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ABSTRACT

An emerging trend in the analytical detection sciences is the employment of
nanomaterials for bioassay signal transduction to identify analytes critical to public
health. These nanomaterials have been specifically investigated for applications which
require identification of trace levels of cells, proteins, or other molecules that can have
broad ranging impacts to human health in fields such as clinical diagnostics,
environmental monitoring, food and drink control, and the prevention of bioterrorism.
Oftentimes these nanoparticle-based signal transduction or amplification approaches offer
distinct advantages over conventional methods such as increased sensitivity, rapidity, or
stability. The biological application of nanoparticles however, does suffer from
drawbacks that have limited more widespread adoption of these techniques. Some of
these drawbacks are, high cost and toxicity, arduous synthesis methods, functionalization
and bioconjugation challenges, and laboratory disposal and environmental hazard issues,
all of which have impeded the progression of this technology in some way or another.
This work aims at developing novel techniques that offer solutions to a number of these
hurdles through the development of new nanoparticle-based signal transduction
approaches and the description of a previously undescribed nanomaterial.

Zinc-based nanomaterials offer the opportunity to overcome some of the limitations
that are encountered when other nanomaterials are employed for bioassay signal
transduction. On the other hand, the biological application of zinc nanomaterials has
been difficult because in general their fluorescence is in the blue range and the reported
guantum yields are usually too low for highly sensitive applications. The advantages of

using zinc nanomaterials for biological applications, such as reduced toxicity, simple



synthesis, low cost, and straightforward functionalization strategies contribute to the
research interest in their application as bioassay signal tranducers. To overcome the
limitations associated with zinc-based nanomaterials, a novel signal transduction
approach was developed that relies on zinc ion release from nanoparticle labels during an
immunoassay. The development of an innovative method for zinc ion detection and the
description of a previously undescribed zinc-based nanomaterial are also described in this
work. There are three major contributions to science in this work: (1) The development
of an original and innovative signal transduction approach for immunoassays that adopts
fluorescence detection of zinc ions released from ZnS nanoparticle labels; (2) The
discovery and development of dual signal amplification for immunoassay signal
transduction using ion release and subsequent activation of a zinc dependent
metallozyme; (3) The synthesis and characterization of a novel zinc-based nanomaterial

and its biosensing application using both single and dual signal amplification strategies.
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CHAPTERI:

INTRODUCTION



1.1  Opening Remarks

Nanotechnology, a termed coined for the engineering of functional molecular
structures, is of great research interest and will substantially contribute to the progression
of science and technology [1-3]. In this sense, “nano” is a prefix meaning one billionth of
a meter, and nanostructures are devices or materials with at least one dimension in the
range of 1 — 100 nanometers. Although nanostructures are quite small, for comparison the
spacing between atoms in a molecule is around 0.1- 0.2 nm, the implications of functional
nanotechnology will be significant and cover a broad range of disciplines [4]. The
possibility of nanotechnology notably impacting science and technology was predicted as
early as 1959 in Richard Feynman'’s talk, “There’s Plenty of Room at the Bottom” [5]. In
1974 Norio Taniguchi first introduced the term “nanotechnology” when he described
semiconductor processes such as thin film deposition and ion beam milling that could be
controlled at the nanometer scale [6]. Despite these predictions and advances, functional
nanotechnology was actualized by the development of the scanning tunneling microscope
in 1981 by Gerd Binnig and Heinrich Rohrer and the discovery of fullerenes by Harry
Kroto, Richard Smalley, and Robert Curl in 1986 [7,8]. The scientific significance of
these discoveries cannot be stressed enough as Binnig and Rohrer received the Nobel
Prize in Physics in 1986 for their development, while Kroto, Smalley, and Curl received
the 1996 Nobel Prize in Chemistry for the discovery of fullerenes. More recently,
nanotechnology has been applied to broad ranging fields including energy production,
medicine, electronics, and biomaterials [9-11].

Nanobiotechnology is an emerging interdisciplinary field at the intersection of

nanotechnology and the life sciences that is based on the idea that nanotechnology could



provide a novel set of tools for the biomedical sciences [12]. For example, nanoparticles
have seen extensive application in bioimaging, drug delivery, and biosensing [13-15]. The
adoption of nanomaterials as non-invasive contrast and imaging agents is becoming
progressively closer to acceptance in clinical settings for bioimaging [16]. Compared with
fluorescent dyes, the fluorescence emission of nanoparticles, which is a consequence of
the quantum confinement effect, can be tuned from the visible to the near infrared range
and usually avoids photobleaching [17]. Based on these advantageous properties,
researchers have successfully applied nanoparticles for fluorescence imaging of cancer
cells and other clinically important cell types [14]. In a similar fashion, a number of
researchers have reported successfully adopting nanoparticles as in vivo magnetic
resonance imaging (MRI) contrast agents [18,19]. Moreover, researchers focused on
nanoparticles as vehicles for pharmaceutical delivery have discovered several innovative
ways for controlled drug release from nanoparticle carriers such as temperature, pH, and
magnetic fields [20-22].

At the same time, the detection of diverse analytes such as nucleic acids, proteins, and
whole cells using the integration of nanotechnology and biosensing is receiving increased
attention [23-25]. In many instances, bioassay parameters such as sensitivity or dynamic
range can be improved through the incorporation of nanomaterials [26]. In accordance
with these approaches, innovative methods have been developed to employ nanomaterials
as signal amplifiers for biosensing signal transduction. These methods have been found to
be particularly useful when trace levels of analytes critical to public health must be
detected [27,28]. Therefore, it can be predicted that nanoparticle-based biosensing is near

a time when these newly developed technologies are extensively applied in areas such as



environmental monitoring and clinical diagnostics. Prior to the widespread application of
nanoparticles for biosensing, several improvements to this technology should occur.

The signal transduction mechanism for nanomaterial-based biosensing could be the
most important area of research in this field. This is because the selected signal
transduction mechanism will directly impact the sensitivity and other analytical aspects of
the assay such as robustness, cost, toxicity, and dynamic range. Progressively, zinc-based
nanomaterials are being explored as potential signal transducers for bioassays. Zinc
nanoparticles represent a very promising platform for bioassay signal transduction because
they can be synthesized at a low cost and zinc is a biocompatible ion essential for life. In
addition, researchers have begun to study zinc nanomaterials because of their unique
optical and electronic properties coupled with reports of generating surface functionalized
zinc nanomaterials that demonstrate colloidal stability in aqueous suspensions. This work

aims at specifically developing zinc-nanoparticles for bioassay signal transduction.

1.2  Bioassay

Bioassays, short for biological assays, are analytical techniques that are employed to
determine the concentration, purity, or biological activity of a substance [29]. In a
number of bioassay applications, the pharmacological effects of a chemical agent are
tested on cells, microorganisms, or animals [30]. On the other hand, some bioassays
focus on the detection of trace small molecules, biomarkers, nucleic acids, and whole
cells [31]. The study of enhancing the detection limits of these bioassays is an ongoing
and progressive field of research. A number of biosensing approaches make use of

bioassay methods to quantify specific analytes in samples. Biosensing is a category of



approaches that use biological or molecular probes to quantify or detect the presence of
biomolecules, microorganisms, or bio-structures through the conversion of a biochemical
interaction into an assessable physical signal [32]. A schematic overview of some
principles associated with biosensing is demonstrated in Figure 1.1. Using these
approaches, samples such as biological fluids, environmental water, aerosols, and food
can be monitored for the presence of dangerous analytes. A number of unique and
specialized techniques have been developed for detection and quantification of analytes
in samples [33,34]. A well established method often applied for the detection of diverse
analytes is called immunoassay.

Analytical techniques relying on the binding properties of antibodies and antigens for
measurement are collectively referred to as immunoassays. In research and clinical
settings, immunoassays are commonly used for biochemical measurements because of
their high specificity, the variety of antibody to antigen interactions, and the
extraordinary affinity of these interactions [35,36]. The first immunoassay was
developed for the detection and quantification of insulin using radiometric labeling over
50 years ago [37]. Since the first report, immunoassay techniques have been modified to
attain specific analytical capabilities [38]. In addition, several different formats such as
competitive, sandwich, and label-free immunoassays have been developed [39-41].
Another advantage of immunoassay techniques is that they harness the potential for the
detection of small molecules, proteins, and whole cells, resulting from the variability in

antibody-antigen interactions [42-46]. The versatility of immunological techniques for



Identification and

Recognition elements:

= Polymer

= Tissues/Microorganisms

= Cells

= Enzymes

= Antibodies

= Nucleic acid probes (DNA,
RNA)

Transduction:
= Electrochemical method
= Optical method

= Mass spectrum

Sample
@ Blood Preparation Transduction
@ Stool O
@ Urine o OO <>
® Mucus ¥ Centrifugation 0O
v Filtration - ) Q O
v Dielectrophoresis
¥ Immunomagnetic separation V v
@ Food v Nucleic acid extraction Bio-recognition
@ Water N
@ Aerosols Unit
@ Soil
Transducer
Possible analytes:
= Glucose l T
= Cancer-markers
= Biotoxins Electronics
= Spores
= Bacteria
= Viruses
Figure 1.1  Schematic outline of biosensing and bioassay principle for both

environmental monitoring and clinical diagnostics



biosensing permits their straightforward application to diverse settings.

A variety of innovative techniques for signal transduction have been developed to
extend the analytical capabilities of immunoassay. The earliest immunoassay applied
radioactively labeled (radiodine) antigens in a competitive assay format [47].
Radioimmunoassays were found to be effective, but underwent further development into
a more sensitive sandwich or non-competitive immunoassay format, which adopted two
antibodies. In addition, alternative signal transduction techniques were developed to
avoid the use of radioactive material and to improve the sensitivity or dynamic range of
the immunoassays. For example, enzyme immunoassays utilize the catalytic activity of
enzyme labels for the conversion of a substrate to a measureable product for
quantification of analytes [48]. Generally, the products of enzyme immunoassays are
charged or fluorescent for detection using electrochemical and fluorescence techniques,
respectively. An alternative possibility is the use of direct non-enzymatic fluorophore
labels for fluorescence immunoassays [49]. More recently, nanomaterials have
experienced increasing popularity as an effective method for immunoassay signal
transduction [50,51]. Compared with organic fluorophores, nanomaterial labels can be
brighter and do not suffer from photobleaching. In addition, some nanomaterial labels
can be directly synthesized in the laboratory and avoid the excessive cost associated with
purchasing enzyme-substrate systems. Several distinct mechanisms have been discovered
using nanomaterial-signal transduction for bioassays including fluorescence, absorbance,

electrochemical, and magnetic detection strategies to name a few [52-55].

1.3 Nanomaterials



Any material with at least one-dimension in the scale of 1-100 nm can be broadly
referred to as a nanomaterial [56]. Materials that have one-dimension in the nanoscale
are usually categorized into the thin films and surface coatings category [57]. These one-
dimensional structures have been engineered and developed to achieve specific
capabilities for applications in chemistry, fuel cells, and integrated circuit electronics
[58,59]. These thin layers are routinely prepared as monolayers, or films with a single
atomic layer thickness [60]. Likewise, extensive research has been invested into
materials that possess two nanoscale dimensions such as nanowires and nanotubes
[61,62]. Carbon nanotubes were first observed in 1991 by Sumio lijima and are graphene
sheets rolled and extended into a tubular form [63]. These carbon nanotubes can be
single walled or consist of multiple walls and are capable of being engineered up to
centimeters in length [64,65]. Carbon nanotubes have seen a wide array of applications
in areas such as display devices, nano electronics, and reinforced composites because of
their novel physical and chemical properties [66]. Among these properties, carbon
nanotubes are flexible about their axis, exhibit extremely high mechanical strength, and
are also efficient conductors of electricity [67]. When the dimensions of nanomaterials
are confined to three dimensions, these nanoscale structures are referred to as
nanoparticles, nanocrystals, colloids, or quantum dots [68]. Numerous unique and novel
properties have been observed for these nanomaterials that have all three of their
dimensions confined to the nanoscale.

Extensive work has been invested in the synthesis and surface modification of semi-
conductor, noble metal, and metal oxide nanoparticles with diameters of 1— 100 nm, due

to their unique size dependent properties [69]. Among these distinctive size dependent
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characteristics, such as catalytic, mechanical, electronic, and optical properties, diverse
applications have been realized in a variety of fields [70]. In particular, the
characteristics of nanoparticles that differ from that of the bulk material generally arise
from surface dependent particle properties, size dependent particle properties, or size
dependent quantum effects [71]. The high surface area to volume ratio has been
observed to increase the chemical reactivity of nanoparticles, and it has been reported that
increasing reactivity occurs with decreasing particle size [72-74]. Comparatively, the
small size of nanoparticles also leads to unique properties that have seen application in
the development of optically transparent thin films based on the low light scattering
properties of nanoparticles that are less than ~40 nm [75]. The size dependent optical and
electronic quantum effects which arise from changes in the electron properties as
nanoparticles approach the Bohr radius, often referred to as the quantum confinement
effect, are also of great research interest [76]. Nanoparticles have been utilized in the
development of light emitting diodes and solar cell transistors based on these phenomena
[77,78]. Likewise, the similarities in proportions between the fundamental functional
units of biological systems (e.g. membranes, enzymes, proteins, etc.) and these
nanoparticles, has led to an interesting intersection of technologies [79]. More
specifically, the application of nanomaterials and nanoparticles to improving biological

assay capabilities is currently an exciting field of study.

14 Biological Applications of Nanomaterials

As was briefly introduced in the opening remarks, (section 1.1) nanomaterial-based

biosensing is an ongoing, progressive field of study that offers great promise and
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potential to improve analytical diagnostics. With this in mind, various strategies have
been used to immobilize distinct biomolecules on nanomaterials that can be utilized for
molecular recognition. An overview of some of the different biomolecules that are
affixed to the surface of nanoparticles is shown in Figure 1.2. This figure demonstrates a
generic outline of several biochemicals that can be used to functionalize nanoparticle
surfaces such as nucleic acids, peptides, enzymes, and antibodies which are employed for
nucleic acid hybridization, receptor binding, enzyme substrate reactions, and antigen
binding, respectively. Some of the strategies that can be adopted for bioconjugation or
functional group attachment to nanoparticle surfaces are chemisorption (ligand-like
binding), electrostatic absorption, and covalent binding using conjugation chemistries
[80]. However, it should be mentioned that several other innovative strategies have been
developed for bioconjugation of nanoparticles, and new methods are continually being
investigated. Likewise, numerous different types of nanomaterials can be applied to
biosensing and the development of new nanostructures is an ongoing and progressive
field of study. In many instances, different classes or types of nanomaterials offer
distinct opportunities for signal transduction or molecular recognition, Table 1.1
demonstrates some classes and signal transduction methods for nanomaterial-based
biosensing. Some classes of nanomaterials that are used for biosensing signal
transduction are carbon nanomaterials, magnetic nanoparticles, gold nanomaterials, and
semiconductor nanoparticles.

Carbon nanotubes (CNTs) and graphene sheets are two carbon-based nanomaterials

that have been integrated with biosensing techniques to achieve progress in this field of
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Table 1.1 Overview of different nanomaterials used for biosensing, some examples, and
common signal transduction approaches for bioassays

Semiconductor CdsS, CdSe, CdTe, ZnS, Luminescence, FRET, Western
Nanoparticles PbSe Blot, Electrochemical

Magnetlc. Iron Oxide, Elgmental MRI, NMR

Nanoparticles Iron Core-Ferrite Shell

Carbon Graphene Sheets, Electrochemical, Enzyme Loaded,
Nanomaterials Carbon Nanotubes Luminescence

Gold Gold Nanopatrticles, Surface Plasmon Resonance,

Nanomaterials Gold Nanorods Luminescence, Absorbance
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study. One of the more common approaches used for signal transduction with carbon
nanomaterials relies on electrochemical methods because CNTs and graphene exhibit low
residual current, readily renewable surfaces, and wide potential windows [81]. In
general, CNTSs or graphene sheets work as the electrode material or can be used to modify
a conventional working electrode in analytical voltammetry [82]. CNTs immobilized on
electrodes have also been successfully applied for stripping voltammetry. To perform
stripping voltammetry, an analyte is electroplated on a working electrode surface and are
afterwards oxidized during a stripping step while the current is simultaneously measured
[83]. Electrochemical techniques adopting CNTs and graphene have been used for the
detection of small molecules and nucleic acids [84,85]. In another approach used for
biosensing signal amplification with carbon nanomaterials, researchers decorated the
surface of CNTs with enzymes. It was possible to attach a greater number of enzymes to
the surfaces of the CNTs (as opposed to direct attachment to probes) which resulted in
signal amplification for the sensitive detection of both nucleic acids and proteins [86].
Some other approaches for biosensing signal transduction with carbon nanomaterials
have relied on optical techniques such as fluorescence resonance energy transfer (FRET)
or the near-infrared emission of single walled CNTs [87]. FRET is a proximity or
distance dependent technique where energy is transferred from a donor molecule to an
acceptor molecule without the emission of a photon. Although some optical properties of
carbon nanomaterials can be employed for biosensing signal transduction, the optical
properties of metal nanoparticles are oftentimes found to be superior to carbon-based
nanomaterials. In addition, some metal nanoparticles have magnetic properties that have

been useful in biosensing applications.
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Nanoparticles with magnetic properties which can be manipulated by an external field
gradient are also valuable for biosensing applications. Besides the obvious advantages of
obeying Coulomb’s Law, magnetic nanoparticles are biocompatible, environmentally
non-toxic, and relatively stable [88]. Cross-linked iron oxide nanoparticles are the most
common magnetic nanomaterials that are adopted for biosensing. However, elemental
iron-core/ferrite-shell nanoparticles or “cannonballs” have seen increasing use because
they have higher magnetic relaxivity (return to magnetic equilibrium after disequilibrium)
than iron oxide [89]. The higher relaxivity arises from the magnetization of elemental
iron, but to prevent oxidation the ferrite shell is used as a protective layer. Another
approach that has been used to increase the relaxivity of magnetic nanoparticles is doping
with manganese, nickel, and cobalt [90]. Two general strategies exist for the detection of
magnetic nanoparticles in biosensing, nuclear magnetic resonance spectroscopy (NMR)
and magnetic resonance imaging (MRI). NMR is the resonance that occurs when a
nucleus with a non-zero spin is placed in a magnetic field and exposed to radio waves of
a specific frequency that are absorbed and measured after causing the nuclei to flip. MRI
is a complex version of NMR that uses Fourier transform to detect and analyze the
resonances. Although these techniques are sensitive and accurate, they usually require
bulky, expensive instrumentation and large sample volumes. On the other hand, the
biosensing application of non-magnetic inorganic nanoparticles has been explored, and in
many instances the challenges of magnetic nanoparticle detection methods can be
avoided altogether.

