromide (CTAB) and silver nitrate (AgNO;).”®
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In this method, the formation of AuNSs due to modifying growth rate along specific
crystallographic directions using CTAB as a capping agent besides adding silver nitrate at a
different step. Comparing to the AuUNRs, the AuNSs possess the advantage of a higher surface to
volume ratio and a broad absorbance peak in the higher wavelengths.”® During the synthesis,
certain facets of the gold nanoseeds were blocked by the CTAB, the surfactant, and the silver ions.
However, the CTAB toxicity, and the aggregation of the AuNSs during the washing steps, needed
for surfactant removal limit this synthesis method’s applications. Hence, several different
protocols were developed to solve these problems and make the AuNSs candidates for the desired
applications.

The NIR optical activity of AuNSs allows the excitation of them with NIR laser. NIR laser
provides wavelengths at which light has its maximum depth of penetration in tissue. Therefore,
AUNSs are better candidates among other shapes of AuNPs for bio-imaging, tissue-based assays,
and therapies (like photothermal tumor ablation), drug-delivery applications.>® A recent review
by Mousavi et al. (2020) summarizes various applications of gold nanostars for diagnosis, bio-
sensing, and biomedical applications.® Figure 1.6 (a) illustrates the application of AuNSs in SERS
imaging of the lung cancerous cells of mice. Mice cancerous lung is imaged using SERS detection
of the AuNSs. This imaging technique can be applied in chemotherapy of cardiovascular
diseases.®! Also AuNSs embedded within tumors produce heat as a result of absorbing NIR laser
irradiation, allowing selective cancer treatment. The small size of the AuNSs cause their facile
penetration through the cancerous cells.®2

The targeted drug delivery using AuNSs is showed as a pictorial sketch of drug
functionalized AuNSs releasing the dug from the surface of the nanoparticles to the target cell in

exposing to the NIR laser irradiation.®
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Figure 1.6. Schematic illustration of gold nanostars’ applications (a) in photo tumor ablation-
therapy, and (b) drug delivery using NIR irradiation.

1.5 Surface Modification of Gold Nanoparticles

The wide range of application of gold nanoparticles, especially AuNSs, the tunable LSPR
optical properties of them, and the inertness of gold, all caused the importance of their surface
modification. Proper surface modification of AuNPs ensures particle stability and aggregation-
free modification of their surface.®® Since the surface functionalization is mainly related to the
property of the metal material, which is being functionalized, the surface functionalization and
modification of AuNSs are similar to the other gold nanoparticles. Although, the high degree of
anisotropy causes additional details on the assembly protocols.®® One of the popular ways to
functionalize the surface of AuNSs is the PEGylation of their surface. This method can stabilize
the gold NPs due to the additional stability of polyethylene glycol under physiological conditions
and bio-compatibility, both in-vitro and in-vivo.3* Together with PEG, dyes, bio polymers, DNA,
drugs, and antibiotics are the other desirable molecules for the functionalization of gold NPs.

The surface modification of the AuNPs via self-assembled monolayer (SAM) formation

on the gold surface, which is the spontaneous deposition of an organic or biochemical molecule
17



on the gold surface, affords various applications. The organic molecule is usually an alkanethiol
adsorbate that can deposit on the gold surface. The deposition can be done via a ligand exchange
process. The SAM can be formed on both curved- and flat surfaces in the ambient conditions
without the use of any complicated equipment.®> The terminal group of the SAM molecules can
bring the desirable modification of NP surfaces for various applications.24 Organic thin films
on the nanoparticle surfaces are unstable in severe conditions such as heat, UV light or using harsh
chemicals. This problem has been addressed in several ways, including using a bidentate thiol to
provide better SAM stability on the surface of gold nanoparticles.®® Figure 1.7 Shows the AuNPs

different shapes, size, surface modification, and surface functionalization.®
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1.6 Application of Gold Nanoparticles in LFA

If the visual detection of the signal is desired on the LFA strips, colorful colloidal

nanoparticles are used as reporters. The sensitivity of LFA can be improved by the use of gold

nanoparticle reporters with different sizes and morphologies that can produce enhanced

colorimetric signal intensity.3> 9192 Traditional spherical gold-based LFAs possess low sensitivity

and higher limits of detection due to lacking sufficient brightness of the nanoparticles.? Plus, using

these particles as reporters in LFA brings on “Yes/No” results. The human vision error is likely

to happen in visual interpretation of the strips. To address these problems, several ways like

applying a reader, silver or gold signal enhancement, dual AuNP-based signal improvement, and

enzyme enhancements of the signal from LFA have been reported.3

A reader that can couple with the strips and measure the optical density of the
detecting lines, by converting the intensity to optical density (OD) helps to the
quantification of the results. Previously it was thought that the measured OD of the
test line depends only on analyte concentration. However, the immunoreaction-
time and operation temperature are important, too. Later on, it was revealed that
obtaining the ratio of OD of TL to OD of CL decreases of all the other parameters’
effects but concentration and is a proper way of quantification.3! %

The signal amplification by modification of AuNPs is another way to offset the low
sensitivity of the LFA using traditional AuNPs. For example, replacing pure
AuNPs with gold nanocomposites intensifies the effect of dependency on the
number of particles. Therefore, using a higher number of nanocomposites lead to
darker purple color of TL and CL.%* The use of spherical Fe,05 nanoparticles

covered by a shell layer of gold decreased the LOD three times in detecting
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aflatoxin B; in food.%® Later, researchers found that the use of other shapes of
AuNPs will provide a significant impact on signal enhancement. Silica shelled
AuNRs decrease the LOD, hence enhance the sensitivity of LFA toward the
detection of proteins.®® Multi-branched AuNPs, including AuNSs, have been even
more sensitive reporters for their higher optical extinctions.®’

The nucleation of gold or silver on the surface of AuNPs by reduction techniques
cause the AuNPs to grow in size and that enhances their optical absorbance and
improves LFA sensitivity. Using the gold enhancement method increase the signal
to background ratio, thus reinforces the sensitivity of LFA by the aggravation of
the calorimetric signal.%

The color intensity of the detection lines on LFA depends on the number of
particles. Hence, increasing the number of particles used on LFA leads to intense
line colors. This is the “dual AuNP-based signal improvement”. Huang et al.
(2013) showed the improvement of the sensitivity of LFA to four times using this
technique.®®

Horseradish peroxidase (HRP), is one of the enzymes usually used in the signal
improvement of biological assays and biosensors. The production and concentrated
precipitation of an insoluble chromogen, which is the product of an enzymatic
reaction, intensifies the color on the detection zones of LFA. HRP-AuUNP dual

reporters can lower LOD significantly in the detection of a synthetic DNA target.*®
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1.7 Application of Gold Nanostars in LFA

On the contrary to the traditional colloidal gold nanoparticles with the spherical shape,
multi-branched anisotropic gold nanoparticles have higher optical brightness. Besides, the
stronger binding affinity of the anisotropic AuNPs to the targets due to their huge surface to volume
ratio helps their higher capacity for antibody loading.? Among them, the ones with the longer tips
boost the detection performance of all the immunochromatographic assays, including LFA, for the
profound enhancement of the surface to volume ratio.!®® Thus, using AuNSs reporters is a

promising solution for enhancing the sensitivity of LFA toward capturing different biomarkers.
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Chapter 2. Gold Nanostars: Sensitive, Highly Capturable, Fast Reporters
Improving Visual Limit of Detection of Lateral Flow Assays