Gold nanoparticles (AuNPs) have been widely used for biosensing signal transduction

and amplification [91]. Some of the advantages offered using AuNPs are narrow size



15

distribution using straightforward synthesis procedures, acceptable biocompatibility, and
uncomplicated bioconjugation or functionalization through ligand absorption [92]. After
bioconjugation or functionalization of AuNPs, there are several approaches that can be
used for sensing or molecular recognition such as their employment as carriers,
indicators, receptors, or labels [93]. Depending on the sensing procedure, numerous
signal transduction strategies have been developed for AuNPs of a variety of sizes and
shapes using optical, electrical, and other methods [94].

The versatility in detection strategies for AuNPs is one of the principle reasons their
application has gained such popularity for analytical detection. One method of
biosensing signal transduction with AuNPs is electrochemical detection, which might be
the most commonly used approach. Among electrochemical detection strategies,
voltammetric sensing which measures current while potential is varied, can use both
direct measurement or ion releasing techniques for measurement on an electrode.
Electrochemical impedance spectroscopy is another electrochemical detection strategy
for AuNP signal transduction that measures the dielectric properties of a medium as a
function of frequency. Surface Plasmon resonance (SPR) is a different detection strategy
utilizing AuNPs. More specifically, localized SPR (LSPR) arises in AuNPs due to the
presence of a plasmon absorption band that is produced when an incident photon
frequency is in resonance with the conductive electrons of the AuNP. LSPR utilizes a
wavelength shift measurement to quantify changes in the local refractive index for
biological and chemical sensing. These LSPRs usually occur between ~520- 800 nm in
AuUNPs and this unique plasma absorbance has been employed for the detection of DNA

and antibody-antigen binding [95,96]. A similar, but distinct signal transduction
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amplification approach uses the SPR phenomenon to enhance the emission and decrease
the excited states of some fluorophores [97,98]. Surface-enhanced Raman scattering
arises from an electromagnetic field enhancement that is caused by the LSPR phenomena
[99]. Molecular beacons using SERS detection have been found to harness the capability
for sensitive molecular detection [100]. Although AuNPs have been successfully applied
for biosensing a marked disadvantage is obviously the cost. A further disadvantage of
gold nanoparticles is that in many instances semiconductor nanoparticles offer stronger
optical intensities for higher sensitivity in biosensing [101].

The unique fluorescent properties of colloidal semiconductor nanoparticles have
elicited a great deal of interest in the field of analytical detection [102]. These colloidal
semiconductor nanoparticles have all three of their spatial dimensions confined to the
nanoscale and are commonly referred to as quantum dots. As a consequence of the
quantum confinement effect arising from their small size, these materials exhibit
properties intermediate to those of bulk material and individual molecules. These
semiconductor nanoparticles are composed of periodic groups of 11-VI, 111-V, or IV-VI
materials. The most frequently encountered semiconductor nanoparticles in the literature
are comprised of cadmium, lead, or zinc that form a compound with an atom of -2 charge
such as oxygen, sulfur, selenium, or tellurium. For biosensing, cadmium-based
nanoparticles (CdTe, CdS, and CdSe) are predominately employed. These cadmium
nanoparticles not only have a high quantum vyield for fluorescence measurement, they
also have tunable emission from the visible to the near infrared range. Fluorescence
measurement of semi-conductor nanoparticles has been used for the detection of small

molecules such as 2,4,6-trinitrotoluene (TNT), proteins, and nucleic acids [103-105].
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Although fluorescence-based biosensing is seen as the premier application of semi
conductor nanoparticles, electrochemical methods have been readily employed for the
detection of diverse analytes [106]. Some other biosensing signal transduction methods
rely on FRET, a modified version of FRET-based on bioluminescence (BRET), and can
be applied to molecular biology blotting techniques such as Western Blotting [107]. A
wide array of applications for semi conductor nanoparticles have already been realized,
and the continued exploration of further bioapplications of semi-conductor nanoparticles
should be expected. On the other hand, the high toxicity of cadmium and lead semi-
conductor nanoparticles is not always ideal for biological applications.

Prior to more extensive application and widespread acceptance of semi-conductor
nanoparticles for biosensing, several improvements to this technology should occur.
Some specific areas for advancement are simplifying synthesis and bioconjugation
procedures as well as decreasing the cost of reagents. Moreover, progression of this
technology could ensue if more environmentally friendly chemicals were used to
decrease cytotoxicity, and improve the ease of disposal and laboratory safety. Both lead
and cadmium-based nanoparticles have been successfully employed for a multitude of
biosensing applications using fluorescence and electrochemical measurements
[25,108,109]. However, the cytotoxicity and environmental hazards of the chemical
constituents of these nanoparticles must be overcome to push the advancement of this
technology. Not only are cadmium and lead toxic alone, but the generation of free
radical species during excitation also leads to increased toxicity [110]. Both lead and
cadmium can pass through the blood brain barrier, accumulate in adipose tissues with

half-lives greater than 10 years, are poisonous to the liver and kidneys, and are believed
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to be carcinogenic [111]. To overcome these toxic effects, ZnS shells have been used to
encapsulate toxic cores of cadmium nanomaterials (e.g. CdS/ ZnS core/ shell structures)
to decrease their cytotoxicity, while maintaining or in some instances, improving the
fluorescent properties [112]. However, the synthesis of these core/ shell nanoparticles
occurs in harsh chemicals or organic solvents at relatively high temperatures (above 300°
C). Additionally, the environmental impact of the cadmium or lead present in these
nanoparticles should not be dismissed because of the presence of a shell only a few
monolayers thick. A recent trend in nanobiosensing has been the synthesis, modification,
and application zinc nanoparticles. Zinc-based I1-VI semi-conductor nanomaterials
obviously avoid some of the toxic properties that arise from the employment of cadmium
and lead-based nanomaterials. A number of different forms of less toxic zinc
nanoparticles have been synthesized that display many of the characteristic optical and

electronic properties distinctive to other more toxic semiconductor nanoparticles [113].

1.5  Biological Applications of Zinc-Nanomaterials

One research direction has been the investigation of zinc-nanoparticles because they
exhibit many of the novel properties that other semi-conductor nanoparticles possess
while at the same time, avoiding lead and cadmium. For the past decade, different
synthesis procedures have been developed to generate these zinc-nanomaterials, and a
number of different reports have outlined a wide array of procedures for the generation of
zinc nanomaterials. Researchers have also described a number of interesting physical
and chemical properties that these zinc nanomaterials possess. More recently, zinc-

nanomaterials have been thoroughly investigated for a variety of applications. The
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particular focus of this section is the synthesis and bioapplication of these zinc-based
nanomaterials. For convenience, zinc- based nanostructures are categorized into three
different groupings in this section, these groupings will be as follows: (1) ZnSe and
ZnTe nanomaterials (2) ZnO (3) ZnS.

Selenium and tellurium are semi-conductor group 16 elements that have atomic
numbers of 34 and 52, respectively. Correspondingly, both selenium and tellurium can
exist at -2, +2, +4, or +6 oxidation states and are capable of creating nanostructure
compounds through binding with ions such as zinc, among other divalent ions. ZnSe and
ZnTe nanomaterials are wide bandgap I1-VI semiconductors that have unique properties
[114,115]. Both physical and chemical techniques can be used for the synthesis of ZnSe
and ZnTe nanoparticles. The methods primarily employed for the synthesis of these
nanomaterials are chemical vapor deposition, chemical synthesis in organic solvents, and
aqueous synthesis procedures [114,116,117]. Oftentimes, sonication or microwave
irradiation are applied during synthesis to accelerate the procedure or increase the
efficiency. Using these approaches one, two, and three dimensional ZnSe or ZnTe
nanostructures can be synthesized. Of particular interest for biosensing is the aqueous
synthesis of colloidal ZnSe or ZnTe which has recently received increased research focus
[118]. Using aqueous synthesis procedures ZnSe nanoparticles were generated that were
applied as signal tranducers for the detection of H,O, in porcine kidney cells using
electro-generated chemiluminescence [119]. ZnSe nanoparticles were also applied as
antibody labels to detect IgE using a cation exchange approach in which zinc ions are

replaced by silver ions and subsequently react with a fluorophore for sensitive analyte
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detection [120]. Even though recent research has focused on the bioapplication of these
ZnSe or ZnTe nanoparticles, other zinc-nanomaterials have been more widely studied.

Zinc oxide (ZnO) appears to be the most thoroughly investigated zinc-based
nanomaterial and has been extensively applied to wide ranging fields. A variety of
synthesis procedures have been realized for the synthesis of zinc oxide nanomaterials and
in general the selected route is application specific. One of the most significant
challenges for wet chemical procedures that adopt ZnO nanoparticles is that generally
ZnO nanoparticles are insoluble in aqueous solutions and readily precipitate out of
solution. As a result, for biological applications of ZnO nanomaterials, synthetic
procedures that employ various capping ligands for resultant water stable ZnO
nanoparticles are generally selected [121]. Some of the capping ligands that are
employed are thiol containing compounds and fatty acids such as octanethiol and oleic
acid, respectively. A number of different synthesis techniques for ZnO nanoparticles
have been successful such as solid-vapor phase thermal sublimation, spray pyrolysis, RF
plasma synthesis, sonochemical or microwave-assisted synthesis, and hydrothermal
processing [122]. However, synthesis through nucleation using wet chemical techniques
is one of the most straightforward and economical routes [123]. The implementation of
ZnO nanomaterials for biological applications can also be simplified when wet chemical
techniques and capping ligands are employed.

The unique properties of ZnO nanoparticles such as high specific surface area,
nontoxicity, chemical stability, electrochemical activity, and fluorescence properties lead
to a wide variety of potential biological applications [124]. Following one of the earliest

reports for the synthesis of ZnO colloids using LiOH and zinc acetate refluxed in an
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alcohol solution, it was discovered that complex formation of ZnO and bovine serum
albumin results in quenching of the plasma protein’s fluorescence [125,126]. Continuing
in this research direction, a one-pot synthesis method for generating hydrophilic ZnO
nanoparticles was developed using zinc stearate dissolved in triethylene glycol [121].
Adopting this procedure water stable ZnO nanoparticles ranging in size from ~2- 10 nm
in diameter were found to be capable of cell labeling for differential interference contrast
imaging, and cell survival (fibroblast) was discovered to be ~90% after incubation for 24
hours. ZnO nanoparticles with tunable fluorescence emission that could be controlled by
adjusting the pH during synthesis were prepared and modified using tetraethoxysilane
and 3-[2-(aminoethyl)aminopropyl]trimethoxysilane [127].  After transferring the
unmodified ZnO nanoparticles from ethanol to water, the fluorescence properties were
quickly lost, but after silanization of the surface, stable hydrophilic ZnO nanoparticles
with a high quantum yield were maintained in aqueous solutions. The water stable ZnO
nanoparticles were applied for cell labeling and demonstrated low cytotoxicity.

In the previous examples, the non-specific cellular uptake of ZnO nanoparticles
allows for bioimaging applications and cytotoxicity studies. However, in many instances
specific molecular recognition is necessary for biosensing procedures. Reports of
bioconjugation or functionalization of ZnO nanoparticles and biosensing applications are
less common in the literature. However, surface functionalized ZnO nanoparticles were
bioconjugated using a covalent coupling technique that linked an amine group on the
ZnO nanoparticle surface with Zymosan and employed the modified ZnO nanoparticles
for fluorescence-based bioimaging [128]. The principle advantage of this technique is

that a variety of biomolecules could potentially be attached to the surface of the ZnO
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nanoparticle for application specific imaging or sensing. Another approach for ZnO
nanoparticle functionalization relied on silanization using 3-
mercaptopropyl)trimethoxysilane followed by attachment of iodoacetyl-PEG2-biotin
[129]. The versatile chemistry of biotin and avidin would render this technique quite
useful for a number of sensing and imaging techniques. On the other hand, there are still
a few setbacks in the employment of ZnO nanoparticles. Synthesis procedures usually
are performed in volatile organic compounds or alcohol-based solutions at high
temperatures which results in obvious laboratory safety hazards. Moreover, complex
surface modifications are absolutely essential to transfer the ZnO nanoparticles to
aqueous solutions, and oftentimes these procedures are involved and time consuming. As
a result, the reports of bioconjugated ZnO nanoparticles and their applications are limited.

Zinc sulfide (ZnS) nanoparticles are also widely studied semi conductor
nanomaterials that have recently been investigated for potential biological applications.
As is common with other zinc-based nanomaterials, ZnS nanoparticles can be synthesized
with a variety of different techniques [130]. Like other zinc-based semi conductor
nanoparticles, the quantum confinement effect results in ZnS nanoparticles having
luminescence properties with emissions generally reported to occur in the blue range or
~450 nm [131]. The optical and electronic properties of ZnS nanoparticles arise from the
quantum confinement effect and are therefore, very size dependent; as a result, the size
and morphology of ZnS nanoparticles must be precisely controlled during synthesis
[132]. A number of different synthesis methods for ZnS nanoparticles exist such as

solvothermal methods, laser ablation, electrochemical fabrication, and hydrothermal
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techniques [133]. Some recent reports have also described ZnS nanoparticle synthesis
procedures that use relatively mild temperatures in an aqueous environment [134,135].

There are several advantages to utilizing low temperature, aqueous synthesis methods
to generate biocompatible, environmentally benign nanoparticles for biological
applications. Some of these advantages would include ease of disposal and use, the
circumventing of stringent capping procedures, and the avoidance of cytotoxicity issues.
A number of recent reports have investigated the impact of a variety of capping ligands
or surfactants on the aqueous synthesis of ZnS nanoparticles [136,137]. A specific
technique that adopts thiol or sulfur-based compounds for capping ZnS nanoparticles has
been particularly successful. Following this research direction, 3-mercaptopropionic acid
was used as a capping agent for ZnS nanoparticles during a water-based synthesis at pH
12; the water stable ZnS nanoparticles that were generated exhibited blue luminescence
properties with a quantum yield estimated to be ~31% [138]. An investigation on the
fluorescence properties of ZnS nanoparticles that used (3-mercaptopropyl)
trimethoxysilane in an aqueous synthesis procedure discovered that the quantum yield of
these nanoparticles ranged from 25- 42% with good photostability [139]. The
progression of ZnS nanoparticle synthesis procedures in the past few years has resulted in
their further application, specifically for bioimaging and biosensing.

Although ZnS nanoparticles have only recently received significant attention for
biological applications, a few reports have described their successful employment. One
of the first reports adopted cysteine-capped ZnS nanoparticles as fluorescence probes for
the detection of nucleic acids [140]. In this work, the thiol containing amino acid was

absorbed onto the surface of the ZnS nanoparticles during synthesis and their application
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for the detection of DNA was straightforward with fluorescence found to be proportional
to the concentration of DNA. Similarly, a quenching method was used for the detection
of uracil and thymine [141]. In the previously introduced work, ZnS nanoparticles were
synthesized using an aqueous approach and capped with mercaptoacetic acid, in the
presence of the nucleobases the fluorescence quenching was found to be proportional to
the concentration. Along with optical detection methods, ZnS nanoparticles were
conjugated with Pp-microglobulin antibodies and used for electrochemical detection
[142]. In this work, stripping voltammetric measurement of the dissolved nanocrystals
was performed for sensitive quantification of the antigen. Using this strategy alleviated
the need for specific optical properties for the synthesized nanoparticles, but also adopted
toxic mercury electrodes for electrochemical measurements. The versatility of detection
methods for ZnS nanoparticles has led to increasing popularity in their biological
application.

The heightened interest in zinc-based nanoparticles for clinical diagnostics and
environmental monitoring is based on their unique optical and electronic properties
coupled with the discovery of relatively simple synthesis procedures. The synthesis of
these zinc-based nanomaterials has been readily studied and the realization of
straightforward aqueous approaches is valuable for biological applications. This has led
to more recent investigation of biological imaging and sensing employing optical and
electronic methods. Another class of zinc-based nanomaterials that has seen increasing
research interest are complex structures and core-shell structures [143- 145]. However,
discussing these nanomaterials in detail is beyond the scope of this work because at the

current state of research, the physical chemical reaction mechanisms are not completely
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understood and biological applications of these nanomaterials is uncommon.
Nevertheless, it is very likely that these structures could experience wider biological
applications after more time is spent understanding synthetic procedures and the resulting
nanomaterial’s unique properties. The low toxicity, economical reagents, aqueous
synthesis procedures, biocompatibility, and novel optical and electronic properties have
resulted in zinc-based nanomaterials consideration as a superior material for biological

applications.

1.6 Overview of the Developed Methods

This work focuses on the application of nanoparticles as the signal transducers for
biological assays or biosensing. The principle research motivation is to develop signal
amplification strategies for sandwich immunoassays that can be widely applied to the
detection of diverse analytes that are critical to public health. Secondary research foci
are the utilization of low cost, biocompatible, and environmentally friendly nanomaterials
which can directly be applied to biosensing. The work that follows describes the
implementation of zinc nanomaterials as immunoassay signal transducers or amplifiers.

The following research objectives were generated to successfully employ zinc
nanoparticles for immunoassay signal transduction. The first research objectives were to
synthesize ZnS nanomaterials using aqueous procedures, characterize the synthesized
structures and functionalize them with a biological molecule, integrate the nanoparticle
labels with a sandwich immunoassay, and finally to develop a sensitive strategy for signal
transduction. The second research objective was to explore the possibility of using the

synthesized ZnS nanoparticles and the developed signal transduction approach as a signal
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amplification technique for real sample analysis. The third research objective was to
develop methods that could reduce the detection limit of bioassays that adopted ZnS
nanoparticles through the investigation and implementation of a dual signal amplification
approach, which adopted ion release and activation of a metallozyme with those ions.
Finally, the fourth research objective was to generate a novel zinc-based nanomaterial
using an aqueous synthesis procedure, characterize the new material, and employ these
original nanomaterials as signal amplifiers for immunoassays. The following chapters
offer detailed information on the materials and methods employed, the results and their
discussion, as well as the conclusions and future work. The new technologies that are
developed in these reports harness the potential to enhance clinical and environmental

diagnostics.
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CHAPTER 2:

DEVELOPMENT OF SINGLE STAGE SIGNAL AMPLIFICATION FOR
IMMUNOASSAY USING ION RELEASE AND ZINC SULFIDE
NANOPARTICLES
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2.1 Introduction

Disease biomarkers and pathogenic biological agents are often present at ultra-low
levels in samples and require highly sensitive detection methods. Immunoassays are a
representative tool for this purpose [1]. During an immunoassay, antibodies are
immobilized on solid supporting materials (microplate wells or beads); after a sandwich
or competitive immunoreaction, labels are attached to captured analytes or transducer
surfaces; quantification of analytes is generally achieved by measuring the specific
activity of labels, such as their redox activity or enzyme catalytic kinetics. To further
improve immunoassay sensitivity or lower the detection limit, many nanomaterials have
been recently employed to enhance the signal transduction of antibody-antigen
interactions [2-3]. Typical nanomaterials for the assay signal enhancement are gold
nanoparticles [4-6], carbon nanotubes [7-9], silica nanoparticles [10-11], liposome
nanoparticles [12-15], and semiconductor nanoparticles [2,3,16-23]. Among these
nanomaterials, semiconductor nanoparticles are paid particular attention due to their
versatile optical and electrochemical properties. Some semiconductor nanoparticles are
fluorescent and much brighter than conventional organic fluorophores [22-23]. Therefore,
they have been used as novel fluorophore labels for signal enhancement in immunoassay
[16,17, 19-21]. On the other hand, semiconductor nanoparticles are chemically composed
of heavy metal ions such as Cd*, and they can be dissolved using acid to release
thousands or even millions of heavy metal ions for electrochemical detection using
mercury thin film electrodes [24]. Therefore, these semiconductor nanoparticles
conjugated with antibodies are used for signal amplification in electrochemical

immunoassays [2,18]. In these electrochemical immunoassays, semiconductor
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nanoparticles are not necessarily fluorescent, and their preparation is simplified because
controlling nanoparticle surface defects is not essential.

Recently, several reports have shown that the heavy metal ions displaced from
semiconductor nanoparticles using a cation exchange reaction can bind with a
fluorescence indicator to generate fluorescence for signal transduction [25-26]. This
approach is significant because it takes advantage of heavy metal ion release for signal
amplification, adopts sensitive fluorescence measurements, avoids highly toxic mercury
thin film electrodes in sensing, and eases nanoparticle synthesis conditions. However,
alternative less toxic semiconductor nanoparticles, fluorescence indicators with high
specificity to the released heavy metal ions, and simple cation release approaches should
be investigated further. In this chapter, zinc ion release from ZnS nanoparticles through
acidic dissolution and zinc-ion sensitive fluorescence indicator Fluozin-3 are reported for
the signal transduction of antibody-antigen interactions. ZnS nanoparticles are much less
toxic compared to some other semiconductor nanoparticles such as CdSe or CdS [27-28].
As shown in this work, Fluozin-3 is less sensitive to calcium ions or other common ions,
and makes the assay reagents easy to prepare without tedious purification. The molecular
structure of Fluozin-3 is depicted in Figure 2.1(a). Moreover, instead of a cation-
exchange reaction, acidic dissolution is used for cation release and avoids the
involvement of extra heavy metal ions in assays (acidic dissolution is followed by pH
adjustment before the addition of Fluozin-3). Figure 2.1(b) schematically shows the
principle of the proposed signal transduction approach and its coupling with
immunoassay. ZnS nanoparticle labels are dissolved with acid to release zinc ions during

an immunoassay. After adjusting the pH of the dissolving solution using a slightly
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proposed signal transduction mechanism for immunoassay

42



43

alkaline solution, zinc-ion sensitive fluorescence indicator Fluozin-3 is added to bind
with the released zinc ions for sensitive fluorescence measurement. Adopting mouse IgG
as a model analyte, the assay steps prior to signal transduction are straightforward — goat
anti mouse IgG immobilized magnetic beads are sequentially incubated with mouse IgG,
biotinylated goat anti mouse 1gG, and streptavidin-conjugated ZnS nanoparticles (washes
are performed before each incubation step).

In this research, the appropriate reaction conditions for zinc detection using Fluozin-3
were investigated, the simple synthesis and bioconjugation of ZnS nanoparticles were
realized, the assay parameters were optimized, and the assay detection limit and detection
range were characterized. The detailed experimental methods, results and their
explanation, research conclusions, and future work are presented in the following

sections of this chapter.

2.2  Experimental
Chemicals and Apparatus

Zn(NQO3),, ZnCls,, thioglycolic acid (TGA), thioacetamide, trace metal grade 12 M
HCI, trace metal grade NaOH, and Tris (hydroxymethyl) aminomethane were from
Sigma Aldrich (St. Louis, MO). CaCl,, KCI, KNO3, PbCl,, NaH,PO,4, Na;,HPO,, NaCl,
NaOH, NaNs, MgCl*6H,0, Nay$,03:5H,0, Tween 20, HEPES (N-(2-
Hydroxyethyl)piperazine-N'-2-ethanesulfonic Acid), Glacial acetic acid,
Ethylenediaminetetraacetic acid (EDTA), Dimethyl sulfoxide (DMSQ) and Fluorescein-
di-B-D-galactopyranoside (FDG) were from Fisher Scientific (Pittsburgh, PA). 1-ethyl-3-

(3-dimethylamino-propyl) carbodiimide (EDC), N-hydroxysuccinimide ester (NHS),
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Neutravidin, Magnabind goat anti-mouse IgG, biotinylated goat anti-mouse IgG F(ab’) 2,
whole molecule mouse 1gG, and 20 x borate buffer were from Pierce (Rockford, IL). IgG
and protease free bovine serum albumin (BSA) was from Jackson ImmunoResearch
(West Grove, PA). Fluozin-3 and streptavidin beta-galactosidase conjugate were from
Invitrogen (Carlsbad, CA).

HEPES buffer consisted of 0.020 M HEPES and 0.135 M NaCl with a natural pH at
5.5 (in experiments, when necessary, the pH of HEPES buffer was adjusted using HCI or
Tris base). PBS-R buffer consisted of 0.044 M NaH,PO,4, 0.056 M Na,HPQO,, 0.1 M
NaCl, 1% BSA, 0.5% Tween 20 and 0.003 M NaNj3; in DI water with pH 7.4 (PBS-R
buffer has 1% BSA unless otherwise specified). PBS-D buffer was made of 0.044 M
NaH,POy4, 0.056 M Na,HPO,4, 0.1 M NaCl, 0.005 M MgCl,*6H,0 and 0.003 M NaNj3 in
DI water with pH 7.4. 50 x TAE buffer was prepared by dissolving 24.2 g Tris base,
7.32 g EDTA, and 5.7 mL Glacial acetic acid into 100 mL of DI water. 0.002 M FDG
solution was prepared before use by diluting 394 uL of 1 mg/mL FDG (dissolved in a
mixture of ethanol and DMSO in 50%:50% volume ratio) into 2.606 mL of PBS-D
buffer.

96-well microplates from Fisher Scientific and a Perkin Elmer (Waltham, MA)
Victor 3 microplate reader with a light source (340 nm to 1000 nm) were used for
fluorescence measurement. A bandpass excitation filter centered at 485 nm (bandwidth =
14 nm) and a bandpass emission filter at 520 nm (bandwidth = 25nm) were used for
fluorescence measurement. An UV-Vis spectrophotometer UV-2450 with a light source

(190 nm to 900 nm) from Shimadzu (Kyoto, Japan) was used for absorbance
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measurement. Zinc sulfide nanoparticles were imaged using a Hitachi (Tokyo, Japan) S-
4700 field-emission scanning electron microscope (SEM).
Zinc lon Detection Using Fluozin-3

To investigate the effects of buffer pH on the detection limit of the zinc ion assay
using Fluozin-3, the following experimental steps were performed. First, HEPES buffer
was prepared and the pH was adjusted to 2 using HCI. 0.1 g/mL Tris in DI water was
then added into the pH 2 HEPES to generate solutions with distinct pH values (3.5, 4.0,
45,5.0,5.5, 6.0, 6.5, 7.0). Second, the wells of a microplate were washed using 1 x TAE
buffer to remove divalent ion contaminants in the wells. After the TAE wash, the wells
were washed out using HEPES pH 7.0 to remove residual TAE. Third, for each pH
condition of HEPES solutions, 50 uL of 0 nM, 100 nM, and 500 nM ZnCl, were prepared
and added to the wells. After ZnCl, addition, 50 pL of 2.5 uM Fluozin-3 prepared in
solutions of the same pH were added to the wells. Fourth, the microplate was vortexed
for several minutes and placed in the plate reader for fluorescence measurement. During
data processing, the measured fluorescence signals were plotted versus pH. Note that the
signal for 0 nM ZnCl; is the background signal for that pH condition. On the basis of the
plot, the pH condition achieving the maximum signal/background ratio was further used
as an optimized condition in all later experiments using the zinc and Fluozin-3 reaction.

To investigate the detection limit and range of the zinc ion assay, serial dilutions (0 ~
5 uM) of ZnCl; were prepared in HEPES solutions using the optimized pH condition. 50
uL of each concentration of ZnCl, were added to the wells of a microplate. 50 pL of 2.5
uM Fluozin-3 prepared in the same HEPES solution was added to each well and reacted

with ZnCl,. After vortexing for several minutes, the microplate was put into the
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microplate reader for fluorescence measurement. These experiments were performed in
triplicate.
Zinc Sulfide Nanoparticle Synthesis and Bioconjugation

Zinc sulfide nanoparticles were synthesized with a simple approach that followed a
modified version of reported procedures [29-30]. Prior to the addition of any reagents, a
3-neck flask was thoroughly washed with 1 x TAE and further rinsed with DI water.
After the flask was washed, 0.075 g of Zn(NOs), were added to 50 mL of DI water in the
flask under constant stirring, and then 114 uL of TGA was added into the stirred solution.
2 M NaOH prepared in DI water was added dropwise to the solution until a pH
measurement of 11.5 was attained. After the pH was adjusted, the solution was
deoxygenated using a slow nitrogen drip. After 15 minutes of nitrogen bubbling, 0.012 g
of thioacetamide dissolved in 20 mL of DI water were added to the flask. Thereafter, the
flask was sealed with stoppers and the solution was continuously stirred and maintained
at 80°C overnight. After overnight growth, ZnS nanoparticles were concentrated 10 times
using centrifuge at 10,000 x g, and washed with 1 x borate buffer. The steps that were
used to estimate the concentration of ZnS nanoparticles is described in section | of the
appendix.

To bioconjugate the ZnS nanoparticles with Neutravidin, the following steps were
performed. First, 500 puL of the concentrated ZnS nanoparticles (in 1 x borate buffer)
were mixed with 100 uL of 20 mM EDC and 20 uL of 200 mM NHS at room
temperature for 15 minutes. Second, after mixing, the nanoparticles were washed 5 times
with 1 x borate buffer using centrifuge to remove excess EDC and NHS. Third, the

surface activated nanoparticles were incubated with 0.5 mL of 0.25 uM Neutravidin at
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room temperature for 2 hours. During the 2-hour incubation, stable amide bonds were
formed between Neutravidin and the ZnS nanoparticles. Fourth, the conjugated
nanoparticles were washed and resuspended in 500 uL of 1 X borate buffer. The
conjugated nanoparticles were stored as stock at 4°C and used within 2 weeks.

To further confirm that Neutravidin was conjugated to the nanoparticles, a
comparison study was performed. 50 uL of serially diluted, conjugated and non-
conjugated ZnS nanoparticles in borate buffer were incubated with biotinylated magnetic
beads (4.0 um diameter, 10 pL of ~1.7x10° beads/mL) in a 96-well microplate. After
incubation, the magnetic beads (or bead-nanoparticle complexes) were washed using
TAE buffer to remove possible zinc ion contamination and afterwards HEPES buffer (pH
7.4) to wash TAE out. The beads in each well were then mixed with 50 uL of HEPES
(pH 2) to dissolve ZnS nanoparticle labels. After dissolving, 150 uL of HEPES (pH 7.4)
were added into each well to bring the solution pH from 2 back to around 6. Finally, 20
uL of 10 uM Fluozin-3 were added into each well. After mixing, the microplate was
inserted into a microplate reader (Perkin Elmer Victor 3) for fluorescence measurement.
The experiments were conducted in triplicate.

Mouse 1gG Immunoassay Using ZnS Nanoparticles as Signal Transducers

The experiment was performed as follows. First, the wells of a microplate were
blocked overnight at 4°C using PBS-R buffer with 5% BSA. After blocking, 5 uL of
Magnabind beads coated with goat anti-mouse IgG were added to the wells and washed
with 50 pL of PBS-R buffer. Second, 50 uL. of mouse IgG in the concentration range

from 0 to 1 nM were prepared in PBS-R buffer, added to the wells, and vortexed for 30
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minutes. After mouse IgG capture, the beads were pulled down using magnets and
washed 3 times using PBS-R buffer. Third, 50 uL of 30 nM biotinylated anti-mouse 1gG
was prepared in PBS-R buffer, added to each well, and incubated for 30 minutes. The
formed immunocomplexes were washed 3 times using PBS-R buffer. Fourth, the
immunocomplexes were blocked using PBS-R buffer with 5% BSA for 30 minutes. After
blocking, 50 uL of Neutravidin conjugated ZnS nanoparticles (1000 x diluted from the
stock solution using HEPES pH 7 with 0.05% Tween 20) were added to each well and
incubated with the beads for 5 minutes. After incubation, the beads were washed 5 times
using HEPES pH 7 with 0.05% Tween 20. Fifth, further washing of the beads with 1 x
TAE containing 0.05% Tween 20 was performed to remove any possible free divalent ion
contaminants from the beads or the microplate wells. After the TAE wash, the beads were
further washed using HEPES pH 7 to remove residual TAE. Sixth, after the supernatant
was removed from each well, 50 uL. of HEPES pH 2 were added to dissolve nanoparticle
labels. After dissolution of nanoparticle labels, the pH of the dissolving HEPES solution
in the wells was adjusted to ~5.5 using the appropriate volume of HEPES pH 7 (150 pL).
Finally, 20 puL of 10 uM Fluozin-3 in HEPES pH 5.5 were added to each well. After
vortexing the microplate for several minutes, the beads were pulled down using magnets
and the supernatant was collected for fluorescence measurement. The above experiment

was performed in triplicate.

2.3 Results and Discussion

Zinc lon Detection Using Fluozin-3
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Fluozin-3 is a fluorescence indicator of zinc ions. Fluozin-3 itself has a minimal
fluorescence background, but generates strong green fluorescence (emission peak at ~520
nm) when bound with free zinc ions [31-32]. Optimization of the buffer pH for the zinc
ion assay using Fluozin-3 is necessary to achieve a maximum signal/background ratio,
which ensures a low detection limit for zinc ions. In the experiment, 0, 100, and 500 nM
ZnCl;, solutions were prepared in HEPES solutions with pH values ranging from 3.5 to
7.0. These ZnCl; solutions were mixed with Fluozin-3 prepared in HEPES solutions of
the same pH, and then the fluorescence signals from the mixtures were measured. Figure
2.2 demonstrates the measured fluorescence signal versus the pH value of the reaction
buffer. For each ZnCl, concentration, the fluorescence signal escalates as the pH value
increases from 3.5 to 5.5, but becomes saturated at pH 5.5 or above. Under strongly
acidic conditions, excessive protonation could prevent binding between zinc ions and
Fluozin-3 or acidic conditions could destroy the molecular structure of Fluozin-3. Under
each pH condition, taking the fluorescence signal of 0 nM ZnCl, as the background
signal, the signal/background ratios for 100 and 500 nM ZnCl, were calculated. It was
found that the ratios show the same trend as their fluorescence signals versus the pH
value. Therefore, pH values ranging from 5.5 ~ 7.0 can be selected as the optimized
condition in successive experiments.

To investigate the detection limit and the detection range of the zinc ion assay, serial
dilutions of ZnCl; in the concentration range of 0 - 5000 nM were prepared and reacted
with Fluozin-3 in HEPES pH 5.5. Figure 2.3 shows the calibration curve of the zinc ion
assay. On the basis of three times the deviation of the blank, the detection limit of zinc

ions is estimated to be less than 1 nM. Considering that each ZnS nanoparticle can release
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a high number of zinc ions, the immunoassay using ZnS nanoparticles as signal
transducers may achieve a lower detection limit on analytes. Furthermore, Figure 2.3
demonstrates a wide zinc ion detection range from 1 - 5000 nM.