2.1 Introduction

Lateral flow assays (LFAs) are point-of-care (POC) diagnostic tests. They fulfill all the
ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free, and
Delivered to the end-users) criteria of World Health Organization (WHO). LFA has been in the
center of scientific research due to its commercial and easy usage. LFA has various applications
in detection of different specimens, like toxins in agriculture, food, environmental monitoring,
safety control, drug industry, medical diagnosis, and animals health.!:2 Although LFAs often lack
desirable sensitivity or limit of detection (LOD) and give semi-quantitative results, they are still
one of the most popular POC diagnosis methods because they are cheaper and more portable than
traditional lab assays like enzyme-linked immunosorbent assay (ELISA) and quantitative
polymerase chain reaction (g-PCR). This is for their fast, facile, and cost-effective implications,
and therefore higher relative potential for wider deployability.®*

If the visual detection of the signal is desired on the LFA strips, colorful colloidal
nanoparticles (NPs) are usually used as reporters for generating the diagnostic signal. Among the
NPs, gold nanoparticles with different sizes and morphologies can produce enhanced colorimetric
signal intensity to have an improved sensitivity of LFA.2 183292 Traditional spherical gold NPs-
based LFAs as the reporters possess low sensitivity and higher limit of detection due to lacking
sufficient brightness. On the contrary, multi-branched anisotropic shapes of the gold
nanoparticles, like gold nanoflowers, gold nano popcorns, or gold nanostars have high optical
brightness. Moreover, the anisotropic AuNPs have stronger binding affinity due to their larger
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surface to volume ratio that helps higher capacity for antibody loading®. Among them, the ones
with the longer tips boost the detection performance of all the immunochromatographic assays,
including LFA, due to the profound enhancement of the surface to volume ratio compared to the
others.1® Hence, using AuNSs that possess 5-6 long tips for each NP is one promising way for
enhancing the sensitivity of LFA toward capturing different biomarkers. Gold nanostars yield
such promising results toward detection of different analytes like model protein antigen
Procalcitonin which showed to be 10 times more sensitive compared to conventional gold
nanospheres.®? 10t

In general, the morphology of the particles has always been an effective approach to
enhancement of the electromagnetic field, causing localized surface plasmon resonance (LSPR)
peak position shifting.”® Lin et al. (2019) studied the shape influence of different gold
nanosystems, including nanostars, nanocubes (NCs), nanorods (NRs), and nanosphere on LFAs
for detection of Bisphenol A. They found that nanostar possessed the lowest LOD which was
about 80 pg mL?. They also showed that the LOD of AuNS<spherical AUNPs<AUNR and
AUNC.1%2 Gold nanostars, in general, exhibit giant electron density localization at their tips, which
is proportional to the number of the tips and aspect ratio of the branches. The longer the tips, the
more considerable the electron density localization.'®® These optical properties play an essential
role in LFA for the influence on the color they exhibit on the detection zone, and their shaped-
depending coupling to the capturing antibodies plotted on the test-line and control-line.X%? This
LSPR effect was also used on some paper based surface enhanced Raman spectroscopy (SERS)
tests .’ SERS is an effective signal amplification method of the weak Raman through charge
transfer and electromagnetic mechanism. The LSPR generated on the surface of nanoparticles,

especially nanostars with the enhanced electric field on their tips and broad LSPR band, causes the
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intense charge transfer from metallic AuNP’s to the absorbing species on its surface. This
technique can be used in sensing applications.”® Therefore, SERS-based immunoassays detect the

low-abundance biomarkers, with low concentrations.1%*

For example, antibodies and gold
particles can be used to quantify proteins in serum with high sensitivity and specificity. The
experimental and simulations both showed the SERS enhancement factor follows the order of
AUNS> AuNR> Spherical AuNP.1%

In most of the SERS coupled techniques, an expert SERS specialist, as well as a portable
SERS reader, is required. SERS has been used to intensify the signal of the detection zone on
LFA, too.> 1670106 The detection of the biomarker is read out by the Raman signal of the reporter
molecule. This is why the signal enhancement by the AUuUNPs, affects the sensitivity of
LFA.X7 Although they are one of the most potent techniques when femtograms of the analyte are
desired to be detected,?, they hurt the cost-effectiveness and portable application of the LFA strips.
Yan et al. (2018) used gold nanostars in a SERS improved LFA due to the high SERS sensitivity
of the star-shaped gold nanoparticles by the strong electromagnetic field at their tips.?’ Xiao et al.
(2018) converted a turn-off immunochromatographic assay (ICA) strip for Cd?* ion detection
based on quantum dots (QDs) to a turn-on mode ICA strip. They used AuNSs taking advantage
of their optical properties and the overlapping of the AuNSs spectrum with the QDs fluorescence
emission spectrum. This makes the AuNSs able to quench the signal of the QDs, a non-radiative
energy transfer from the excited state of QDs to the ground state of AuNSs. Using the AuNSs
could lower the LOD to 0.18 ng/mL for cadmium ion detection.’?® In a different study, Kimberly
et al. (2017) used SERS coded gold nanostars, AuNSs coated with SERS molecules, as the LFA

reporters on dipstick strips for a multiplexed strip diagnosing Zika and Dengue, mosquito-borne

diseases, with LOD of 0.72 ng/mL and 7.67 ng/mL, respectively. They used 4-(2-hydroxyethyl)-
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1-piperazineethanesulfonic acid (HEPES) to synthesize the gold Nanostars.> Later, they
functionalized the same gold nanostars with five different SERS tags on them to quantitatively
evaluate the choice of reporters for multiplexed SERS. These SERS tags included 1,2-bis(4-
pyridyl)ethylene, 4-mercaptobenzoic acid, 3,5-dichlorobenzenthiol, pentachlorothiophenol, and
5,5'-dithiobis(2-nitrobenzoic acid), These experiments were also done with the dipstick of Raman
nanotags, or gold nanostars conjugated to the five reporters and anti-human 1gG polyclonal.*®
Comparing different morphology of the gold nanoparticles in SERS signal enhancement, using 4-
MBA and BPE (S-Propyl amine-L-cysteine) as their Raman tags on the nanoparticle’s surface,
they concluded that the sharp-possessing shapes like stars and semi like star particles having
boosted electric fields on their tips have higher SERS enhancement factors.'%” In another study,
silica-shelled AuNSs with the Raman tags sandwiched in between the silica and gold were used
for the development of a SERS based LFA exhibiting superiority compared to its similar
calorimetric detection in terms of sensitivity and LOD in a blood plasma-containing sample matrix.
The same assays used for neuron-specific enolase (NSE) detection, a traumatic brain injury (TBI)
protein biomarker, in diluted blood plasma samples, showed LOD of 0.86 ng/mL.1% All of these
works show highly enhanced sensitivity of LFA. The final goal of the commercialization use of
the strips is using robust and user-friendly procedure for the end-users as the home diagnosis test
or in general providing simple one-step on-site decision making. Therefore, it is highly desired to
provide a technique free of specific help-sheets inside the kits.

Sometimes, an additional step after running the strips, such as gold enlargement or silver
enhancement techniques have been applied to enhance the color of the line on the detection zone
of the nitrocellulose (NC) membrane like the recent studies by Patferov et al. (2018).2> %10 |n this

technique, the performed LFA strips’ membrane is immersed in enhancement gold or silver

25



solution, and is incubated there. The disadvantage of all the mentioned techniques is also the
requirement of an additional step in the running of the assays, which makes the procedure more
complicated and the LFAs, if becoming commercialized, require to be accompanied with
sophisticated directions and methods of use.

In many of the cases of using AuNSs on LFA, one of the problems coming in the design
of the gold reporters is the need for the removal of the surfactant used in their synthesis. The
elimination of the surfactant is needed for their thiol based self-assembled monolayer (SAM)
functionalization. SAM functionalization readies the particles for further conjugation to
biomolecules, such as antibodies®? and finally for sensing application.”® In most of the cases, the
surfactant elimination needs sequential centrifugation and washing steps that can cause
irreversible aggregation of gold NPs.%: 1! Aggregation causes a change of optical properties of
AuUNPs. Hence the effective particle size, shape, and dielectric environment will not be the same
as the non-aggregated form of the AuNPs.!'? This decreases reproducibility of the assays.
Furthermore, the aggregation of the particles cause the reporters to have different masses and so
particles’ rate of flow on LFA that enhances the nonspecific binding on the detection zone. To
address this problem, different methods like following a chemically surfactant-free synthesis
method?, coating the particles with silica shells®?, controllable assembly of the AuNPs'!3, or
applying either dialysis instead of ultrafast centrifugation techniques'* or size exclusion
chromatography*'® have been used. In many cases, however, the surfactant-free techniques may
not provide the monodisperse nicely shaped particles, and may adversely affect the AuNPSs’
properties. For gold nanorods (AuNR) which are the ancestors of the anisotropic AuNPs, there
have been many papers addressing this issue. Some of these attempts tried to synthesize AUNRs

in the presence of the surfactant and do controllable assembly, to have desirable functionalized
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monodispersed particles.® 111 113 However, for anisotropic AuNPs especially AuNSs, according
to our information, nothing other than either taking a surfactant free synthesis®? or silica coating
after a surfactant-included synthesis have been suggested'!® for having the AuNSs ready for
bioconjugation and sensing applications.

Although the surfactant-free syntheses of AuNSs have been reported,*'” 18 they are
lacking the advantages of using surfactant-based growth techniques of the gold nanostars.
Surfactant provides a longer time for AuNS arm formation and, therefore, produces stable,
aggregation-free, and organized spikes, which are required and desirable features to run them in
many sensing applications, especially LFA.

To compare the previous studies that used AuNSs as reporters in LFA in a glance, they are
summarized in table 2.1. In our study, we reported a simple, unlike SERS or Ag/Au enhancement
methods, point of care diagnosis method able to reach low LOD, by using gold nanostars for the
detection of hCG. However, our technique solved most of the problem mentioned above by using
a modified procedure found in the literature using Triton X-100 as surfactant®?, which causes the
homogeneous production of AuNSs. We also systematically functionalized the AuNSs in the
presence of the surfactant using a ligand exchange method with a highly stable organic molecule
on the gold nanoparticles’ surface!'® prohibiting the aggregation of the particles followed by an
active bioconjugation of the antibodies using EDC/Sulfo-NHS chemistry. The gold nanostars used
in this study decrease the LOD of LFA owing to their capturability and high optical sensitivity due
to their LSPR. The EDX-TEM and XPS data provided in this manuscript show the existence of
silver mostly on the AuNSs surface since the elemental percentage of silver is higher according to
XPS data as a surface technique comparing to TEM-EDX. The silver, mainly on the surface,

simplifies visual detection. This result is in accordance with previous studies by Atta et al. (2019)
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that showed the role of AgNO; concentration on these Triton-X-100 stabilized AuNSs
characterization data. They concluded that silver deposits mainly on the core and between the

bases of neighboring spikes.!'®

This feature of these AuNSs causes independency on any
additional silver enhancement method as a signal amplifying method.

Table 2.1. Summary of AuNS-based LFAs used for sensitivity enhancement

Detection Technique Target LoD  Ref. Microscopic Image

Analyte (pg/mL) Year

Silver-enhanced Procalcitonin 50 [92]°%

colorimetric detection 2018

. 100 ym

SERS enhanced using 4- Bisphenol A 73 [70]7°
aminothiolphenol as 2013
{

Raman reporters

|

Colorimetric —Visual Bisphenol A 80-530  [102]%%2

2019

10 nm
-
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Competitive assay:

immunochromatographic ~ Cd 2* 180 [108]%8
strip 2017
SERS based detection LFA  Zika and 720and  [3]°
Dengue 7620 2017
biomarkers
neuron-
SERS based detection LFA  specific 860 [106]1%
enolase 2017
(NSE)
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In this study, illustrated in Figure 2.1 the influence of the morphology of the stars on the
sensitivity and LOD of the LFA toward human chorionic gonadotropin (hCG) hormone was

compared to the commercial 40 nm gold nanospheres, as the typical sensitive reporter.

i Adsorbent
Adsorbent \ 5 Control Pad
Control  pg B Test Line

Test  Line A N Line

Lil:;“?

~

~ o
Conjugate‘\
Sample Pad A\

™ok

\
Conjugate \\
Pad

Sample

- hCG Analyte g Mouse monoclonal anti B-hCG antibodies
\J.- v Gold nanostars g Mouse polyclonal anti O-hCG antibodies
“ Gold nanospheres g Goat anti-mouse IgG

Figure 2.1. Schematic representation of gold nanostars lateral flow assay and gold nanospheres
lateral flow assay.
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2.2 Materials

Triton X-100, tetrachloroauric acid (HAuCl,), sodium borohydride (NaBH,), ascorbic acid
(AA), silver nitrate (AgNO3), 4-mercaptobenzoic acid (4-MBA), 1-Ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC), Phosphate-buffered saline (PBS-1X), and N-
hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Sigma-Aldrich and used without
further purification.

Mouse monoclonal anti- hCG antibodies (#ABBCG-0402), goat polyclonal anti-a hCG
antibodies (#ABACG-0500), and goat polyclonal anti-mouse IgG antibodies (#ABGAM-0500)
were purchased from Arista Biologicals (Allentown, PA). Anhydrous ethanol (EtOH) was
purchased from Decon Lab, Inc. Deionized water (18 MQ-cm at 25 °C; Milli-Q Direct, Millipore
Corporation, Billerica, MA) was used for the preparation of all solutions. All of the glassware
used was cleaned in aqua regia solution (3:1 HCI:HNO;), rinsed with DI water and acetone, and
dried in an oven at 90 °C and cooled to room temperature before use. Whatman FF80HP, used as
nitrocellulose membrane, and Whatman CF 5, used as adsorbent pad, were both purchased from
GE Healthcare. The adhesive card (MIBA-020) used on the LFA strips was purchased from DCN
Diagnostics. Colloidal 40 nm gold nanospheres conjugated with S-hCG mAb CGC, clone 2
(#CGBCG-0702) were purchased from Arista Biologicals. Polyethylene glycol (PEG) 20000,
potassium carbonate, hydroxylamine, sodium azide (NaN3), Tween 20, and bovine serum albumin
(BSA) were from Sigma-Aldrich, and the Zeba Spin Desalting columns 7K MWCO were from

Thermo scientific and used following its accompanying protocol.
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2.3 Apparatus and Methods

The images of the obtained AuNSs were created using an LEO-1525 scanning electron
microscope (SEM) operating at an accelerating voltage of 15 kV. All SEM samples were deposited
on a silicon wafer. For improved resolution, the AuNSs were also evaluated using a high-
resolution transmission electron microscope using a Thermo Scientific Themis Z with probe
corrector at 300kV. (HRTEM) at an accelerating voltage of 200 kV at different magnification from
100k to 800k. The TEM samples were deposited on 300 mesh carbon-coated copper grids on
which the sample was deposited in the aqueous form. All samples were dried overnight, at room
temperature, after placing a drop of the diluted sample on 300 mesh holey carbon-coated copper

grid.

2.4 Spectroscopic Techniques

UV-Vis spectra were taken on Cary 50 instruments, using quartz cuvettes (1 cm). Energy-
dispersive X-ray spectroscopy (EDX) data were collected by an EDX attached to the TEM
instrument in order to investigate the local chemical composition of the functionalized AuNSs
using Super-X EDS detector on Themis Z HRTEM. X-ray photoelectron spectroscopy (XPS) data
were collected using a PHI 5700 XPS equipped with a monochromatic Al Ka X-ray source. To
prepare all the XPS samples, a highly concentrated aqueous sample of the AuNSs was collected
after centrifugation. The concentrated pellet was dropped on a copper-tape-covered slide of silicon
wafers, followed by drying overnight in a vacuum desiccator. Prior to the sample preparation, the
slides were washed with Milli-Q water and ethanol several times then dried with nitrogen gas.