To verify the specificity of Fluozin-3 to zinc ions, ZnCl, and other metal ions or
chemicals (NaH,POy, PbCl,, CaCl,, MgCl,, KNO3, KCI, and EDTA) were prepared and
mixed with Fluozin-3 in HEPES pH 5.5. In the experiment, the concentration of the other
metal ions or chemicals is ten times higher than that of ZnCl,. The specificity data is
given in Figure 2.4. As shown in Figure 2.4, the signals caused by CaCl,, MgCl,, EDTA,
and NaH,PO, are comparable to the blank background. There was an unexpected
response from the reaction of Fluozin-3 with potassium and lead ions - the fluorescence
signals caused by potassium ions and lead ions are about two and six times the
background, respectively. As a result, further experiments avoided chemicals containing
potassium and lead ions.

ZnS Nanoparticle Synthesis and Bioconjugation

ZnS nanoparticles were synthesized with thioacetamide as the sulfide source and zinc
nitrate as the zinc source. TGA was used in the synthesis as the matrix for a resultant
carboxylated coating on the nanoparticle surface through the binding between the thiol
group of TGA and zinc atoms on the nanoparticle surface. Carboxylation of nanoparticles
makes their surface hydrophilic in agueous solutions and therefore enhances the colloidal
stability of nanoparticles [33-34]. In addition, the carboxyl groups on the nanoparticle
surface allow conjugation with Neutravidin (or other proteins) through the cross linking

reaction with EDC and NHS [34]. Figure 2.5 shows an SEM image of ZnS nanoparticles
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that have an average diameter of 50 nm prior to bioconjugation. These nanoparticles
demonstrate good uniformity and are spherically shaped. To estimate the concentration of
the stock ZnS nanoparticles (after washing with HEPES pH 7) they were dissolved and
serially diluted in HEPES pH 2. After adjusting the pH (from pH 2 to ~ pH 5.5) of the
dissolving HEPES solution, Fluozin-3 was added to all zinc solutions to generate
fluorescence. The resultant fluorescence responses were interpolated into a calibration
curve established using ZnCl, and Fluozin-3. The detailed experimental steps are
contained in the appendix section I. Through the interpolation, the concentration of zinc
ions released from the stock nanoparticles was approximated. Considering possibly
around two million zinc ions are contained in each ZnS nanoparticle, the concentration of
the stock ZnS nanoparticles was estimated to be in the range of 0.5 ~2.5 nM.

The chemical reaction used for the cross-linking bioconjugation procedure is
schematically demonstrated in Figure 2.6(a). Both conjugated and non-conjugated ZnS
nanoparticles were monitored for colloidal stability using absorbance measurements.
Non-conjugated ZnS nanoparticles stored in 1 x borate buffer were found to be stable for
more than two months after synthesis when stored at 4°C. However, the stability of bio-
conjugated ZnS nanoparticles stored in 1 x borate buffer was only attained for around
two weeks. Therefore, the bio-conjugated ZnS nanoparticles were used within two weeks
after bioconjugation.

To verify that Neutravidin was bound to the ZnS nanoparticle surface successfully
during the crosslinking procedure, UV-vis absorbance measurements were made for both
conjugated and non-conjugated ZnS nanoparticles. After the bioconjugation procedure

and several washes to remove all unbound Neutravidin, non-conjugated and Neutravidin
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conjugated ZnS nanoparticles were diluted 10 times in borate buffer and scanned in the
UV-vis spectrophotometer. Figure 2.6 (b) shows the absorbance measurements for both
non-conjugated and conjugated ZnS nanoparticles. For the non-conjugated nanoparticles,
the increase in absorbance at shorter wavelengths is probably due to the strong UV
absorption of nanoparticles themselves or the functional groups on the nanoparticle
surface. The absorbance of the conjugated nanoparticles shows a similar trend over the
scanning wavelength range, but with a higher intensity when compared to that of the non-
conjugated nanoparticles. It is believed that the higher absorbance is caused by
Neutravidin molecules immobilized on the nanoparticle surfaces, which introduce more
scattering or absorption centers.

To further verify that Neutravidin was conjugated on the nanoparticle surface,
biotinylated magnetic beads were incubated with serial dilutions of Neutravidin
conjugated ZnS nanoparticles from the stock suspension. If Neutravidin was successfully
cross-linked on the nanoparticle surfaces, the binding between biotin and Neutravidin
should immobilize ZnS nanoparticles on the biotinylated magnetic beads. Moreover, for
different dilutions, different numbers of nanoparticles should be captured by the magnetic
beads. After releasing zinc ions using pH 2 HEPES and further pH adjustment of the
dissolving solution, it was anticipated that the binding of zinc ions and Fluozin-3 would
generate different fluorescence responses for distinct dilutions. Figure 2.7 shows the
fluorescence response versus the dilution factor (in the range of 10-10° for the
conjugated nanoparticles. The fluorescence response escalates as the dilution factor
decreases (or the bioconjugated nanoparticle concentration increases), but approaches

saturation at 100x and 10x dilution conditions. To verify that the increased fluorescence
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response was not due to nonspecific binding between non-conjugated nanoparticles on
the surface of the magnetic beads, the fluorescence response of non-conjugated
nanoparticles under the same dilution conditions were measured as a control and are also
shown in Fig. 2.7. The fluorescence responses of non-conjugated nanoparticles under
different dilutions were minimal and occurred at similar intensities. Thus, it can be said
that the increase in the fluorescence response is due to the specific binding between
nanoparticles and magnetic beads through biotin—Neutravidin chemistry. Saturation of
the response curve for conjugated nanoparticles is likely due to the conjugated
nanoparticles binding all of the magnetic bead surfaces, or the concentration of Fluozin-3
limits the fluorescence intensity. Furthermore, this experiment also validates the principle
illustrated in Fig. 2.1.

Acidic Dissolution of ZnS Nanoparticles for Signal Transduction

In this work, acidic HEPES solutions are used to release zinc ions from ZnS
nanoparticles for further signal transduction. However, it is possible that zinc atoms on
the surface of ZnS nanoparticle labels could directly bind with Fluozin-3 to generate
sufficient fluorescence for the assay. As a result, cation release by acidic dissolution may
not be necessary for signal transduction of the proposed assay.

To investigate the signal transduction of ZnS nanoparticles with/without acidic
dissolution, a comparison experiment was performed on two magnetic microbead sets.
For each bead set, biotinylated magnetic microbeads were incubated with Neutravidin-
conjugated ZnS nanoparticles at three different concentrations (0, [ZnS]stock/10000,

[ZnS]stock/100) and washed. Afterwards, one bead set was directly incubated with
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Fluozin-3 in a neutral pH condition for fluorescence measurement (ZnS nanoparticle
labels did not undergo acidic dissolution); the other set underwent acidic dissolution of
ZnS nanoparticles, pH adjustment of the dissolving solution, and the addition of Fluozin-
3 for fluorescence measurement. Figure 2.8 shows the fluorescence responses of two
bead sets (the relative standard deviation of each data point is less than 3%). The
background (corresponding to zero ZnS nanoparticles) of the two bead sets are similar.
Such a result is reasonable because no zinc ions or ZnS nanoparticles are involved in the
reaction with Fluozin-3. When the concentration of ZnS nanoparticles is [ZnS]stock/100,
there is a fluorescence response in the neutral pH condition. A possible reason is that zinc
atoms on the nanoparticle surfaces are available for Fluozin-3 binding which generates
fluorescence. However, the fluorescence responses under the acidic dissolution condition
are much higher than those in the neutral pH condition. Clearly, acidic dissolution can
significantly contribute to the signal enhancement.

According to a report in the literature, the following chemical reaction should
describe the liberation of zinc ions from zinc sulfide using acid: ZnS gy + 2H" > Zn* +
H,S [35]. It also should be noted that another work reported that acidic etching of ZnS is
associated with ZnS crystal orientation [36]. This implies that ZnS with certain crystal
orientations may be difficult to etch due to slow etching rates on particular orientations.
Such an implication does not apply to the synthesized ZnS nanoparticles. As shown in
Figure 2.5, the overall shape of ZnS nanoparticles are near that of spheres, but a close
view of the nanoparticle surfaces reveals that these nanoparticles have rough surfaces.
The imperfection of the nanoparticle surface implies that ZnS nanoparticles could have

multiple crystal orientations that are exposed to the reaction with the acidic etchant. The
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rough surfaces also increase the contact areas of nanoparticles with the acidic etchants.
Such multiple orientations probably avoid the low etching rates associated with specific
orientations, and can facilitate the quick dissolution of nanoparticles under acidic
conditions. Moreover, in Figure 2.9, a curve for the fluorescence response of Fluozin-3
with serial dilutions of ZnS nanoparticles prepared in HEPES pH 2 is shown. It is clear
that under certain dilutions, the fluorescence response is dependent on the number or
concentration of ZnS nanoparticles. At the high concentration end of this curve, the
fluorescence saturation is believed to be limited by the Fluozin-3 concentration. Note,
that if ZnS nanoparticles were not dissolved by HEPES pH 2, the response curve would
be flat.
Optimization of Immunoassay Conditions

Using an excessive amount of biotinylated detection antibodies during an
immunoassay could increase the assay cost and also deteriorate the detection resolution
by causing high nonspecific binding background signals. It is therefore necessary to
optimize the concentration of detection antibodies for a highly sensitive immunoassay.
Instead of using ZnS nanoparticles as labels, streptavidin conjugated beta-galactosidase
was used as the label for the immunoassay to investigate the maximum loading
concentration of the detection antibodies. The enzyme-based experiments are described
in the appendix of this work. The maximum loading of antigen and enzyme for 10 pL
Magnabind IgG beads as solid supports was also investigated. Section Il and 11l of the
Appendix describe the detailed experimental steps for these investigations. Figure A3 in

the appendix demonstrates that the maximum loading of the antigen is around 5 nM;
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this concentration can be considered the limit of detection for the enzyme assay on mouse
lgG.

Similar to the detection antibodies, excessive Neutravidin conjugated ZnS
nanoparticles could cause high nonspecific binding and therefore the concentration
needed to be optimized. To investigate the appropriate ZnS nanoparticle concentration or
dilution, Magnabind beads (5 or 10 uL) were incubated with 50 puL of 100 pM mouse
IgG, 50 pL of 30 nM detection antibody, and 50 pL of ZnS nanoparticles diluted from
stock to form nanoparticle labeled immunocomplexes (bead washing was performed
before each incubation step). The immunocomplexes were further mixed with 50 pL of
HEPES pH 2 to dissolve ZnS nanoparticle labels. After dissolution, the pH of the
dissolving solution was adjusted to 5.5 using the addition of HEPES pH 7, and afterwards
20 pL of 10 uM Fluozin-3 prepared in HEPES pH 5.5 was added to detect the released
zinc ions. The supernatant was collected for fluorescence measurement. The above
experimental steps were synchronously performed for 0 pM mouse 1gG without changing
any other experimental conditions. The fluorescence signal measured for 0 pM mouse
IgG was used to better understand the nonspecific binding effects or to quantify the
background signal. Figure 2.10 shows the fluorescence signal of 100 pM mouse IgG and
the background for different ZnS nanoparticle dilutions with 5 uLL and 10 puL of stock
Magnabind beads as solid supports, respectively. It is clear that the highest
signal/background ratio is achieved under the following conditions: (1) 1000 x diluted
ZnS nanoparticles from the stock solution; and (2) 5 puL of Magnabind beads as solid
supports. These conditions were adopted for the immunoassay using the proposed signal

transduction mechanism.
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Calibration Characteristics of Immunoassay Using ZnS Nanoparticles as Signal
Transducers

To investigate the effectiveness of the proposed signal transduction mechanism, the
immunoassay on mouse IgG was performed using the following optimized assay
conditions: (1) 5 pL of 1 x 10°® beads/mL (polyclonal goat anti mouse 1gG conjugated
Magnabind beads) as solid supports; (2) 30 nM biotinylated polyclonal anti mouse 1gG
employed as the detection antibody; (3) 1000 x diluted ZnS nanoparticles from stock as
signal transducers; (4) HEPES pH 5.5 as the reaction solution for zinc ions and Fluozin-
3. Figure 2.11 demonstrates the immunoassay calibration curve. On the basis of three
times the deviation of the background, the detection limit of this immunoassay for mouse
IgG was estimated to be around 1 pM (with experimental replicate n = 12). The
immunoassay presents a maximum detection level of mouse IgG at around 0.5 nM. The

detection range of this assay is of more than two orders of magnitude (1 pM to 0.5 nM).

2.4 Conclusions

In this chapter, the development of a fluorescence signal transduction mechanism for
sandwich immunoassays using cation release from ZnS nanoparticles was presented.
Employing mouse 1gG as a model analyte, the assay presents a detection limit around 1
pM and a detection range of concentrations over more than two orders of magnitude.
Compared with the more standard ELISA, the developed approach is found to be more
sensitive. The signal transduction mechanism has the following merits. First, it achieves

a high detection resolution. Second, it exhibits a high specificity to zinc ions and is not
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overly sensitive to calcium or other common ions, and therefore levitates the tedious
work associated with buffer or reagent purification. Third, compared to
electrochemistry-based signal transduction mechanisms that adopt semiconductor
nanoparticles (e.g. CdSe), it employs more environmentally friendly ZnS nanoparticles
and avoids toxic mercury electrodes for heavy metal ion detection. Fourth, compared to
liposome nanoparticles, ZnS nanoparticles in this mechanism are more robust and their
size can be easily tuned. In addition, the acidic dissolution approach is a generic method
for cation release compared to ion exchanging techniques.

Future research directions based on this work could focus on: (1) direct conjugation
of antibodies to ZnS nanoparticles thereby decreasing the assay response time; (2)
studying the effect of ZnS nanoparticle size on the detection resolution of assays that
adopt this transduction mechanism; (3) applying this signal transduction mechanism to

various bioassays for clinical diagnosis and environmental monitoring.
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CHAPTER 3:

APPLICATION OF SINGLE STAGE SIGNAL AMPLIFICATION
FOR SENSITIVE DETECTION OF PATHOGENIC BACTERIA AND
CARDIAC BIOMARKER
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3.1 Introduction

Chapter 2 introduced the development, characterization, and application of ZnS
nanoparticles for immunoassay signal transduction using ion release and incubation with
zinc responsive fluorescence indicator, Fluozin-3. This method was proven to be capable
of sensitive detection of mouse 1gG in a buffer-based system which can be referred to as
a model assay. Adopting mouse IgG, the immunoassay was found to work as a proof of
concept for this novel signal transduction mechanism. However, for an assay to be
relevant, it must be proven capable of detecting analytes that are significant to human or
environmental health in more complex sample matrices. Therefore, immunoassays for
the detection of a pathogenic bacterium and a cardiac biomarker were developed to
challenge the analytical capabilities of the previously introduced and described methods
for immunoassay signal amplification from Chapter 2. Figure 3.1 schematically depicts
the procedures for the immunoassays and the signal amplification strategy used to detect
both analytes. One potential application, focused on the detection of E. coli O157:H7 in
tap water samples; this could represent an environmental or drinking water monitoring
application. To investigate the utilization of the signal transduction mechanism for
clinical diagnostics, the detection of C-reactive protein in human serum samples was
performed. In the following sections of this chapter, the significance of the analytes
tested, the materials and methods adopted, the experimental results, and the associated

conclusions are presented.

3.2 ZnS Nanoparticles for the Detection of E. coli O157:H7

3.2.1 Background
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World-wide it is estimated that 25% of all hospital beds are occupied by people who
have complications resulting from diseases caused by waterborne pathogens [1,2]. A
number of different water sources have been implicated in harboring these disease
causing waterborne pathogens. Furthermore, it is recognized that the public water supply
is particularly vulnerable to attack through biological terrorism due to wide distribution
and accessibility [3]. In the United States alone it is estimated that 250 deaths and 73,000
annual illness occurrences can be attributed to a single pathogenic bacterium, E. coli
O157:H7 [4-6]. Furthermore, municipal water sources have been linked to outbreaks of
E. coli O157:H7 in the United States [7]. It is therefore imperative to public health that
source and finished water be monitored for low concentrations of bacterial contamination
[8]. Standard methods for the detection of E. coli O157:H7 generally involve membrane
filtration and selective growth on solid media [9]. Recently, it has been discovered that
when exposed to environmental or nutrient stresses which are not lethal, many bacteria
including E. coli O157:H7, enter a state in which they cannot be cultured, but maintain
viability and toxicity [10]. Some relatively recent studies have focused on the
development of novel methods for waterborne pathogenic bacteria detection due to
weaknesses associated with membrane filtration and culture methods.

In this section, an alternative approach using ZnS nanoparticles as fluorescence signal
transducers for the detection of E. coli O157:H7 is reported. As described in Chapter 2,
rather than directly measuring the fluorescence of ZnS nanoparticles, the fluorescence
signal is generated through the binding of zinc ions released from nanoparticle labels
with Fluozin-3 at near neutral pH [11]. To employ the recently developed signal

transduction approach for water monitoring, ZnS nanoparticles around 50 nm in diameter
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were applied as labels for the sandwich immunoassay of E. coli O157:H7 in tap water,
which potentially can cause outbreaks of diseases such as hemorrhagic colitis and
hemolytic uremic syndrome [12]. In the proposed assay, the fluorescence measurement of
the released zinc ions using Fluozin-3 was experimentally proven to be effective in

quantifying E. coli O157:H7.