Extinction spectra were obtained using a Cary 50 scan UV-Vis spectrometer.
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A Malvern Archimedes Particle Metrology System (MANO0580-03-EN-00) was used for
particle mass and size distributions with particles suspended in anhydrous ethanol. The
concentration of the colloidal solutions of AuNSs was determined using dilute sample
concentrations in deionized water using a NanoSight NS300 (Malvern) with programmable
Nanoparticle Tracking Analysis (NTA) software. Nanodrop ND-1000 (Thermo) was used for the
optical density (OD) measurements of colloidal solutions and protein concentration measurements.
Nuclear magnetic resonance (H-NMR) spectra were collected using JOEL ECX-400 and ECA-
500 spectrometers operating at 400 MHz and 500 MHz, respectively. The solvent used was
deuterated chloroform (CDCIs), and the spectra were referenced to 6 7.26. Leelu Reader (Lumos

diagnostics) used for the reading of the strips.
2.5 Synthesis of Gold Nanostars

AUNSs were prepared with the seed-mediated growth method as described by Pallavinci et
al. (2013) 1%

2.5.1 Preparation of Gold Nanoseeds

5mL of a0.5 mM HAuCl, solution was added to 5 mL of a 100 mM aqueous solution of
Triton X-100. 600 uL of a 10 mM NaBH, solution was added to form the gold nanoseeds solution,
which is stabilized in Triton X-100.

2.5.2 Preparation of Gold Nanostars Growth Solution.

The growth solution was prepared by the addition of 280 uL of a 4 mM AgNO5 solution

and 5 mL ofal mM HAuCl, solution to 5 mL a 100 mM aqueous solution of Triton X-100. Then,
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300 puL of a 0.08 M ascorbic acid solution was added to the mixture at room temperature. The

solution was left under stirring conditions until the solution became colorless.

2.5.3 Preparation of Gold Nanostars

12 uL of prepared gold nanoseeds solution was added to the as-prepared growth solution.
The mixture was mixed at room temperature under stirring conditions until it turned blue. The tips
of AuNSs were grown by storing the solution in subdued lighting for 8 h. Incubation time can be

varied to obtain different sizes of AuNSs.

2.6 Organic Synthesis of the Linker BMPHA and SAM Functionalization of Gold Nanostar

In order to create a framework on the AuNSs surface suitable for bioconjugation, we
functionalized the surface of the AuNSs with a SAM composed of a mixture of two thiol-based
adsorbates; a custom-designed bidentate dithiol, 16-(3,5 bis (mercaptomethyl) phenoxy)
hexadecanoic acid (BMPHA) and 4-mercaptobenzoic acid (4AMBA). BMPHA was reproduced
following a slightly modified procedure we previously reported.®® The scheme of the synthesis,
including modifications, is shown in Figure 2. 2. The H-NMR spectroscopy results of BMPHA

(Figure A.1) are reported in Appendix confirm its high purity.
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Figure 2.2. The synthesis procedure of BMPHA

2.7 Thiolate- Functionalization of the Gold Nanostars

A self-assembled monolayer (SAM) of BMPHA (16-(3,5bis (mercaptomethyl)phenoxy)
hexadecanoic acid) was formed on the surface of the AuNSs by preparing 4.5 ml of a 10 mM
ethanolic solution of BMPHA and adding it into the 10 ml of Triton X-100 stabilized gold
nanostars. The obtained solution was stirred in the dark overnight. Then 1.4 ml of 18 mM
ethanolic solution of 4-mercaptobenzoic acid (4-MBA) was added to fill in the gaps on the surface
of the AuNSs. The mixture was left overnight while being stirred. The SAM-coated AuNSs were
centrifuged three times to remove the excess BMPHA, 4-MBA, and surfactant. The centrifugation
speed plays a significant role since the speeds higher than 3000 g of centrifugation cause

irreversible aggregation. Initially, the solution was centrifuged at 2000 g for 15 minutes. The
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supernatant was discarded, and a mixture of ethanol and water (1:3, molar ratio) was used to wash
the particles. A few drops of 0.1 M NaOH were then added to the colloidal solution of the particles
to ensure a negative charge on the SAMs and to avoid particle aggregation. The solution was
sonicated for 2 minutes, then centrifuged at 1800 g for 10 minutes. The particles were then
redispersed in water. A few drops of NaOH were added again to provide basic pH for the solution.
The final centrifugation was done at 1600 g for 7 minutes. The particles were redispersed in 5 mL
water and were centrifuged at 2000 g for 5 minutes. The supernatant was removed, and 2.4 ml of
0.02 mM potassium carbonate (pH=9) was added to the pelleted particles, and the solution was
sonicated for 30 seconds in the bath sonicator at room temperature. The AuNS particle suspension
was stored at refrigerator at 4 °C with ODg,, = 3.5 (optical density at A=800 nm) was stable for

months until further use without additional purification.

2.8 Bio-Functionalization of Gold Nanostars with Antibodies
The SAM-functionalized AuNSs were bioconjugated with mouse monoclonal anti-p-hCG

antibodies using carbodiimide chemistry. 400 pL of 10 mg/mL ethyl (dimethyl aminopropyl)
carbodiimide (EDC) solution and 800 uL of 10 mg/mL sulfo-NHS solution were added to 2.4 mL
of AuNSs (0Dgy, = 3.5) to form a final mixture with pH=5, checked by pH paper (This
proportions of EDC and NHSS provides this pH). This solution was vortexed and incubated,
protected from light, for 30 minutes while rotating at room temperature. The solution was then
centrifuged at 2500 g for 5 minutes, and the supernatant was removed. 1 mL of 5 mM potassium
phosphate buffer at pH= 7.4, including 0.5% PEG MW 20,000 was added to the pellet. The mixture
was vortexed and sonicated for 40 seconds (OD= 3.5 in 10mm path length). 48 pL of 1 pg/ulL
mouse monoclonal anti-B-hCG antibodies (buffer- exchanged using a Zeba column in 10 mM

potassium phosphate pH= 7.4) were added to the sulfo-NHS functionalized AuNSs and vortexed.
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The mixture was incubated in an aluminum-wrapped micro-centrifuge tube while rotating in a
rotator at room temperature for 1 hour. Then, 20 pL of 50% w/v hydroxylamine was added to the
solution to passivate the AuNSs and the mixture was incubated for additional 15 minutes. After
incubation, the particles were pelleted by centrifugation at 2500 g for 5 minutes, collected,
resuspended at 1 ml of potassium phosphate buffer pH=7.4. The procedure was repeated two more
times. The solution was centrifuged at 2500 g for 5 minutes, three times. The potassium phosphate
buffer at 5 mM was used for rinsing the particles. After the third time centrifugation, 1 ml of 0.1X
PBS pH=8 containing 0.05% sodium azide and 0.5% Tween 20, and 0.5% bovine serum albumin
(BSA) was added to the pellet. The mixture was vortexed and sonicated for 40 seconds in a bath

sonicator to thoroughly resuspend the particles. The particles were stored at 4 °C until further use.