3.2.2 Experimental

Materials and Instruments
Zn(NO3),, ZnCls,, thioglycolic acid (TGA), thioacetamide, trace metal grade 12 M
HCI, trace metal grade NaOH, and Tris (hydroxymethyl) aminomethane were from
Sigma Aldrich (St. Louis, MO). NaH,PO,4, Na,HPO,4, NaCl, NaN3, Tween 20, HEPES
(N-(2-Hydroxyethyl)piperazine-N'-2-ethanesulfonic Acid), Sodium thiosulfate, Glacial
acetic acid, Ethylenediaminetetraacetic acid (EDTA) were from Fisher Scientific
(Pittsburgh, PA). 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC), N-
hydroxysuccinimide ester (NHS), Neutravidin, borate buffer, Zeba™ Desalt Spin
Columns, and Sulfo- N-Hydroxysuccinimide (NHS)-LC-Biotinylation kit were from
Pierce (Rockford, IL). Polyclonal goat anti-E.coli O157:H7 antibody was from
Kirkegaard & Perry Laboratories (Gaithersburg, Maryland). Fluozin-3 and anti-E.coli
0157:H7 covalently conjugated 2.8 um magnetic beads (~5 x 10® beads/mL, Dynabeads)
were from Invitrogen (Carlsbad, California). Stock cultures of E. coli O157:H7 (ATCC
700728) were purchased from the American Type Culture Collection (Manassas,
Virginia). Nutrient broth (BD 234000) was from Becton Dickinson (Franklin Lakes,

New Jersey).
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HEPES buffer consisted of 20 mM HEPES and 135 mM NaCl (when necessary the
pH of HEPES solutions were adjusted using HCI or Tris base). PBS buffer consisted of
44 mM NaH,PO4, 56 mM Na;HPO,, 100 mM NaCl, 1% BSA, 0.5% Tween 20 and 3 mM
NaNj3 in DI water with the pH at 7.4. PBS-B buffer for antibody biotinlyation consisted
of 100 mM phosphate and 150 mM sodium chloride in DI water with pH 7.4. TAE buffer
was prepared by dissolving 0.484 g Tris base, 0.146 g EDTA, and 114 uL Glacial acetic
acid into 100 mL of DI water.

96-well microplates from Fisher Scientific and a Perkin Elmer (Waltham, MA)
Victor 3 microplate reader with a light source (340 nm to 1000 nm) were used for
fluorescence measurement. A bandpass excitation filter centered at 485 nm (bandwidth =
14 nm) and a bandpass emission filter at 520 nm (bandwidth = 25 nm) were used for
fluorescence measurements. An Eppendorf Centrifuge from Fisher Scientific was used
for purification or separation of proteins and cells. An UV-Vis spectrophotometer UV-
2450 with a light source (190 nm to 900 nm) from Shimadzu (Kyoto, Japan) was used for
absorbance measurements. Zinc sulfide nanoparticles were imaged using a Hitachi
(Tokyo, Japan) S-4700 field-emission scanning electron microscope (SEM).

E. coli O157:H7 Culture and Sample Preparation

E. coli O157:H7 were grown in 5 mL of nutrient broth at 37° C with 50 rpm agitation
for 15 hours. After growth, bacteria in each 5 mL aliquot of nutrient broth were washed
(pelleted by centrifugation and resuspended) in PBS-B buffer three times. The washed
bacteria were resuspended in a 5 mL mixture (50%:50% v/v) of PBS-B buffer and
glycerol. The concentration of the stock bacteria was enumerated using a Petroff-Hausser

counting chamber. Based on the enumeration, the stock concentration of E. coli
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0157:H7 was estimated to be around 3.3 x 10° cfu/mL (colony forming units/ mL).
Various concentrations of the bacteria were diluted in PBS buffer using the prepared
solution. Tap water was collected from South Reno and stored at 4 °C. During sample
preparation, sodium thiosulfate was added to neutralize chlorine that could be present in
the tap water (the final concentration of sodium thiosulfate in the tap water was 10 mg/L).
Then, 20x concentrated PBS was added to the neutralized tap water at a volume ratio of
1:19 (concentrated PBS vs. tap) to stabilize the tap water. The buffered tap water was
seeded with E. coli O157:H7.
Antibody Biotinylation

37 pL of 9 mM Sulfo-NHS-LC-Biotin solution were added into 1 mL of 1 mg/mL
polyclonal anti- E.coli O157:H7 solution (1 mg of anti- E. coli O157:H7 dissolved in 1
mL of PBS-B). The molar ratio between biotin and the polyclonal anti- E. coli O157:H7
was around 50:1. The mixture was incubated at room temperature on a vortex for 60
min. Meanwhile, a SmL Zeba™ Desalt Spin Column was equilibrated by adding 1 ml of
PBS-B into the column resin and centrifuging at 1,000 x g for 2 minutes. The column
equilibration step was repeated three times. After incubating the mixture and preparing
the column, the mixture (~1 mL of protein sample) was added into and absorbed by the
column resin. The column was then centrifuged at 1,000 x g for 2 minutes. The collected
flow-through solution (~1 mL) contained the purified protein sample and the residual
(unbound) biotin molecules remained in the column resin. The purified sample was then
mixed with an equal volume of glycerol to generate a final ~0.5 mg/mL solution that was

stored at -20 °C. The concentration of purified sample was verified using an UV-Vis
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spectrophotometer UV-2450 by applying the 280 nm concentration determination
method. The number of biotin molecules per antibody was determined to be around 2.6
using the HABA (4"-hydroxyazobenzene-2-carboxylic acid) assay.
Bioassay Using ZnS Nanoparticle Labels for E. coli O157:H7 in Tap Water

For the detection of E. coli O157:H7 in tap water, the following steps were
conducted. First, 2 uLL of Dynal magnetic microbeads coated with goat anti-E. coli
0157:H7 (2.8 pm in diameter, ~5x10° beads/mL) were added to the wells of a
microplate. The beads were washed several times using PBS buffer, and then incubated
with serial dilutions of E. coli 0157:H7 (0 to 10° colony forming units (cfu) per well) that
had been seeded in tap water. Second, 50 uL of 20 pug/mL biotinylated goat anti- E. coli
O157:H7 prepared in PBS buffer were incubated with the beads (and captured E. coli
O157:H7). The beads were washed three times using PBS buffer and then blocked with
5% BSA prepared in PBS buffer for 30 minutes. Third, 50 uL of the conjugated
nanoparticles (100 x diluted) were then added to the wells for 5 min to label the
secondary antibodies. Afterwards, the sandwich immunocomplexes (immobilized on
magnetic bead surfaces) were washed using TAE buffer (pH 8.0) and HEPES buffer (pH
7.4). Fourth, 50 uL of HEPES solution at pH 2 were added to the wells to dissolve ZnS
nanoparticle labels. The pH of the dissolving solution was adjusted back to ~6 using
HEPES buffer (pH 7.4). Lastly, 20 puL of 10 uM Fluozin-3 was reacted with the released
zinc ions. Fluorescent measurements were performed in the microplate reader and the

experiments were conducted in triplicate.

3.2.3 Results and Discussion
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Optimization of the Bioassay Signal/Background Ratio

During assay development, the signal/background ratio is an important parameter
reflecting the assay sensitivity — the higher the signal/background (S/B) ratio, the more
sensitive the assay [12,13]. Excess bioconjugated ZnS nanoparticle labels could
potentially cause a high nonspecific binding background and as a result, lower the S/B
ratio of the assay. Therefore, it was necessary to optimize the concentration of ZnS
nanoparticles employed for labeling to achieve the best possible S/B ratio. For this
purpose, the S/B ratio of the assay was experimentally investigated under several ZnS
nanoparticle dilution conditions. In the investigation, the bioassay procedures described
in the experimental section were performed. However, only 0 and 2 x 10* cfu E. coli
0157:H7 spiked into tap water samples were incubated with magnetic microbeads (with
conjugated goat anti-E. coli O157:H7 antibodies) and biotinylated goat anti- E. coli
0157:H7 to form sandwich immunocomplexes. ZnS nanoparticles diluted 100, 250, 500
and 1000 times from the prepared stock ZnS nanoparticle solutions were used to label the
immunocomplexes for further signal transduction. Figure 3.2 shows the fluorescence
signal for 0 and 2 x 10* cfu E. coli O157:H7 versus the dilution factor of the stock ZnS
nanoparticles. Although a lower background is achieved with 1000 times diluted ZnS
nanoparticle labels, it is found that 100 times dilution corresponds to the highest S/B
ratio. Therefore, 100 times dilution of the stock ZnS nanoparticle labels was chosen as
the optimized labeling condition for sensitive detection resolution.

Analytical Characteristics of the Bioassay Adopting ZnS Nanoparticles as Labels
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A calibration curve for E. coli O157:H7 detection in tap water using ZnS
nanoparticles and Fluozin-3 for fluorescence signal transduction applied to a sandwich
immunoassay was performed using the optimized labeling condition. Figure 3.3(a) shows
the calibration curve for E. coli O157:H7 detection when bacterial concentrations varied
from 0~10° cfu. The assay demonstrates a dynamic detection range over 2 orders of
magnitude. Moreover, on the basis of three times the deviation of the blank sample
(without E. coli O157:H7), the detection limit of the assay is around 1000 cfu E. coli
0157:H7 (or 2 x 10* cfu/mL considering 50 pL reaction volume in each microplate well).
This value is comparable to some other reported detection limits [14-16].

The proposed bioassay was also investigated for its selectivity to E. coli O157:H7. In
this study, magnetic microbeads were incubated with E. coli O157:H7, E. coli K12, or a
combination of both strains. In addition, the background signal was quantified when
neither strain of E. coli was present in the tap water. Figure 3.3(b) shows the results for
the selectivity testing of the developed assay. The observed signal for 2 x 10* cfu E. coli
K12 is at about the same level as the background. Similarly, the observed fluorescence
for 2 x 10* cfu E. coli O157:H7 is comparable to that for a mixture of 2 x 10* cfu E. coli
0157:H7 and 2 x 10* cfu E. coli K12. Therefore, it is proven that the assay is able to
selectively detect pathogenic E. coli O157:H7 (or the ZnS nanoparticle label and the

related signal transduction approach does not disturb the assay selectivity).

3.2.4 Summary
In this section, ZnS nanoparticles are employed as novel biolabels for the detection of

E. coli O157:H7 in tap water. Instead of measuring the fluorescence of ZnS
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Figure 3.3 (a) Calibration curve for the detection of E. coli O157:H7 using optimized
signal to background condition (b) Selectivity testing for the verification of a specific
response of the bioassay adopting ZnS nanoparticle labels to E. coli 0157:H7
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nanoparticles, the assay fluorescence signal is achieved through the binding of zinc ions
released from nanoparticle labels with zinc-ion sensitive fluorescence indicator Fluozin-
3. The bioassay shows a two order level detection range with a detection limit around
1000 cfu of E.coli O157:H7. It is believed that the developed bioassay can be coupled
with preconcentration technology (e.g. ultrafiltration) to detect a lower level of E.coli

0O157:H7 in drinking or environmental water.

3.3  ZnS Nanoparticles for the Detection of C-Reactive Protein
3.3.1 Background

Coronary heart disease (CHD) is the single leading cause of death in America.
According to statistics reported by the American Heart Association, annually more than
450,000 people die of CHD. Moreover, 16 million people alive today have a history of
CHD symptoms (e.g. shortness of breath, angina). Cardiac biomarkers released into the
human circulatory system due to heart damage are often used for clinical diagnosis or as
pathological indicators. C-reactive protein (CRP) is a commonly used cardiac biomarker
[17]. It is composed of 5 identical subunits of 206 amino acids and comprises a total
molecular weight of approximately 115 kDa [18-20]. In healthy individuals the nominal
level of CRP in serum is less than ~8 nM, but a concentration above 19 nM is associated
with an increased risk for a coronary event [21-25]. Aiming at enhancing CRP assay
performance by improving parameters such as sensitivity, cost, and detection range,
many approaches have been developed and reported [26- 36]. Among these reported

approaches, signal transduction using nanoparticles have recently been paid increased
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attention due to their unique physical and chemical properties that result in highly
sensitive assays [30, 31, 34].

Focused on the development of environmentally friendly, economical techniques
using nanoparticles as highly sensitive signal transducers for bioassays, a novel signal
transduction mechanism using ZnS nanoparticles was developed and described in
Chapter 2. In this approach, zinc ions are released from ZnS nanoparticle labels and
bound with zinc-ion sensitive fluorescence dye Fluozin-3 [35]. Compared to other
bioassays using nanoparticle-based electrochemical stripping measurement methods, this
approach has the following advantages [31]. First, it adopts fluorescence measurements
rather than mercury thin film electrodes for detection of the released heavy metal ions.
Therefore, it relieves the stringent safety regulations and hazards associated with
handling poisonous heavy metal ions. Second, the ZnS nanoparticles are synthesized in
low-temperature aqueous solutions with appropriate surface properties for
bioconjugation, and thus are of low-cost and straightforward use in biosensing. Third,
this approach utilizes less toxic zinc-based nanoparticles, which have the potential to
replace many conventional nanoparticles with high toxicity such as CdSe and PbS that
are often used as bioassay labels.

In this section, ZnS nanoparticles are applied as novel signal transducers for the
detection of CRP in human serum, or for a real sample assay. ZnS nanoparticles are used
to label the captured or sandwiched CRP, and zinc ions released from ZnS nanoparticle
labels are further fluorescently measured to quantify CRP. The detailed experimental
methods, results and their explanation, and conclusions are presented in the following

sections of this chapter.
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3.3.2 Experimental
Materials and Instruments

Zn(NOg3),, thioglycolic acid (TGA), thioacetamide, NaH,PO,4;, Na,HPO,;, NaOH,
HCI, (NH;)2SO4, CaCl,, Tris base, Tween 20, HEPES N-(2-Hydroxyethyl)piperazine-N'-
2-ethanesulfonic Acid), Glacial acetic acid, and Ethylenediaminetetraacetic acid (EDTA)
were from Fisher Scientific. Bovine serum albumin (BSA) Fraction V was from MP
Biomedicals. Monoclonal antibody mouse anti-CRP (M7111422 clone), CRP, and CRP
free human serum were from Fitzgerald Industries International. Fluozin-3 and
toyslactivated 2.8 pm magnetic beads (~2x10° beads/mL, ~30 mg beads/mL) were from
Invitrogen. 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC), N-
hydroxysuccinimide ester (NHS), Neutravidin, 20 x borate buffer, and the Sulfo-NHS-
LC-Biotinylation kit were from Pierce.

HEPES solution consisted of 20 mM HEPES and 135 mM NaCl with a pH at 5.5 as
prepared (in experiments the pH of HEPES solution was adjusted using HCI or Tris base
if necessary). 50 x TAE buffer was prepared by dissolving 24.2 g Tris base, 7.32 g
EDTA, and 5.7 mL Glacial acetic acid into 100 mL of DI water. Tris buffer consisted of
50 mM Tris base, 100 mM NaCl, 5 mM CaCl,, 1% BSA, and 0.5% Tween 20 in DI water
with a pH of 7.4.

96-well microplates from Fisher Scientific and a Perkin Elmer Victor 3 microplate
reader with a bandpass excitation filter centered at 485 nm (bandwidth = 14 nm) and a
bandpass emission filter at 520 nm (bandwidth = 25 nm) were used for fluorescence
measurement.

CRP Sandwich Immunoassay Using ZnS Nanoparticles as Signal Transducers



87

The immunoassay on CRP was performed as follows. First, 2 pL of mouse anti-CRP
coated magnetic microbeads were added to the wells of a microplate and washed 3 times
with Tris buffer. The washed microbeads were incubated with 50 pL of 0 - 2000 pM
CRP prepared in CRP free human serum (or diluted serum) for 30 minutes. After the
incubation, the beads were washed 3 times with Tris buffer. Second, 50 pL of 2 pg/ mL
biotinylated mouse anti-CRP were prepared in Tris buffer and incubated with the
magnetic microbead-CRP complex for 30 minutes. After the incubation, the sandwich
immunocomplexes were washed 3 times with Tris buffer and then blocked in Tris buffer
with 5% BSA for 15 minutes. Third, Neutravidin-conjugated ZnS nanoparticles were
diluted 100 times in Tris buffer, and 50 pL of the diluted ZnS nanoparticle solution was
added to each well to bind to the biotinylated antibodies for 5 minutes. After ZnS
nanoparticle labeling of the antibodies, the immunocomplexes were washed 2 times using
1 x TAE buffer to remove any possible contaminating zinc ions in the wells. The
immunocomplexes were thoroughly washed to remove residual TAE or any unbound
bioconjugated ZnS nanoparticles. Fourth, 50 pL of pH 2 HEPES solution were added to
the wells and incubated with the immunocomplexes to dissolve the ZnS nanoparticle
labels. After incubation, the pH of the dissolving solution was adjusted to around 6.0
using 150 pL of HEPES pH 7.5. Fifth, 20 pL of 10 uM Fluozin-3 was added to each
well. The beads were pulled down using magnets, and the fluorescence from each well

was measured in the microplate reader.

3.3.3 Results and Discussion

Optimization of CRP Immunoassay and Quantitative Detection of CRP
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The detailed experimental steps for the optimization of the detection antibody
concentration have been described previously [38]. During the development of the CRP
immunoassay, the concentration of ZnS nanoparticles is critical. Too many ZnS
nanoparticles would cause increased non-specific binding leading to a high assay
background, and thus deteriorate the limit of detection; likewise, too few ZnS
nanoparticles would cause incomplete labeling of the captured CRP and thus, the loss of
signal. An appropriate concentration of ZnS nanoparticles needed to be determined to
achieve a high signal/background ratio. In the optimization experiments, magnetic
microbeads were used to capture 0 or 200 pM CRP, and then incubated with biotinylated
mouse anti-CRP to form immunocomplexes. The immunocomplexes were incubated with
100, 1000, and 10000 times diluted ZnS nanoparticles (Neutravidin-conjugated) from the
stock solution for further signal transduction. The experiments were performed in both
whole serum and 20 times diluted serum. Figure 3.4 shows the fluorescence responses to
0 pM and 200 pM CRP under the different dilution factors (the fluorescence response to
0 pM and 200 pM CRP are referred to as the background and the signal, respectively). It
is apparent that for assays in both whole serum and diluted serum, the highest
signal/background ratio was observed when ZnS nanoparticles were diluted 100 times.
Thus, 100 x diluted bioconjugated nanoparticles were selected for use during the CRP
assay. In the CRP assay, at low concentrations, there are excess ZnS nanoparticles so that
all of the captured CRP molecules are labeled for sensitive detection. However, the
unbound or excess nanoparticles are washed out using the same thorough wash
conditions as described in experimental section 3.3.2. Moreover, under the same ZnS

nanoparticle dilution conditions, the signal/background of the assay in the diluted serum
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is larger than that in whole serum. This means the assay in the diluted serum could have a
lower detection limit or demonstrate higher sensitivity. This is reasonable because the
whole serum has more proteins or molecules present which could interfere with binding
or block the binding sites which can increase the background or decrease the signal.
Quantitative Detection of CRP

Under the optimal conditions, the assays on CRP were performed. Figure 3.5 shows
the calibration curves for the detection of CRP spiked in whole human serum and the 20
times diluted human serum. On the basis of three times the standard deviation of the
background, a detection limit of 50 pM CRP was realized. @ Moreover, CRP
concentrations of up to 2 nM were quantifiable in the whole serum. Considering that CRP
levels less than 8 nM are normally present in serum and that a level above 19 nM is
associated with a higher risk of a coronary event, the assay in the whole serum does not
have the analytical capability to distinguish between the normal level and the critical
level of CRP. To overcome this issue, detecting CRP in diluted serum is an effective
approach. In this work, the whole serum was diluted 20 times using Tris buffer. As
shown in Figure 3.5, the CRP assay in the 20 times diluted serum has a detection limit
around 10 pM and a maximum detectable concentration around 2 nM. Such a dynamic
range for the 20 x diluted serum corresponds to a detection range of 0.2 — 40 nM CRP in
the whole serum, which correlates well to physiologically relevant concentrations for
diagnostics. Specifically, for the 10 pM concentration, the ratio between the net signal
(the raw signal of 10 pM concentration subtracting the nonspecific background) to the

noise (the standard deviation of the raw signal) is ~3.7 and the ratio between the raw
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signal to the background ratio is ~1.3. It should be noted that the assay in the diluted
serum has a lower detection limit or a higher sensitivity than the assay in the whole
serum. This experimental result is consistent with the assay parameter optimization study
where the assay in the diluted serum has a higher signal/background ratio.

For further comparison, Table 3.1 lists some reported methods or approaches for the
detection of CRP in serum or plasma. From this table, it can be seen that the CRP assay
adopting ZnS nanoparticles as signal transducers has a detection limit comparable to
those in some recent reports. Overall, the developed CRP assay has the following assets.
First, it has high detection resolution in human serum. Second, it is environmentally
benign due to the use of ZnS nanoparticles. Third, it has a low cost because ZnS
nanoparticles can be easily synthesized in low temperature aqueous solutions with
appropriate surface properties for bioconjugation compared to conventional quantum dots
(which usually are synthesized in organic solvents and need complex surface
modifications for biosensing).

At the present stage, even though the developed assay possesses the aforementioned
merits, the assay background signal is found to be relatively high. This finding implies
that there are residual ZnS nanoparticles nonspecifically bound with solid supporting
surfaces (bead surfaces) in the assay. Moreover, the overall assay time of the method
could be reduced by directly conjugating detection antibodies on ZnS nanoparticle
surfaces. Minimizing the nonspecific background using appropriate surface blocking

conditions and shortening the assay response time should be further investigated.

3.34 Summary
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In this work, ZnS nanoparticles were employed as novel fluorescence signal
transduction labels (or signal transducers) in the bioassay of CRP in human serum, a
relatively complex matrix. This bioassay presents a detection limit around 10 pM (with
experimental replicate n = 9) and a detection range over more than two orders of
magnitude. In the future, the nonspecific binding of ZnS nanoparticle labels could be
minimized to improve signal/noise ratio or lower the detection limit through adopting
appropriate blocking reagents and times. Moreover, the developed assay might be
streamlined through direct conjugation of the nanoparticles to the detection antibodies,
and thus reduce the overall assay time. Incorporation of this assay into an “on-chip” or
automated format could also be studied to provide a user-friendly interface to clinical

laboratories.

3.4  Conclusions

This chapter demonstrates the application of the developed signal transduction
mechanism as a single stage immunoassay amplification strategy capable of detecting
analytes that are critical to public health. Through this investigation fluorescence zinc
ion detection after ion release from ZnS nanoparticle labels is established as a generic
method because it was readily adapted to bioassays for clinical diagnostics and water
monitoring. For the assay of E. coli O157:H7 the immunoassay was capable of relatively
sensitive and selective detection. When the CRP assay was performed the sensitivity of
the assay was far better than what was necessary and therefore, the human serum samples
were diluted 20 times to detect the clinically relevant analyte levels. As a result of these

studies, it can be conclusively stated that this approach is useful for bioassays,



Table 3.1 Comparison of some recently reported CRP detection strategies (human serum
or plasma as sample matrix)

Method Detection Limit ~ Sample Matrix Reference
Aptamer Electrochemical Assay 432 pM (54 ng/ mL) Human Serum [39]
Dendrimer Coupled ELISA 1.6 pM (0.2 ng/ mL) Human Serum [28]
Magnetic Immunosensor 200 pM (25 ng/ mL) Human Serum [32]
Electrogenerated Chemiluminescence 80 pM(10 ng/ mL) Human Plasma [40]
Aptamer-based Chip Assay 80 pM (10 ng/ mL) Human Serum [33]
Antibody-free Copolymer 160 pM (20 ng/ mL) Human Serum [23]
Magnetic Nanoparticles 960 pM (120 ng/ mL)  Human Serum [24]
Fluorescent Quantum Dots 10 pM (1.25 ng/ mL) Human Serum [38]

Cation Release ZnS Nanoparticles 10 pM (1.25 ng/ mL) Human Serum This Work
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economical, and of straight forward use. In addition, the zinc ions that the ZnS
nanoparticles are comprised of are much less toxic than cadmium or lead nanoparticles,
and the toxicity of nanoparticles should not be an issue because they are dissolved during

the assay for simple disposal.
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4.1 Introduction

Nanotechnology-based signal amplification for biosensing has been paid particular
attention over the last decade [1-4]. Several categories of nanomaterials such as gold
nanoparticles, magnetic oxide nanoparticles, carbon nanostructures, and semiconductor
nanoparticles have seen a multitude of applications in this aspect due to their unique
physical or chemical properties. For instance, gold nanoparticles have been used as
substrates for surface enhanced Raman scattering (SERS) or fluorescence due to the
intensified local electromagnetic fields on their surfaces [5,6]. Magnetic oxide
nanoparticles have been employed as signal enhancers or amplifiers in surface plasmon
resonance (SPR) or quartz crystal microbalance (QCM) biosensors due to their high
refractive index and molecular weight [7,8]. Carbon nanotubes and graphene oxide have
been adopted as biolabels to carry more enzymes for signal amplification due to their
long length and large surface area, respectively [9,10]. Semiconductor nanoparticles
(quantum dots) have brighter fluorescence than conventional organic fluorophores and
thus have replaced organic fluorophores in various bioassays [11-14]. In addition,
because semiconductor nanoparticles are chemically composed of heavy metal ions such
as Cd**, they also can release hundreds of thousands of heavy metal ions (this metal ion
release is considered to be a signal amplification process) [15]. The released metal ions
can be deposited on a mercury electrode for electrochemical detection [16,17], or they
can bind with non-fluorescent, metal-ion sensitive dyes to generate fluorescence for
signal measurement [18,19].

Most of the aforementioned approaches are single-stage signal amplification

processes. Recently, several reports have introduced dual signal amplification by
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coupling two single signal enhancement approaches for biosensing signal transduction
[20-22]. Dual signal amplification is anticipated to be more efficient at improving
bioassay sensitivity or lowering detection limits, because it has a higher signal gain.
However, the reported dual signal amplification strategies mainly focus on applying
carbon nanomaterials or gold nanoparticles. For example, some electrochemical
bioassays applied carbon nanotubes or graphene sheets to not only increase sensing areas,
but also to carry more labeling enzymes [20]. Gold nanoparticle-based bio-barcode
assays utilized gold nanoparticles to load more barcode DNA labels and additionally to
catalyze silver enhancement for the detection of biomolecules [22]. In this chapter, a dual
signal amplification approach adopting semiconductor nanoparticles is demonstrated. The
developed approach, illustrated in Figure 4.1, consists of metal ion release from
semiconductor nanoparticle labels and enzyme kinetics triggered by the released metal
ions. When the ions are released from the nanoparticle labels using an acidic solution,
each nanoparticle can release hundreds of thousands of metal ions (the first stage of
signal amplification). After pH adjustment and buffering, the released metal ions are
adopted as cofactors that are mixed with apo-enzymes to trigger enzyme-substrate
reactions (the second stage of signal amplification). The enzyme-substrate reaction
generates fluorescent products for signal measurement. Specifically, 1I-VI ZnS
nanoparticles were used as the labels, carbonic anhydrase (CA) was the selected enzyme,
and fluorescein diacetate was employed as the substrate in this technique. A further
distinction between this approach and other reported dual signal amplification strategies

is that this approach does not require immobilization of enzymes on any surfaces and
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Figure 4.1 Principle of the proposed dual signal amplification mechanism - a high
number of metal ions are released from nanoparticle labels, and sequentially
enzyme Kinetics is triggered by the released metal ions as enzyme cofactors (in this
study, zinc sulfide nanoparticle and carbonic anhydrase are used as the
nanoparticle label and enzyme, respectively).
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significantly simplifies bioassay procedures. Moreover, as proven in this work, the dual
signal amplification achieves a high detection resolution.

To successfully develop this signal transduction technique for bioassays, the
sensitivity and the specificity of the enzyme-substrate system to zinc ions were studied.
Coupling the ion release from ZnS nanoparticles and the enzyme-substrate system was
also investigated. This technique was proven to have a high detection resolution using a
model assay on mouse IgG, and it was further tested in a real sample assay on human
cardiac troponin to demonstrate its potential application in clinical diagnosis. In the
following sections, a detailed description of the materials and methods, results with their

interpretation, and the associated conclusions are presented.

4.2  Experimental
Chemicals and Apparatus

Carbonic anhydrase (CA) from bovine erythrocytes, Zn(NO3),, ZnCl,, dipicolinic
acid (DPA), trace metal grade 12 M HCI, trace metal grade NaOH, thioglycolic acid
(TGA), and thioacetamide were from Sigma Aldrich (St. Louis, Missouri). N-(2-
hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES), 2-amino-2-hydroxymethyl-
propane-1,3-diol (Tris), 2-(N-morpholino)ethanesulfonic acid (MES), glacial acetic acid,
ethanol, fluorescein diacetate (FDA), ethylenediaminetetraacetic acid (EDTA), dimethyl
sulfoxide (DMSO), fluorescein-di-p-D-galactopyranoside (FDG), CdCl, CaCl,, KClI,
KNOs, PbCl,, NaH,PO,4, Na;HPO,, NaCl, , NaN3, MgCl,*6H,0, and Tween 20, were
from Fisher Scientific (Pittsburgh, Pennsylvania). 1-ethyl-3-(3-dimethylamino-propyl)

carbodiimide (EDC), N-hydroxysuccinimide ester (NHS), NeutrAvidin, Magnabind goat
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anti-mouse 1gG, whole molecule mouse IgG, biotinylated goat anti-mouse IgG F(ab’)2,
and 20x borate buffer were from Pierce (Rockford, Illinois). Bovine serum albumin
(BSA) free of 1gG and protease was from Jackson ImmunoResearch (West Grove,
Pennsylvania). Streptavidin conjugated beta-galactosidase was from Invitrogen
(Carlsbad, California). Human cardiac troponin | (cTnl), monoclonal anti-human cTnl
(clone 625), and biotinylated monoclonal anti-human cTnl (clone 284) were from
Meridian Life Science (Saco, Maine). cTnl depleted human serum was purchased from
Fitzgerald Industries International (Acton, Massachusetts). Carboxyl terminated magnetic
beads with 4.5 um diameter were from Spherotech (Lake Forest, 1llinois).

HEPES buffer was prepared using 25 mM HEPES and 50 mM NaCl with pH 7.4
(when needed, the pH of HEPES buffer was adjusted using HCI or Tris base). PBS-R
buffer consisted of 44 mM NaH,PO,, 56 mM Na,HPO,4, 100 mM NaCl, 1% BSA, 0.5%
Tween 20 and 3 mM NaN3 in DI water with a pH of 7.4. PBS-D buffer was comprised of
44 mM NaH,PQOy4, 56 mM NaHPO,4, 100 mM NaCl, 5 mM MgCl,*6H,0 and 3 mM
NaN3 in DI water with pH 7.4. MES buffer was made of 100 mM MES and 500 mM
NaCl in DI water with pH 6.0. 24.2 g Tris base, 7.32 g EDTA, and 5.7 mL of Glacial
acetic acid were mixed with 100 mL DI water to prepare 50 x TAE. 2 mM FDG solutions
were prepared before use by diluting 394 uL of 1 mg/mL FDG (dissolved in a 50:50
mixture of ethanol and DMSO) into 2.606 mL of PBS-D buffer.

To immobilize monoclonal anti-human cTnl antibodies on the surface of magnetic
beads the following steps were performed. 5 mg carboxyl terminated magnetic beads
were mixed with 4 mg NHS and 5 mg EDC in 1 mL of MES buffer for 30 min. The

magnetic beads were then washed and incubated with 0.5 mg monoclonal anti-human
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cTnl (clone 625) for 2 hours. After the incubation, the beads were washed and re-
suspended in 5 mL of PBS-R as stock and stored at 4° C.

A Perkin Elmer (Waltham, MA) Victor 3 microplate reader was used for fluorescence
measurement of 96-well microplates from Fisher Scientific. A bandpass excitation filter
centered at 485 nm (bandwidth = 14 nm) and a bandpass emission filter at 520 nm
(bandwidth = 25nm) were used for fluorescence measurement.

Zinc lon Detection Using Carbonic Anhydrase

Preparation of apo-CA was performed using DPA as a chelation agent for the
removal of zinc ions from the holo-CA [23]. First, 500 uL of a 165 uM stock CA
solution (prepared in 50:50 glycerol: HEPES) was mixed with 3.5 mL of DPA-Tris (50
mM DPA, 100 mM Tris, pH 7.4) for one hour on a rotation rocker. The DPA-Tris-CA
solution was then added to a YM-10 centrifugal filtration unit (Pierce) and was
centrifuged at 4400 rpm in an Eppendorf (Hamburg, Germany) 5702R centrifuge for 20
minutes. After the initial centrifugation, the retained CA was washed three times with 3.5
mL of DPA-Tris using the same centrifugation procedure. To remove all unreacted
chemicals, the YM-10 filtration unit and the retained apo-CA was washed several times
using 3.5 mL of DI water and centrifugation at 4400 rpm for 20 minutes. Finally, the apo-
CA was reconstituted to 500 uL. with HEPES at pH 7.4 and stored at 4° C.

For the detection of zinc ions, 50 pL of 0 — 10 uM ZnCl, solutions in HEPES were
added to the wells of a microplate in triplicate. Next, 165 uM holo-CA was diluted to 2
uM and the recovered apo-CA was diluted the same number of times as the holo-CA. 50
uL of both diluted apo-CA and holo-CA were added to the wells and incubated with the

zinc solutions for three minutes on a vortex. Finally, 50 pL of 10 uM FDA were added to
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all of the wells and the conversion of FDA to fluorescein was allowed to proceed for 15
minutes. The fluorescence responses of apo-CA and holo-CA to different zinc-ion
concentrations were measured.
Synthesis and Bioconjugation of ZnS Nanoparticles

ZnS nanoparticles were prepared and bioconjugated as reported previously by the
authors [19]. Briefly, 75 mg Zn(NOg), dissolved in 50 mL of DI water was mixed with
100 pL of TGA in a glass flask (washed using TAE buffer and DI to minimize divalent
metal ion contaminants), and 2 M NaOH was added to the mixed solution until a pH of
11.5 was attained. The pH adjusted solution was deoxygenated using nitrogen for 15 min,
and 12 mg of thioacetamide were added to the solution for overnight growth at 80°C. The
prepared ZnS nanoparticles were concentrated 10 times and washed using 1x borate
buffer and centrifugation. For bioconjugation, 500 pL of the concentrated ZnS
nanoparticles were mixed with 100 uL of 20 mM EDC and 20 uL of 200 mM NHS at
room temperature for 15 minutes. After thoroughly washing, the nanoparticles were
incubated with 0.5 mL of 0.25 uM NeutrAvidin at room temperature for 2 hours. The
conjugated ZnS nanoparticles were washed and resuspended in 500 pL of 1x borate
buffer. The conjugated nanoparticle labels were stored at 4°C and used within two weeks.
Immunoassay Using Dual Signal Amplification

In the model immunoassay on mouse IgG, HEPES at pH 7.4 with 0.5% BSA and
0.05% Tween 20 was used for reagent preparation, biochemical reactions, and bead
washes. Otherwise, the composition of different reaction or buffer solutions is

specifically stated. The mouse 1gG assay was performed as follows. First, 2.5 pL of
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Magnabind beads coated with goat anti-mouse IgG were added to the wells of a
microplate and washed three times. Second, 50 uL of serially diluted mouse 1gG (0 — 50
pM) were added to the wells, and vortexed for 30 minutes. After antigenic capture, the
beads were washed. Third, 50 uL of 30 nM biotinylated anti-mouse 1gG were added to
the wells and incubated for 30 minutes, and afterwards the formed immunocomplexes
were washed several times. Fourth, the immunocomplexes in each well were blocked
using HEPES at pH 7.4 with 5% BSA for 30 minutes. Afterwards, Neutravidin
conjugated ZnS nanoparticles were diluted 250 times and 50 uL of the ZnS nanoparticle
solution was added to each well and incubated for 5 minutes to bind with biotinylated
secondary antibodies. After incubation with ZnS nanoparticles, the beads in the wells
were washed. Fifth, 50 uL of HEPES at pH 2 were added to the wells and incubated for
several minutes on a vortex to release zinc ions. After releasing the ions, the pH was
adjusted to a more neutral level using the addition of 100 uL of HEPES at pH 8. Sixth, 25
uL of 4 uM apo-CA were added to the wells of the microplate and incubated for several
minutes for enzymatic activation by the zinc ions. Finally, 25 uL of 20 uM FDA were
added to each well and the plate was incubated for 15 minutes on a vortex before
fluorescence quantification in the wells.