2.9 Assembling Half Strips (Dipsticks)

The nitrocellulose membrane (length 3.8 cm) adhered to polyvinyl chloride (PVC) backing.
CF5 absorbent pad (length 2 cm) was attached with an overlap of 2 mm. The antibodies (goat
polyclonal anti-a-hCG and goat polyclonal anti-mouse 1gG antibodies for the control line and test
line, respectively) were diluted in PBS 1X to a concentration of 1pg/ulL. A BioDot XYZ3060 was
used to dispense the antibodies (at 1 pg/cm) to form the test and control lines, each with 30 uL (the
distance between the two lines was 15 mm; the control line was placed 6mm from the top of the
strip). The striped membrane was initially dried at 37 °C for 20 minutes and then further dried at
RT in a desiccator overnight. The assembled LFA materials were cut using a ZQ2000 Guillotine

Cutter (Diagnostic Tech Co., Shanghai, China) into 3 mm wide LFA strips.
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Running the LFA Tests

In this study, hCG was used as a model analyte for the comparative study of LFA with 40
nm gold AuNPs (spheres) and 70 nm gold AuNSs (nanostars).

Human chorionic gonadotropin protein (hCG) was diluted in PBS at 0.010, 0.025, 0.125,
0.250, 0.625, and 6.25 ng/mL. Then, 6 uL of each sample was added to 18 pL LFA buffer (PBS
1X containing 1% PEG 3350, 1% BSA, and 0.5 % Tween 20) and 6 pL (5x10® AuNSs particles
or 10° spherical AuNPs, measured by Nanosight) of anti-BhCG-AuNS conjugates in
microcentrifuge tubes. The samples were vortexed and centrifuged for a few seconds. Then the
half strips were dipped inside the tubes. The final hCG concentration in the samples were 0, 0.002,
0.005, 0.025, 0.050, 0.125, and 1.25 ng/mL. All samples were analyzed in duplicate. When all of
the mixtures has wicked into the nitrocellulose membrane (~7 minutes), the LFA strips were
washed twice with 50 pL of LFA buffer (PBS 1X containing 1% PEG 3350, 1% BSA, and 0.5 %
Tween 20).

The brightness of the test and control lines was detected after 10 minutes from the last
washing step using the Lumos Leelu LFA reader (red light source, 5.2 ms exposure time for
AUNSs, and green light source, 5.2 ms exposure time for AuNPS).

We varied the amount of the antibody used for particle functionalization (12, 24, 36, 48,
and 60 pg 850 pL of the AuNS at OD=3.5. We observed the trend exhibited by 1 pL to 7 pL of
the gold nanostar conjugates in 30 pL total volume of the sample using our LFA buffer (PBS 1X

containing 1% PEG 3350, 1% BSA, and 0.5 % Tween 20).
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2.10 Characterization of Gold Nanostar Reporters

Gold nanostars, popular for the extraordinary optical properties and providing low limit of
detection® 3 % 101 were chosen for LFA sensitivity enhancement studies alongside gold
nanospheres, as the typical gold nanoparticle reporters in their optimized size.

We obtained the extinction spectrum, shown in Figure 2.3, to evaluate the optical
properties of the AuNSs. The AuNSs show intensive blue color (strong absorption at 500 nm)
and exhibit a broad peak at 1100 nm due to the electron oscillation occurring alongside the aligned

branches of the neighboring particles and the longitudinal LSPR.!2
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Figure 2.3. Extinction spectra of the synthesized SAM-functionalized AuNSs.

g

The morphology of the AuNSs was assessed with scanning electron microscopy (SEM),
Figure 2.4, and transmission electron microscopy (TEM), Figures 2.5 (a), (c), and (e). According

to the SEM and TEM images, the synthesized AuNSs were ~75 nm in diameter (measured from
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a tip to the opposite tip), possessing sharp tips. Moreover, these star-shaped particles consist of a

spherical core with a diameter of about 20 nm covered by 25-30 nm long tips.

Figure 2.4. SEM images of the AuNSs.

The Nanosight results taken for the gold nanostars confirm their hydrodynamic size
distribution. (Figure 2.8.a). The median hydrodynamic diameter of the AUNSs after
functionalization with the antibodies is 105 nm. The SEM and TEM results that show the average
size of 75 nm for the gold nanostars, themselves. The specific feature of these stars is their more-
than-6 sharp branches, which cause their unique absorption peaks due to the different possibilities
of the electron oscillation on their surface. Figure 2.5. shows the AuNSs’ X-ray diffraction
patterns on the right side corresponding to its TEM picture on the left side. (b), (d), and (f) is the
diffraction patterns produced by (a), (c), and (e); the AuNS image obtained by TEM. Figure 2.6.
shows the high-resolution TEM images of the stars. The rows of the atoms show that the gold
atoms form a face-centered cubic (FCC) crystal structure. Figure 2.7. shows (a) TEM image of
one arm of AuNSs, (b) the sulfur, and (c) the gold abundance along the drew line perpendicular

to it measured by EDX-TEM. As it can be seen through the scanning align the line, the abundance
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of Sulfur atoms is highest on the edges and the gold abundance reaches its max in the middle of

the tips.

Figure 2. 5. (a), (c), () TEM images of the AuNSs and (b), (d),(f) their corresponding X-ray
diffraction pattern
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Figure 2.6. (a), (b) TEM images of the AuNSs representing gold face-centered cubic (FCC)

structure
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Figure 2.7. (a) TEM image of one arm of AuNSs, (b) the sulfur, and (c) the gold abundance
along the drawn line perpendicular to it measured by EDX-TEM.
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Nanosight for the antibody conjugated AuNSs figure 2.8 (a), and Archimedes data for
BMPHA functionalized AuNSs (figure 2.8 (b)) were obtained to measure the concentration, size,
mass, and distribution of the AuNSs. Figure 2.8.b shows the result of Archimedes, which is
matched with the expectation for the Gaussian shape of the graph. Though, the mean <75 nm is
due to the assumption of the Archimedes machine, which considers spherical shape for the

particles. Therefore reporting the size less than expected.
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Figure 2.8. Particle size distribution results of the AUNSs measured by (a) Nanosight and (b)
Archimedes microchannel resonator; median=62 nm, mean=84 nm, and standard deviation=28
nm. The Nano-chip used in Archimedes could not sense the particles with the size of <50 nm.

The SAM-functionalized AuNSs were analyzed with a Fourier-transform infrared
spectrometer (FT-IR) to confirm the presence of the monolayer. As shown in Figure 2.9, the IR
spectra of BMPHA exhibit a major peak at 3320 cm™ that corresponds to the O-H stretching of
the carboxylic acids. The C=0 stretching of the carbonyl group appears at 1697 cm™, and the C-
H stretching of the methylenes of the alkyl chains at 2922 cm™ and 2864 cm™. For the 4-MBA,
the C=0 stretching of the carbonyl group appears at a lower wavelength number (~1667 cm™)

compared to BMPHA due to the resonance. To understand how the mixture of the BMPHA and
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4-MBA affects the peak shifts, the mixture of BMPHA:4-MBA (1:3 ratio) was also measured
with the IR spectroscopy. The result indicates a similar pattern of the peak position of each
individual compound from BMPHA and 4-MBA. When compared to the mixture on the gold

nanostars, all the peak positions match. This data confirms the presence of the mixture of BMPHA

and 4-MBA on the gold nanostars.
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Figure 2.9. FTIR spectra of BMPHA (blue), 4-MBA (purple), the mixture of BMPHA/ 4-MBA
(1:3) (red), and the SAM-functionalized AuNSs (black).

Elemental analysis of the SAM-functionalized AuNSs was performed by X-ray
photoelectron spectroscopy (XPS). Data obtained by XPS will allow both the assessment of the
elemental composition and the identity of the atoms present in the sample. The XPS spectra for
the Au (4f, S 2p, C 1s, and Ag 3d regions) are shown in Figure 2.10. The Au 4f spectrum confirms
the sample is composed of gold and is used as a reference. Previous studies have established a
bound thiolate on gold to produce a doublet in the S 2p region, S 2ps2 and S 2p12, with binding

energies of 162 and 163.8 eV, respectively, in a 2:1 ratio (S 2pss2:S 2p12).1%
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For the SAM-functionalized AuNSs, the S 2p region exhibits a broad doublet with a
binding energy of ~162 eV. However, the ~1:1 ratio of the peaks indicates a mixture of bound
and unbound thiolates on the surface. Moreover, the absence of a peak at 169 eV is indicative of
a surface free of highly oxidized sulfur species and, therefore, no oxidized sulfur on the surface®.
Deconvolution of the S 2p peak revealed ~56% bound thiolates. Furthermore, the C 1s region
exhibits two peaks, a prominent peak at ~285 eV, characteristic of the CH> units of the adsorbates,
and a small bump at ~289 eV, corresponding to the carbonyl carbon. (The deconvolution graph
and the summary of its results is shown in Figure 2.11). Ag 3d existence as the element is related
to the mechanism of the stars formation that suggests the creation of a silver layer on the surface

of the particles.
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Figure 2.10. XPS spectra of the SAM-functionalized AuNSs in the (a) Au 4f, (b) S 2p, and (c) C
1s, and Ag 3d (d) regions.
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Figure 2.11 Deconvolution of S 2P peak of XPS of the AuNSs and its correlated bound and
unbound thiol percentage

The elemental analysis of the SAM-functionalized AuNSs was done by Energy-
Dispersive X-ray spectroscopy (EDX) coupled with the TEM. The EDX-TEM data (Figure 2.12)
mapping indicates the presence of gold as the main element, and sulfur and silver. The elemental

percentage analysis by XPS and EDX confirms the existence of SAM molecules in our samples.

Figure 2.12. EDX-TEM elemental mapping of the BMPHA functionalized stars.
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The Ag/ (Ag+Au) ratio, according to EDX obtained as 1:7, however, the XPS data showed
this ratio as 7:11. This fact that silver percentage is higher at XPS compared to EDX is because
XPS mainly collects the data from the surface of the samples. This shows that the silver atoms
are depositing mainly on the surface of the stars. This data is consistent with the previous studies
of looking for the role of silver nitrate in the synthesis of these Triton-X-100 stabilized AuNSs**°.

The full table data of the elemental analysis by EDX and XPS is shown in table 2.2.

Table 2.2. The elemental percentage obtained by EDX and XPS for gold nanostars

Element % =1D),¢ XPS

Au 65 7
S 4 4
Ag 11 4
C 20 85

2.11 Discussion on Gold Nanostars Formation to Bioconjugation

The AuNSs was synthesized using a seed growth method by applying non-ionic surfactant
Triton-X-100 as the shape-directing agent. The preferential adsorption of the surfactant on specific
crystalline facets of the gold triggers the anisotropic growth of the particle by changing the growth
rates along with different crystallographic directions.>® 122123 Triton X-100, specifically, stabilizes
the [111] facet and encourages the growth of the stars’ tips in this direction. Then, a multi-twinned
defect causes the anisotropic growth of the tips in three-dimensions.® A schematic representation

of particle growth is shown in Figure 2.13. The specific feature of these stars is their more than 6
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sharp branches, which cause their unique absorption peaks due to the different possibilities of the

electron oscillation on their surface.

Figure 2.13. Schematic illustration depicting the growth of the AuNSs where: (i) the surfactant
stabilizes the [111] facet of the gold particle; (ii) tips grow from the stabilized [111] facet; and
finally, (iii) multi-twin defects lead to the formation of the stars

The functionalization of the AuNSs in the presence of Triton X-100 prohibits the
aggregation of AuNSs during washing steps. However, the presence of Triton X-100 is not
desirable for our application purposes. The choice of Triton X-100 as the synthetic surfactant was
made since Triton X-100 is a neutral molecule, and the interaction of it with the surface is weaker
compared to other surfactants, especially ionic surfactants. Triton X-100 releases the surface over
time once the AuNSs are exposed to the bidentate thiol obtained through a synthetic procedure

without the surfactant washing step.

BMPHA was selected for surface functionalization since bidentate thiolate adsorbates are
more stable comparing to the monodentate thiolates on the gold surface.?® The AuNSs
synthesized here were functionalized with dual carboxyl-terminated thiol adsorbates, BMPHA as
a long chain, and 4-MBA as a short-chain, being inspired by previous studies for SAM formation
on the nanoparticles’ surface,!?* and our optimization experiments. Due to the prevention of any
steric hindrance on the complicated surface of the stars, by choosing proper molecules for the
surface modification and bioconjugation, aggregation free AuNSs were produced to create a
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platform for bioconjugation. The use of the mixture of a stable long-chain bidentate thiol and a
short-chain monodentate thiol leads to a better packing density of the SAM on the complicated
three-dimensional structure AuNSs. The 4-MBA short-chain possessing the same aromatic ring,
fill in the gaps on the surface of the stars. Figure 2.14 illustrates the SAM modification of the as-

prepared AuNSs, which is done following a ligand-exchange method.
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Figure 2.14. SAM Functionalization of the AuNSs

2.12 Gold Nanostars Bioconjugation

For bioconjugation, the EDC-NHSS protocol is used. The EDC reacts with the COOH
group to form active ester intermediate that will react with amines to produce an amide product.
However, the activated ester intermediate and the EDC itself are readily hydrolyzed by water.
Moreover, the reaction of the amine group of proteins with the EDC-carboxyl intermediate is quite
slow.'?® This is why EDC is used along with N-hydroxysulfosuccinimide (NHSS), which
possesses hydrophilic reactive groups and couple rapidly with amines on target molecules resulting
in a highly stable amide product. Unlike non-sulfonated NHS esters, NHSS is water-soluble,
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longer-lived, and does not hydrolyze as fast as NHS in water.'?® Hydroxylamine was used for
quenching instead of bovine serum albumin (BSA) since it is a smaller molecule and does not
cause any steric hindrance for the complicated 3D structure of the stars. The complete schematic

illustration of the bioconjugation can be found in Figure 2.15.
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Figure 2.15. Overall steps of bio-functionalization of the AUNSs

The bio-conjugated AuNSs were applied in a lateral flow assay (LFA) biosensor to
evaluate the influence of the morphology of the stars on the sensitivity and detection limit of the

LFA.
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2.13 LFA Data Obtaining

The optimized modes for obtaining data for AUNS- and spherical AUNP- conjugates LFA
were obtained, trying every light source (LS) and exposure times in Lumos, analyzing the same
strip. (Figures A.2 to A.16) According to the complete set of data, given in the appendix, we
determined the optimized mode as the mode which 1) doesn’t show too much noise for the TL and
CL peaks, and 2) Shows more significant intensities for TL and CL and greater integration of the
signal peaks. Therefore, for the AuNSs colloidal, red-blue, red-green, and green-blue will be
eliminated for exhibiting too much noise, and lower signal-to-noise ratio. Among the other
possible LSs for AuNSs, white LS didn’t show a meaningful trend with the enhancement of the
exposure time, and signal peak integrations and intensities for it were too low, relative to the others
so that we didn’t take it as the optimized LS mode. For the rest, including red LS, blue LS, and
green LS, the peak area of the TL and CL signals were plotted versus different exposure times for
each, given in Figure 2.16. According to the results, the maximum peak area for both TL and CL
peaks were observed at red LS at 5.2 ms exposure time. Getting too much noise for spherical
AuNPs, when obtaining the data for red-green, red-blue, and green-blue LSs at all exposure times,
we concluded that these LSs are not the optimized mode for getting the data. Among the other LSs
left, colloidal gold, red, blue, and green, the peak area was plotted versus different exposure times.
The green LS showed the maximum signal at 5.2 ms exposure time and was picked as the

optimized mode for obtaining all the data related to the spherical AuNPs-based reporters LFA.
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Figure 2.16. Peak area vs exposure time for the data obtained by Lumos using different light

sources and exposure times for a) AUNSs and b) spherical AuNPs.