The real sample assay on human cTnl adopted similar steps, but used a few different
assay parameters. In the assay procedures, 2.5 uL of the beads coated with monoclonal
anti-human c¢Tnl and 50 nM biotinylated monoclonal anti-human c¢Tnl were used. Both
the model assay on mouse IgG and the real sample assay on cTnl were performed in
triplicate. The average and the standard deviation of signals for each sample are presented

in the data figures.
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4.3  Results and Discussion
Sensitivity, Specificity, and Stability of Carbonic Anhydrase to Zinc lons

In some enzyme-substrate systems, metal ions are required as cofactors to activate the
enzyme for the conversion of substrate to product [24-26]. The role of metal ions in
enzyme kinetics could be one of the following - the metal ions are involved in catalytic
processes, they assist in substrate binding, or they affect the enzyme’s conformational
properties such as the tertiary or quaternary structure. In this work, it is found that CA-
FDA is an enzyme-substrate system that requires zinc ions as cofactors to trigger CA
enzyme Kinetics. Moreover, the enzymatic activity of CA converting FDA to fluorescein
IS very sensitive to the concentration of zinc ions. In this experiment, apo-CA was
prepared using DPA to remove zinc ions bound to holo-CA. 165 uM holo-CA was
diluted to 2 uM, and the apo-CA recovered from the DPA treatment of holo-CA was
diluted the same number of times as the holo-CA. The enzymatic activities of both
diluted apo-CA and holo-CA were compared. Figure 4.2 presents the fluorescence
responses of apo-CA and holo-CA (in the presence of 10 uM substrate FDA) to different
concentrations of zinc ions. For holo-CA (2 uM), the activity is not affected by the
addition of ZnCl,, seemingly because the active sites contain a sufficient number of zinc
ions before the addition. However, the activity of apo-CA is clearly dependent on the
concentration of zinc ions over a wide range (0.1 nM to 1 uM), as shown in Figure 4.2.
Thus, apo-CA can be used as an indicator to sensitively quantify zinc-ion concentrations.
By comparing the fluorescence signal levels at both low and high zinc-ion concentration
ends of the apo-CA activity curve, the activity of apo-CA (without zinc present) is only

around 3% of that when apo-CA is saturated with zinc ions. It can be determined that
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DPA is efficient at removing zinc ions from holo-CA. Moreover, at the high zinc-ion
concentration end of Figure 4.2, the activity of apo-CA saturated with zinc ions is only
around 70% compared to that of holo-CA. This could be due to a loss of apo-CA during
the treatment with YM-10 filters. Note that in this work, all enzyme reactions lasted 15
minutes to generate a sufficient signal magnitude before quantification using the
microplate reader. As shown in Figure 4.3, the enzymatic reaction of 2 uM apo-CA with
10 uM FDA and 1 uM ZnCl; remains linear after a 15 minute reaction time.

To investigate the specificity of apo-CA to zinc ions, 2 uM apo-CA was mixed with 1
uM KCI, Cu(NOs),, FeCls, CdCl,, PbCl,, FeCl,,CaCl,, MgCl, and ZnCl, spiked in
HEPES buffer, respectively. 10 uM FDA was then added to develop fluorescence signals.
Figure 4.4 demonstrates the signal response of each metal ion. In this figure, the reaction
signals for apo-CA with K*, Cu*, Fe®", Cd**, Pb?*, Fe**,Ca**, and Mg®* could not be
distinguished from the background signal of HEPES buffer. However, the reaction of
apo-CA with ZnCl, results in high fluorescence intensity. Therefore, apo-CA is
selectively activated by zinc ions. Another concern was that the presence of non-zinc
metal ions could interfere with the ability of apo-CA to be activated by zinc ions.

An investigation of the potential interference caused by the presence of other metal ions
was performed. In the experiment, 1 pM KCIl, Cu(NOgs);, FeCls, CdCl,, PbCl,,

FeCl,,CaCl, and MgCI; respectively, were added to 2 uM apo-CA mixed with 1 uM

ZnCl,. Sequentially, 10 uM FDA was added to generate fluorescence signals. The inset
of Figure 4.4 demonstrates the results of the interference study. Most of the metal ions

did not significantly interfere with the reaction between apo-CA and zinc ions, but Cd**
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clearly quenches the reaction. Thus, in the assay procedures, Cd?* contamination should
be avoided.

After determining that apo-CA can specifically and sensitively detect zinc ions, a
further investigation needed to be performed to understand the stability of zinc ion
detection using this enzyme substrate system. This was performed by storing a prepared
apo-CA solution at 4° C and performing zinc ion assays using the developed enzyme
substrate system for zinc detection over 3 weeks. The results from this investigation are
demonstrated in Figure 4.5. From this figure it is determined that after the treatment of
holo-CA with DPA the enzyme substrate system has stable responses to the same
concentrations of zinc ions. Therefore, the apo-CA-FDA zinc detection system that is
presented in this chapter demonstrates relatively good stability. The continued study of
long term storage potential is currently ongoing.

Through these studies, it can be seen that the activity of CA in its apo-form is
sensitive and specific to zinc ions. Additionally, for at least three weeks apo-CA
demonstrates good stability for zinc ion detection. These properties of apo-CA ensure
that assay reagents are easy to prepare without tedious purification steps to remove
common ions such as K*, Ca?* and Mg**.

pH Effects on the Reaction of Carbonic Anhydrase with Zinc lons and Fluorescein
Diacetate

Enzyme activity usually is sensitive to the pH of the reaction environment. Figure 4.6
shows the effects of pH on the reaction of apo-CA with ZnCl, and FDA, where ZnCl,,
apo-CA, and FDA were prepared in HEPES with the same pH before mixing. It can be

seen that the enzyme activity is highly pH-dependent. When the pH of the reaction
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solution is 6, there is almost no measureable response or distinguishable difference
between 0 uM ZnCl, (background) and 1 uM ZnCl, (signal). For pH levels at 7 and 8, the
activity of CA is enhanced (at pH 7 both the background and the signal occur at relatively
lower levels). There is a significant increase in both background and signal when the
reaction is carried out at pH 9. It is believed that spontaneous hydrolysis of FDA to
fluorescein occurs in alkaline solutions. A high background can deteriorate detection
limits of bioassays, and thus a pH level between 7 and 8 is determined to be optimal for
the enzymatic reaction.

On the other hand, in the assay procedures for mouse IgG or human cTnl, HEPES at
pH 2 is used to dissolve nanoparticle labels. After acidic dissolution, the pH of the
dissolving solution depends on the number of ZnS nanoparticle labels in each well. For
instance, if a low number of ZnS nanoparticle labels are in the wells, only a small number
of protons will react and the pH of the dissolving solution still could be close to 2. If most
of the protons are consumed by ZnS nanoparticles, the pH of the dissolving solution
could shift towards 7. It is therefore necessary that a neutralizing and buffering solution
be applied to mix with the dissolving solution in each well, and thus adjust the pH of the
solution to 7 ~ 8 for further addition of CA and FDA.

In the experiments, it was found that a volume ratio of 1:2 between HEPES at pH 2
and HEPES at pH 8 can bring the pH of the mixture to around 7.4. Even though most of
the protons in HEPES at pH 2 could be consumed by reacting with ZnS nanoparticles,
further mixing of the dissolving solution with HEPES at pH 8 would still adjust the pH of

the dissolving solution close to 8. Thus, in the assay procedures, after acidic dissolution
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of ZnS nanoparticle labels, a volume of HEPES at pH 8 twice that of HEPES at pH 2 was
applied to mix with the dissolving solution in each well.

An experiment was conducted to test the neutralizing and buffering capacity of
HEPES at pH 8. In the experiment, ZnCl, solutions were prepared in HEPES at pH 2, 3,
4,5, 6, 7, and 8. Then, 50 uL of ZnCl; solutions at each pH level were mixed with 100
uL of HEPES at pH 8. Sequentially, 25 puL of 4 uM apo-CA was added to the mixture
followed by 25 pL of 20 uM FDA (prepared in HEPES at pH 7.4). After allowing the
enzymatic reaction to proceed for 15 minutes, the fluorescence intensities were
quantified. Figure 4.7 shows that there is a very similar response for ZnCl, solutions
prepared in HEPES at pH 2 ~ 8. The neutralizing and buffering capability of HEPES at
pH 8 is sufficient to result in very similar fluorescent responses for different pH level
solutions with fixed zinc-ion concentrations.

Coupling ZnS Nanoparticle Labels with Carbonic Anhydrase

In this work, zinc ions released from ZnS nanoparticle labels are proposed to trigger
enzyme Kinetics. However, it was still possible that ZnS nanoparticle labels themselves
could activate the enzymatic activity of apo-CA. Moreover, the difference between the
enzyme activity triggered by ZnS nanoparticles and zinc ions released from ZnS
nanoparticles was unknown. An experiment was performed to investigate this question.
In the experiment, stock ZnS nanoparticle labels were diluted to different concentrations
in either HEPES at pH 2 or HEPES at pH 7.4. Each dilution (including ZnS nanoparticle
free buffer used as a negative control) under the selected pH condition were added to the

wells of a microplate in triplicate. HEPES at pH 8 was added to each well for further pH
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adjustment. Apo-CA and FDA prepared in HEPES at pH 7.4 were then added to the wells
and incubated for fluorescent product generation. The results from this experiment are
shown in Figure 4.8. They demonstrate that although enzyme activity can be triggered by
ZnS nanoparticle labels present at relatively high concentrations, acidic dissolution of the
ZnS nanoparticle labels results in increased enzymatic activity of apo-CA. Moreover, this
experiment also proves that ZnS nanoparticle labels can be coupled with the enzyme-
substrate system for signal transduction after acidic dissolution and pH adjustment. Note
that under the acidic dissolution condition, the fluorescence responses for 200x, 2000x
and 20000x diluted stock ZnS nanoparticle labels occur at similar magnitudes. It is
believed that the reactions for these dilutions are limited by the concentration of enzyme,
and thus the fluorescence signals are present at similar levels.
Immunoassay for Mouse 1gG Using Dual Signal Amplification

The mouse 1gG model assay is an efficient and low-cost tool to study various signal
transduction mechanisms, and thus it was chosen to investigate the proposed dual signal
amplification strategy. To achieve a high resolution for the assay, it was important to
determine the optimum ZnS labeling concentration (too many or too few ZnS
nanoparticle labels could cause high background or insufficient labeling). To carry out
the optimization study, 2.5 uL of goat-anti mouse IgG magnetic beads were incubated
with 50 puL of mouse IgG at 0, 1 and 10 pM concentrations. After antigenic capture, the
beads were washed and 50 uL of 30 nM biotinylated detection antibody were added to
each well to form sandwich immunocomplexes. Afterwards, different concentrations of
bioconjugated ZnS nanoparticles were incubated with immunocomplexes for labeling.

After unbound ZnS nanoparticle labels were washed out, zinc ions from the bound ZnS
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nanoparticle labels were released to trigger the enzyme-substrate system. The inset data
in Figure 4.9 shows that the highest signal to background ratio occurred when the stock
ZnS nanoparticles were diluted 250 times. Therefore, this dilution was selected for
further assay. Adopting the optimized ZnS nanoparticle labeling condition, mouse IgG
was assayed and the calibration curve is shown in Figure 4.9. On the basis of three times
the deviation of the background, the detection limit of this model assay is estimated to be
around 0.5 pM (with experimental replicate n = 9). The assay presents a wide detection
range (0.5 to 50 pM).

For comparison, a conventional enzyme assay on mouse IgG was performed. The
enzyme-based assay adopted the same protocol as the ZnS nanoparticle-based assay,
except that streptavidin conjugated enzyme was applied for signal transduction. Instead
of CA, beta-galactosidase was used as the enzyme for converting FDG (prepared in PBS-
D) to fluorescein for signal amplification. Beta-galactosidase was chosen because it is
more sensitive than CA - the Michaelis-Menten constant (K,) of beta-galactosidase was
measured to be at around 7 mM, ten times lower than that of CA. Figure 4.10 shows the
calibration curve of the enzyme-based assay, and the detection limit of this assay is
around 5 pM. From these assay results, it can be seen that the dual stage signal
amplification is capable of detecting mouse IgG with a higher resolution or a lower
detection limit.

Real Sample Assay on Human Cardiac Troponin |

To demonstrate a potential clinical application of the dual signal amplification, a real

sample assay on human cTnl, which adopted this technique, was developed. Human cTnl

is a small protein (around 24 kDa) that is considered to be one of the most important
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biomarkers for the diagnosis of myocardial infarction (MI) [27]. Annually, 785,000
Americans suffer a new MI and 470,000 experience a recurrent heart attack, while an
additional 195,000 are estimated to undergo an unreported silent MI. Approximately
16% of individuals experiencing a first MI die acutely and of the 84% of patients that do
survive their M1, an estimated 15 years of life is lost [28,29]. cTnl is highly specific for
cardiac muscle damage, and its concentration in blood increases dramatically from a
normal level (below 1.0 ng/mL) after the onset of MI. In some reports, the cut-off cTnl
concentration for clinical diagnosis has been reported to be 1 ng/mL (or around 40 pM) in
human serum [30-31].

In the development of the real sample assay, the optimum ZnS labeling concentration
was studied in the same manner as that for mouse 1gG. By comparing the signal (of 50
pM or 500 pM cTnl in human serum) to background ratio at different dilutions of ZnS
nanoparticles, it was also found that diluting 250 x was the best labeling concentration
for the cTnl assay. With this optimized labeling condition, the assay on cTnl was
performed and the calibration curve for the assay is shown in Figure 4.11. The cutoff
level (40 pM) of cTnl is within the detection range. Similar to the mouse IgG assay, a
beta-galactosidase-based assay on c¢Tnl was conducted as a reference. The calibration
curve of the enzyme assay on cTnl is shown in Figure 4.12, and the detection limit is
around 50 pM. It is clear that the dual signal amplification can detect the critical level of
cTnl in a real sample matrix. With this in mind, the more standard ELISA technique was
not capable of achieving detection of critical levels of cTnl and would be of significantly

lower clinical value than the immunoassay adopting dual signal amplification.
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44  Conclusions

In this work, a dual signal amplification technique for bioassays using ion release
from nanolabels and ion-activated enzyme kinetics is reported. A model bioassay on
mouse 1gG adopting this technique presents a detection limit around 0.5 pM and a
detection range over two orders of magnitude. This technique was also successfully
applied to the detection of a biomarker (cTnl) in human serum samples demonstrating a
clinical diagnosis application. The developed technique has the following characteristics.
First, it achieves a high detection resolution. Second, it is easy to operate and low cost
(simple preparation of ZnS nanoparticles and apo-CA). Third, it employs carbonic
anhydrase, an enzyme which is not sensitive to calcium or other common ions, and
therefore avoids the laborious work related to buffer or reagent purification in bioassays.
Fourth, compared to other conventional signal transduction mechanisms using CdSe or
PbS nanoparticles, it adopts less toxic ZnS nanoparticles and thus is more
environmentally friendly.

The future work of this research could focus on the following aspects. First, the effect
of some assay parameters such as the size of ZnS nanoparticles on the detection
resolution of the assay adopting this technique necessitates further investigation. Second,
more sensitive and faster enzyme-substrate systems can be explored for zinc-ion
detection and applied for bioassays to enhance assay sensitivity and response time. Third,
more applications of this dual signal amplification technique in various bioassays for
clinical diagnosis, food safety control, and others is an exciting direction for futher
exploration. Lastly, it should be pointed out that besides zinc-based nanoparticles, any

other metal-based nanomaterials, such as CuS nanoparticles, could potentially be applied
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in the dual signal amplification approach, as long as appropriate enzyme-substrate
systems (or DNAzyme-substrate systems) that are sensitive to the released metal ions can

be identified.
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CHAPTER 5:

HYBRID ZINC NANOPARTICLES
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5.1 Introduction

In the last decade, cadmium-based semiconductor nanoparticles (e.g. CdSe, CdS, etc)
have been widely applied in biosensing [1-5]. However, producing and employing
cadmium-based compounds can be dangerous to both humans and the environment [6].
Thus, the search for new nanomaterials with low toxicity and versatile biosensing
functionalities has become increasingly important. To date, one trend is to investigate
zinc-based nanomaterials due to the lower toxicity of zinc [7-15]. Following this
direction, the synthesis of such zinc-based nanoparticles in a low temperature aqueous
solution and their biosensing application is detailed in this chapter. The zinc-based
nanoparticles were synthesized by adding thioglycolic acid (TGA) into a mixture of zinc
nitrate and ethanolamine in an aqueous solution. It is found that: without the addition of
TGA, the mixture of zinc nitrate and ethanolamine produces ZnO particles; however,
with the addition of TGA, the synthesized nanoparticles are markedly different from the
produced ZnO particles in chemical composition, morphology, and growth kinetics. Here,
the nanoparticles synthesized with the addition of TGA are defined as hybrid zinc
nanoparticles (or Zn-O-S-C nanoparticles) since they are composed of zinc, oxygen,
sulfur and carbon. Further experimental characterization has shown that the hybrid
nanoparticles demonstrate good relative colloidal stability and appropriate surface
properties for bioconjugation. Compared to ZnO micro/nanoparticles which have poor
water stability due to high water solubility and require complex surface modification
before many bio-applications [13-14, 16], the hybrid nanoparticles biosensing application

is straightforward.
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To demonstrate a biosensing application, the hybrid nanoparticles were bioconjugated
and used as biolabels or signal transducers in a sandwich immunoassay for mouse IgG.
Although these nanoparticle labels have fluorescent properties, an alternative signal
transduction approach that releases zinc ions from these labels and further incubating the
released zinc ions with a zinc-sensitive fluorophore Fluozin-3 for fluorescence
measurement is found to be much more effective or sensitive in quantifying mouse IgG.
Furthermore, a dual signal amplification strategy using enzyme activation by the released
zinc ions was also coupled with hybrid nanoparticles for the IgG immunoassay. In the
following sections, the synthesis, characterization, and biosensing application of the

hybrid nanoparticles are presented and discussed.