2.14 Amount of Antibodies Used

If the proper amount of antibodies conjugated to the surface of the AuNSs is used, there
will be an increasing trend of the peak area of the control lines. After a certain amount of the
antibodies conjugated to the AuNSs, the TL related to nonspecific bonding would appear, and
false-positive results for negative samples. Therefore, we observe decreasing the peak area of the

TL. This trend was observed when 36 g of the antibody added to 850 ul of the colloidal star

samples at OD=3.5. The data is shown in Figure 2.17 for CL.
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Figure 2.17. Peak area vs. number of the AuNSs for the data obtained by Lumos using different
amounts of antibodies for bioconjugation for CL

2.15 Particle Number Optimization

The negative samples were prepared. A variable number of AuNS-conjugates X=300-800
million in LFA buffer (PBS 1X containing 1% PEG 3350, 1% BSA, and 0.5 % Tween 20) were
prepared.

The highest number of the particles needed for spherical AuNPs and AuNSs needed for
having no nonspecific binding, no false positive, and providing maximum brightness, at the same
time is optimized. The maximum number of particles that could be used for these experiments
were obtained as 5*108 particles for stars, 10° particles for spheres to only get one visible line for

the control line for the negative controls.
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2.16 Comparison of LFA Based on Gold Nanospheres and Gold Nanostars

To compare the effect of the star shape on the assay sensitivity, LFA based on the two
different shapes of gold nanoparticles was performed. The images of the real strips are found in
Figure A.17. The test line and control line’s color depends on the reporters used, which are red in
the case of spherical AUNPs and dark blue to black in case of using AuNSs as reporters. The XPS
and EDX data confirming the silver layer on the surface of these particles, as well as previous

studies® justifies the black color of the AuNS labels on the LFA strips.

All the prepared samples for running in LFA exhibited excellent colloidal stability and
homogeneity in terms of composition and size. The ratio of the intensity of the test-line to
intensity of the control-line was proportional to hCG concentration. The data obtained from

running all of the LFA strips in different hCG concentrations (Figure 2.18.)
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Figure 2.18. The intensity of peaks for TL and CL obtained by Lumos using different
concentrations of hCG and AuNS-LFA reporters.
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Figure 2.19. TL/CL ratio for different concentrations of hCG using AuNSs and spherical

AUNPs. Figure 2. 19 (a) and (b) are the same graphs with varying scales of the y-axis to show the

spots of the spheres in low concentrations.
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Figure 2.19. TL/CL ratio for different concentrations of hCG using AuNSs and spherical AUNPs

with (a) longer y-axis and (b) shorter y-axis

The reporters’ size has a profound effect on the sensitivity of the diagnosis assays. The

highest detection sensitivity exhibited by of 47 nm to 79 nm gold nanoflowers-based

immunographic assays in hCG detection.*?*

The 40 nm spherical AuNPs were selected in this work since the increase in the size of

AUNPs (up to 40 nm) enhances the sensitivity of LFA. But spherical AuUNPs larger than that may

reduce the color brightness and nanoparticle stability.% 126

Spherical AuNPs-based LFA exhibited linearity over the range of with the best limit of

detection at 0.1 ng/mL.
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AuNSs-based LFAs were the best candidates of the reporters in this study, even capable of
detecting 0.002 ng/mL equivalent to 2 pg/ mL of the hCG, which was 50 times better than spherical
AUNPs ones in terms of sensitivity. No false-positive results were observed when dealing with
negative hCG samples using our proposed protocol based on AuNSs.

Previously, Sebrebrennikova et al. (2018) showed the hierarchical use of gold
nanoparticles, using different sizes of gold nanospheres, nanopapcorns, and gold nanostars. They
mentioned the dependency of the sensitivity of the LFAs to the particle shape more than particle
size.? Although, they could not reach detection limit lower than 0.05 ng/mL even using the AuNSs
and extra step of silver enhancement method in their approach.

Here in this study, we reported a simple technique using systematically bio-functionalized
AUNSs that showed LOD of 0.002 ng/mL. This result is superior to many recent studies for the
detection of hCG. The redshift in the LSPR from spherical AUNPs to AuNSs causes them to show
the more detectable contrasting color of the test line and control line. This can be due to the fact
that the AuNSs used in this work were synthesized using a seed mediated growth technique in the
presence of a non-ionic surfactant, Triton X-100. This lead to have long term stabile AuNSs with
pointy tips. The SAM functionalization of AuNSs using a stable carboxylic acid-functionalized
bidentate thiol like BMPHA, in the presence of the Triton-X-100 causes their thorough
functionalization through a ligand exchange process. This is so important since at the same time
the aggregation of the nanostars that has been always a big concern is solved and these nanostars
are very good candidates for any other applications like drug delivery, photo tumor ablation, given
their unique light absorption and scattering spectrum.

The question that might arise here is why these AuNSs can make such a huge difference in

results for improving the limit of detection of the LFA, as the POC diagnosis method.
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To answer this question, we must see if this is due to the perfect light sensitivity of these
particles in response to the detector of the Lumos LFA reader, or if their capturability causes them
to show this one-of-a-kind LOD.

Therefore, we did two experiments, accordingly: 1) we compared the light sensitivity of
the spherical AuNPs versus AuNSs. A thin layer of nitrocellulose membrane with a width of 2 mm
was cut and attached to a rectangular shape 5x20 NC membrane with the same length attached to
an adhesive card. Then they were cut using the cutting machine 3 mm wide. Therefore, we could
drop the colloidal liquid of each shape of the gold nanoparticles with a controlled dispersing and
have a comparison between the integration of the peak produced by the exposure of the strips to
Lumos for 5.2 ms exposure time, regardless of any chemical bond between the particles and the
nitrocellulose membrane. Then the experiment was done for a different number of the particles,
and every plot of the peak area vs. the number of the particles was plotted, Figure 2.20.b. As can
be seen, the slope of the graph for nanostars was bigger than nanospheres, indicating the higher

light sensitivity of the stars compared to the spheres.
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Figure 2.20. (a) Spherical- and star- shaped gold nanoparticles’ capturability comparison

experiment. (b) Light sensitivity experiment done for gold nanostars (blue), gold nanospheres
(red)
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We also compared the capturability of spherical AUNPs and AuNSs reporters on LFA.
“Capturability” of these particles means how the antibody-functionalized gold nanoparticles are
captured by the stationary antibodies on TL and CL. Therefore, four control lines, each with goat
anti-mouse antibodies, were plotted on the nitrocellulose membrane attached to an adhesive card
with the absorbing pad, each using the concentration of 0.2 mg/mL of the goat anti-mouse. The
strips were caught to 4 mm wide strips, and the dipsticks were inserted inside the 30 pL of the
colloidal solution of the spherical AuUNPs and AuNSs containing the equal number of particles in
the LFA running buffer. Then, they were washed twice, each with 40 pL of the LFA buffer (PBS
1X containing 1% PEG 3350, 1% BSA, and 0.5 % Tween 20) and the results of the strips were
read using the Lumos LFA reader, reported in Figure 2.20.a. As it reveals, the stars were more
capturable comparing to spheres by the antibodies on the strips, since the intensity of the control
lines on the strips was decreased from the first line to the fourth line for the strips run by the

AUNSs. Each experiment was repeated three times.

2.17 Kinetic Analysis of the Gold Nanostar-Lateral Flow Assay

The kinetics of AUNS-LFA was analyzed by using 30 pL of the sample containing 6.25
ng/mL of hCG in LFA buffer (PBS 1X containing 1% PEG 3350, 1% BSA, and 0.5 % Tween
20) and 5x108 particles of spherical AuNPs were poured onto the sample pad. The strips
containing the sample pad were put inside the Lumos reader, and the images of the strips were
imaged every 10 seconds for 3 minutes. The TL/CL ratio was plotted versus time for each strip.
The same experiment was done for the AuNSs. The plot shows that the graph of the star particles
using the star-shaped dots in Figure 2.21, is located above spherical AuNPs, proving that the

speed of the CL formation for stars is higher than the spheres.
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Figure 2.21. Kinetic comparison of nanostars (blue), gold nanospheres (red).
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2.18 Conclusion

In this study, AuNS-based LFAs were developed for hCG detection. Gold nanostars
(AUNSs) were synthesized in high yield with excellent reproducibility and implemented as novel
LFA reporters. The AuNSs exhibit unique optical properties that make them have high visual
sensitivity. Analysis by SEM and TEM of the generated nanoparticles confirm that these particles
possess a star morphology with ~75 nm in diameter. UV-Visible spectroscopic analysis showed
the AuNSs have a wide extinction peak in the NIR region. The synthesized particles were
successfully functionalized with the carboxyl-terminated adsorbates, BMPHA and 4-MBA, as
confirmed by FT-IR and XPS. The experimental observations besides SEM and TEM images

showed no sign of any aggregation.

Furthermore, the SAM-functionalized AuNSs were successfully conjugated with antibody
mouse monoclonal anti-B-hCG for suitable use in lateral flow assay (LFA). The influence of the
morphology of the stars on the sensitivity and detection limit of the LFA for human chorionic
gonadotropin (hCG) hormone was studied. The results were compared to the commercial 40 nm
gold nanospheres, as a standard sensitive reporter. These gold nanostars used in this study
decrease the limit of detection (LOD) owing to their excellent capturability and high optical
sensitivity related to their localized surface Plasmon resonance (LSPR). The preliminary
experiments on engineering and evaluation of hCG-targeted reporters of LFA using these
colloidal nanostars revealed a limit of detection of 2 pg/mL observable by naked eyes. This LOD
is orders of 50 fold magnitude more sensitive than colloidal gold-100 pg/ml, at the same ambient
condition, buffer, and strips that work best for the sphere NPs. The existence of silver on the

surface of these particles, confirmed by XPS and EDX-TEM data. This surficial silver enhances
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the visibility of the line formed on LFA for the formation of a black line as a test line on the strips.
That eliminates any additional step using the silver enhancement method for LOD improvement.

Therefore, the proposed reporters can be used for the diagnosis of early pregnancy.

2.19 Future Works

The promising result 50 fold improvement of the LFA strips sensitivity using these newly
prepared AuNSs shows that it is worthed to run these star-shaped reporters with other samples
other than hCG. We can also try any other biomarker detection in different samples like urine
and human serum, optimizing the conditions using these AuNSs. Also, since this technique does
not need any SERS enhancement signal or silver enhancement procedure, it is doable to apply
them outside the laboratory. Also, the surfactant included and systematically controlled surface
modification method in this work for the gold nanostars solved the problem of the difficulty of
having desirable anisotropic shape and aggregation free surface modification simultaneously.
This will be an advantage for further sensitive applications like SERS needing these features for
the particle. Furthermore, the concentration control of the 4-MBA as a SERS tag molecule on the
surface can bring even further promising results in the SERS based LFA even to the femtograms
detection. If these stars can replace the commercially used gold nanospheres, they can enhance
the sensitivity of the LFA strips and will play a vital role in POC testing, environmental

monitoring, or food detection.

Another subject yet to be discovered is the effect of the size of these nanostar particles on
the sensitivity improvement of the LFA strips, which can be easily controlled through different

time growth of the stars' growth solution.
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Figure A.1. H NMR of the 16-(3,5 bis (mercaptomethyl) phenoxy) hexadecanoic acid (BMPHA)
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Figure A.2. The intensity of CL and TL vs. detection lines positions on LFA using AuNSs
reporters with the white LS of Lumos trying different exposure times, from 1 msec. to 10 msec.
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Figure A.3. The intensity of CL and TL vs. detection lines positions on LFA using AuNSs
reporters with the green LS of Lumos trying different exposure times, from 1 msec. to 10 msec.
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Figure A.4. The intensity of CL and TL vs. detection lines positions on LFA using AuNSs
reporters with the blue LS of Lumos trying different exposure times, from 1 msec. to 10 msec.
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Figure A.5. The intensity of CL and TL vs. detection lines positions on LFA using AuNSs
reporters with the red LS of Lumaos trying different exposure times, from 1 msec. to 10 msec.
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Figure A.6. The intensity of CL and TL vs. detection lines positions on LFA using AuNSs
reporters with the “colloidal old” LS of Lumos trying different exposure times, from 1 msec. to
10 msec.
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Figure A.7. The intensity of CL and TL vs. detection lines positions on LFA using AuNSs
reporters with the red-blue LS of Lumos trying different exposure times, from 1 msec. to 10
msec.
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Figure A.8. AuNSs peak area of TL and CL vs. different exposure times using the various light
sources of Lumos reader.
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Figure A.9. The intensity of CL and TL vs. detection lines positions on LFA using spherical
AUNPs reporters with the red LS of Lumaos trying different exposure times, from 1 msec. to 10

msec.
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Figure A.10. The intensity of CL and TL vs. detection lines positions on LFA using spherical
AUNPs reporters with the “colloidal gold” LS of Lumos trying different exposure times, from
Imsec. to10 msec.
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Figure A.11. The intensity of CL and TL vs. detection lines positions on LFA using spherical
AUNPs reporters with the red-green LS of Lumos trying different exposure times, from 1 msec.
to 10 msec.
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Figure A.12. The intensity of CL and TL vs. detection lines positions on LFA using spherical

AUNPs reporters with the red-blue LS of Lumos trying different exposure times, from 1 msec.
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Figure A.13. The intensity of CL and TL vs. detection lines positions on LFA using spherical
AUNPs reporters with the green LS of Lumos trying different exposure times, from 1 msec. to 10

msec.

81



10000

8000 =

6000 «

Intensity

4000 =

2000 +

200 300

Gold nanospheres-Blue light source

Figure A.14. The intensity of CL and TL vs. detection lines positions on LFA using spherical
AUNPs reporters with the blue LS of Lumos trying different exposure times, from 1 msec. to 10

msec.
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Figure A.15. The intensity of CL and TL vs. detection lines positions on LFA using spherical

AUNPs reporters with the white LS of Lumos trying different exposure times, from 1 msec. to 10
msec.
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Figure A.16. The intensity of CL and TL vs. detection lines positions on LFA using spherical

AUNPs reporters with the green-blue LS of Lumos trying different exposure times, from 1 msec.
to 10 msec.
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Figure A.17. LFA results using gold nanostars with different concentrations of hCG (on top) and
spherical gold nanoparticles in different concentrations of hCG (on bottom)
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Table A.1. Frequently used abbreviation table

LFA lateral flow assay MBA Mercapto Benzoic Acid
POC point of care EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
AUNS gold Nanostar NHSS N-hydroxysulfosuccinimide (Sulfo-NHS)
LOD limit of detection SEM Scanning electron microscopy
hCG human chorionic TEM transmission electron microscopy
gonadotropin
LSPR localized surface Plasmon EDX Energy dispersive X-ray spectroscopy
resonance
AuNC gold nanocube XPS X-ray photoelectron spectroscopy
Au gold nano oD Optical density
AUNP gold nanoparticle NMR Nuclear magnetic resonance
NC Nitrocellulose BMPHA 16-
(3,5bis(mercaptomethyl)phenoxy)hexadecanoic
acid
TL test line MQW milli-Q water
CL control line BSA Bovine serum albumin
PVC Polyvinyl Chloride

PBS phosphate-buffered saline

SAM  self-assembled monolayer FTIR Fourier transform infrared

AuUNR gold nanorods SERS surface-enhanced Raman spectroscopy
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