5.2  Experimental
Chemicals and Instruments

NaH,PO,, Na,HPO,, NaCl, NaNs, Tween 20, HEPES (N-(2-
Hydroxyethyl)piperazine-N'-2-ethanesulfonic Acid), Glacial acetic acid, ethyl alcohol,
Ethylenediaminetetraacetic acid (EDTA), and Dimethyl sulfoxide (DMSO) were from
Fisher Scientific (Pittsburgh, PA). Zn(NOg),, Ethanolamine, Thioglycolic acid (TGA),
trace metal grade 12 M HCI, trace metal grade NaOH, and Tris (hydroxymethyl)
aminomethane were from Sigma Aldrich (St. Louis, MO). Neutravidin, 1-ethyl-3-(3-
dimethylamino-propyl) carbodiimide (EDC), N-hydroxysuccinimide ester (NHS),
Magnabind goat anti-mouse 1gG, Biotinylated goat anti-mouse IgG F(ab’),, whole
molecule mouse IgG, and 20 x borate buffer were from Pierce (Rockford, IL). 1gG and

protease free bovine serum albumin (BSA) was from Jackson ImmunoResearch (West
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Grove, PA). Fluozin-3 was from Invitrogen (Carlsbad, CA). All other chemicals were of
reagent grade and used without further purification.

PBS-R buffer consisted of 44 mM NaH;PO,4, 56 mM Na,HPO,4, 100 mM NaCl, 1%
BSA, 0.5% Tween 20, and 3 mM NaNj3; in DI water with pH 7.4. HEPES consisted of 20
mM HEPES and 135 mM NacCl, the pH of this solution is ~5.5, and the pH was adjusted
during experiments when necessary with HCI or Tris base. 50 x TAE buffer was prepared
by dissolving 24.2 g Tris base, 7.32 g EDTA, and 5.7 mL Glacial acetic acid into 100 mL
of DI water.

All energy dispersive x-ray (EDX) spectra and scanning electron microscopy (SEM)
images were taken using a Hitachi (Tokyo, Japan) S-4700 field-emission scanning
electron microscope. An UV-Vis spectrophotometer UV-2450 with a light source (190
nm to 900 nm) from Shimadzu (Kyoto, Japan) was used for UV-Vis absorbance (UV-
Vis) measurement. The fluorescence spectrum of the hybrid nanoparticles was performed
using a Spex Fluorolog 3 fluorescence spectrometer (Edison, NJ). A Perkin Elmer
(Waltham, MA) Victor 3 microplate reader with a light source (340 nm to 1000 nm) was
used for fluorescence measurements of 96-well microplates from Fisher Scientific. For
measurement of hybrid nanoparticles a bandpass excitation filter centered at 355 nm
(bandwidth = 40 nm) and a bandpass emission filter (bandwidth = 25nm) centered at 460
nm were used. A bandpass excitation filter centered at 485 nm (bandwidth = 14 nm) and
a bandpass emission filter at 520 nm (bandwidth = 25nm) were used for fluorescence
measurement of the reaction between Fluozin-3 and zinc ions.

Synthesis of hybrid nanoparticles
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The preparation of the hybrid nanoparticles followed a straightforward approach.
First, 50 mL of DI water were added to a 3-neck flask that had been cleaned with 1 x
TAE and thoroughly rinsed with DI water. The flask was placed on a hot plate and the
temperature was brought to ~80° C. Afterwards, the DI water was deoxygenated using 10
minutes of nitrogen bubbling. Second, 0.023 g Zn(NOs), and 15.4 pL ethanolamine were
dissolved in the deoxygenated DI water and stirred for about 1 min. To maintain an
alkaline pH in the solution, 500 pL of 6 M NaOH were added to the flask, prior to the
addition of 25 pL of TGA. Third, after the 30-min reaction, the hybrid nanoparticles
were concentrated 35 times and washed 3 times in borate buffer with YM-10 centrifugal
filters (Millipore) and centrifuge at 4400 rpm. The washed and concentrated hybrid
nanoparticles were resuspended in 500 pL of borate buffer and stored as stock at 4° C.
Bioconjugation of hybrid nanoparticles

50 pL of a 20 mM solution of EDC and 25 pL of a 10 mM solution of NHS were
added to the washed and concentrated hybrid nanoparticles and reacted on a vortex at
room temperature for 15 minutes. After EDC/NHS activation of the carboxylated surface,
the activated hybrid nanoparticles were washed 5 times using borate buffer and
centrifugation in a YM-10 centrifugal filter. Afterwards, the solution was resuspended in
500 pL of borate buffer and mixed with 500 pL of a Neutravidin solution (1 mg/ mL) on
a vortex for 2 hours. After the 2 hour room temperature reaction, the bioconjugated
hybrid nanoparticles were washed using centrifugation. Finally, after washing, the
bioconjugated hybrid nanoparticles were resuspended in 1 mL of borate buffer and stored

at4° C.
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Immunoassay for mouse 1gG using hybrid nanoparticles as signal transducers

The bioconjugated nanoparticles were applied as biolabels in a model assay of mouse
IgG. The biolabels can release zinc ions to bind with zinc-sensitive fluorescence indicator
Fluozin-3 for fluorescence signal transduction [17]. To perform the immunoassay for the
detection of mouse 1gG, the following steps were performed. First, 300 uL of 1 x TAE
were added to the wells of a microtiter plate to bind any divalent metal ion contaminants
in the wells. The wells were washed using DI water. After thoroughly rinsing out the
wells, 2.5 pL of Magnabind magnetic beads coated with goat anti-mouse 1gG were added
to the wells and washed 2 times with PBS-R. 5% BSA prepared in PBS-R was added to
each well to block the bead and well surfaces, and then the microplate was stored at 4° C
overnight. Second, after removing the BSA from the wells, serial dilutions of mouse 19G
(1 — 1000 pM) were added to the wells in triplicate. The plate was placed on a vortex for
30 minutes for antigenic capture at room temperature. Third, the wells were washed 3
times with PBS-R to remove any unbound antigens. Subsequently, 50 pL of 5 pug/ mL
biotinylated goat anti-mouse 1gG were added to the wells to form sandwich
immunocomplexes. The biotinylated detection antibodies were incubated with the bead-
antigen complexes for 30 minutes on a vortex at room temperature. The wells were
washed with PBS-R to remove all of the excess unbound antibodies. Then, the beads
were blocked using 5% BSA in PBS for 15 minutes in the wells of the microtiter plate.
Fourth, the bioconjugated hybrid nanoparticles were diluted 25 times in HEPES buffer
(pH 7.4) and added to all of the wells for labeling the secondary antibodies through
Neutravidin-biotin binding. The bioconjugated hybrid nanoparticles were vortexed in the

wells with the sandwich immunocomplexes for 5 minutes and any unbound residual
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hybrid nanoparticles were washed out using with HEPES buffer (pH 7.4). Fifth, 50 uL of
HEPES pH 2 were added to the wells of the microplate to dissolve the hybrid
nanoparticles thereby releasing zinc ions. The pH of the dissolving solution was adjusted
back to around 6 using HEPES pH 7.4. After the pH was adjusted, the released zinc ions
were detected using 20 pL of 10 pM zinc ion specific fluorophore Fluozin-3 that was
added to each well. Finally, the beads were pulled down with magnets and the
supernatant was measured in the microplate reader.

The dual signal amplification strategy introduced in Chapter 4 was also applied for
the IgG immunoassay using hybrid zinc nanoparticles. The same general assay
procedures were followed except the signal transduction was performed using the apo-
CA activation by zinc ions and conversion of FDA to fluorescein by the activated enzyme
for fluorescence signal transduction. Therefore, the ions were released from the hybrid
zinc nanoparticles that were applied as secondary antibody labels, and the pH was
adjusted to a neutral level with HEPES pH 8. Afterwards, 25 pL of 4 uM apo-CA
followed by 25 puL of 20 uM FDA (prepared in HEPES at pH 7.4) were added to the
wells with the released zinc ions. After allowing 15 minutes for the enzyme-substrate

reaction, the plate was read in the microplate reader.

5.3  Results and Discussion
Preparation and Characterization of Hybrid Nanoparticles

To investigate the role of TGA in the synthesis procedure, a comparison experiment
was performed. In the experiment, ethanolamine and zinc nitrate were mixed in an

aqueous solution at 80° C for 1 to 240 minutes under two conditions: without TGA and
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with TGA. Without TGA addition, the reaction between ethanolamine and zinc nitrate
occurs rapidly — a white precipitate is formed within 30 minutes. When TGA is added,
the reaction solutions slowly change to an opaque color. Figure 5.1(a) and (b)
demonstrate representative SEM images of the synthesized structures under these two
conditions (these structures underwent a 60-minute reaction before being collected for
SEM imaging). As shown in the SEM images, the synthesized structures without TGA
demonstrate a rhomboid-like shape and lack a well-defined size. However, with the
addition of TGA to the reaction, the synthesized structures are nanospheres with a very
uniform shape and size. Figure 5.1(c) and (d) show the EDX spectra of the synthesized
structures under the two synthesis conditions, respectively. Figure 5.1(c) indicates that
the rhomboid-like structures are ZnO particles that contain only zinc and oxygen. The
atomic composition ratio of Zn:O is 2:3. It is believed that hydroxyl groups on the surface
of the ZnO particles potentially contribute more oxygen in the EDX analysis resulting in
higher oxygen composition during analysis. Figure 5.1(d) shows the EDX spectrum of
the spherical hybrid nanoparticles that are comprised of zinc, oxygen, sulfur, and carbon.
The atomic percentage of Zn:S:O:C in the spherical nanoparticles is approximately
1:1:2:2 respectively. To better understand the particle growth kinetics with and without
TGA, the reaction solutions under each condition were collected at fixed time intervals
during synthesis. For each time interval, the absorbance of these reaction solutions was
measured using UV-Vis spectrophotometry. Figure 5.1(e) shows that after 30 minutes of
growth, the absorbance spectrum of the ZnO reaction solution becomes relatively fixed.

This indicates that the growth of ZnO structures is rapid. However, when TGA is added
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to the reaction, as shown in Figure 5.1(f), the growth of nanoparticles is steady,
predictable, and potentially can be controlled.

From the data above, it can be concluded that the addition of TGA to a regular ZnO
synthesis procedure results in changes to the chemical composition, morphology, and
growth Kinetics of the synthesized structures. Currently, the synthesis mechanism
involving TGA is being investigated and is not completely understood. A thorough
literature review revealed that TGA and other thiol containing compounds have been
used as stabilizers in the synthesis of semiconductor nanoparticles such as CdTe and PbS
[18-21]. Besides functioning as a stabilizer, TGA was also reported to react with heavy
metal ions such as Cd®* to form complex layers on CdTe nanoparticle surfaces [21].
Thus, in this study, considering that zinc nitrate and ethanolamine can generate ZnO
nuclei under heating in an alkaline solution, it may be reasonable to deduce that: (1) the
thiol group of TGA could coordinate the surface of ZnO nuclei through thiol-metal
binding, and thus control the shape and size of ZnO nuclei during growth; and (2) TGA
may also react with free Zn** in the solution generating zinc-thioglycolic acid complexes
on the ZnO nuclei, and thus, the synthesized products or nanoparticles are believed to be
a hybrid material composed of zinc, oxygen, sulfur and carbon.

The hybrid nanoparticles were further characterized using a few different
experimental approaches. First, the as-prepared hybrid nanoparticle were washed and
incubated in borate buffer for one week, and then they were washed in ethanol and
analyzed using SEM and EDX spectroscopy. The SEM image and the EDX spectrum of
the incubated hybrid nanoparticles are very similar to Figure 5.1(b) and (d). Thus, the

chemical composition of hybrid nanoparticles is found to be unchanged in borate buffer
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Figure 5.1 (a) Scanning electron microscopy (SEM) image of unmodified ZnO nanostructures
synthesized with zinc nitrate, and ethanolamine at pH 11.5 (bar= 2 microns) (b) Energy
dispersive X-ray spectroscopy (EDS) spectrum of unmodified ZnO nanostructures (c) UV-vis
spectra of unmodified ZnO synthesized for different time intervals (d) SEM image of TGA
modified ZnO nanostructures (hybrid zinc nanoparticles) under the same synthesis conditions
with the addition of TGA (bar = 1 micron) (e) EDS spectrum of hybrid zinc nanoparticles (f)
UV-vis spectra of hybrid zinc nanoparticles synthesized for different time intervals
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(or borate buffer does not etch the hybrid nanoparticles). Second, X-ray diffraction
(XRD) analysis of the hybrid nanoparticles was attempted, but no obvious XRD pattern
was achieved (data not shown). The reason is believed to be that the hybrid nanoparticles
do not possess a rigid crystal structure due to the low temperature used during synthesis
[18]. Third, the fluorescence properties of the hybrid nanoparticles were also investigated
using a fluorescence spectrometer. Figure 5.2 shows the fluorescence excitation and
emission spectra of the hybrid nanoparticles. The excitation peak is in the UV range, and
the emission peak is in the blue range of the visible spectrum. However, the observed
blue emission is very weak (under 300 - 365 nm UV excitation) and the quantum yield of
the hybrid nanoparticles is low and estimated to be no greater than 0.01%.
Colloidal stability and bioconjugation of hybrid nanoparticles

Colloidal stability refers to the balance of attractive and repulsive forces among
nanoparticles. As a result, nanoparticles in solution are well dispersed, and are not apt to
dissolve or aggregate. In this work, the colloidal stability of the as-prepared hybrid zinc
nanoparticles was investigated using UV-Vis absorbance measurements. For comparison,
1 mg of ZnO particles that were synthesized using zinc nitrate and ethanolamine were
sonicated and suspended in 200 mL of borate buffer. The UV-Vis absorbance of the
prepared ZnO solution was monitored for 24 hours. As shown in Figure 5.3(a), the
absorbance of the ZnO particles suspended in borate buffer decreases versus time. This
implies that the ZnO particles are not stable in borate buffer. Despite the lack of stability
demonstrated by ZnO, Figure 5.3(b) depicts the absorbance data of the hybrid
nanoparticles in borate buffer after three weeks monitoring. No significant change in

absorbance is observed for the hybrid zinc nanoparticles, which indicates that the
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Figure 5.2 Fluorescence excitation and emission spectra for the hybrid nanoparticles
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nanoparticles are stably dispersed in borate buffer. Since the hybrid nanoparticles are
found to be stable in borate buffer, they underwent bioconjugation procedures to
potentially be applied for biosensing signal transduction.

The hybrid nanoparticles were conjugated with Neutravidin using EDC/NHS cross-
linking, this approach results in stable amide bonds between carboxyl groups on the
nanoparticle surface and an amine group present on the Neutravidin. The carboxyl groups
on the nanoparticle surface could arise from the TGA coordinated on the surface of the
hybrid nanoparticles through thiol-zinc binding, or could come from zinc thioglycolic
acid complexes on the surface. After bioconjugation, in order to verify that Neutravidin
molecules were immobilized on the nanoparticle surfaces, an experiment was performed.
In this experiment, biotinylated magnetic microbeads were incubated with serial dilutions
of Neutravidin conjugated and non-conjugated hybrid nanoparticles in a microplate. Non-
conjugated hybrid nanoparticles in the experiment served as a reference or negative
control (to quantify non-specific binding). After incubation, the beads were thoroughly
washed to remove any excess or unbound nanoparticles. 50 uL of HEPES pH 2 solution
was added to dissolve the specifically bound hybrid nanoparticle labels. After acidic
dissolution, the pH in the wells was then adjusted to 6 using HEPES pH 7.4 solutions,
and Fluozin-3 was added to each well to react with the released zinc ions for further
fluorescence measurement.

Figure 5.4(a) shows the fluorescence signals for serially diluted conjugated and non-
conjugated hybrid nanoparticles. For conjugated nanoparticles, the fluorescence response
rises as the concentration increases (or the bioconjugated hybrid nanoparticle dilution

factor decreases). However, the fluorescence response for non-conjugated nanoparticles
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does not present a meaningful trend. This experiment verified that Neutravidin molecules
were immobilized on the surface of the nanoparticles, and the specific binding of biotin
and Neutravidin results in increased fluorescence. If non-specific binding was a
significant factor in hybrid nanoparticle immobilization on the magnetic micro-beads, the
fluorescence response for non-conjugated nanoparticles would be similar to that of
conjugated nanoparticles.

It should be noted that, in the aforementioned experiment, before the acidic solution
was added to the wells to dissolve nanoparticle labels, the microplate was scanned in the
reader with an excitation wavelength at 355 nm and an emission wavelength of 460 nm.
This measurement was employed to directly measure fluorescence emitted from
nanoparticle labels. Despite the fact that hybrid nanoparticles were found to possess
fluorescent properties using fluorescence spectrometry, it was observed that neither set
(conjugated or non-conjugated) of hybrid nanoparticles exhibited a distinguishable
response for any tested concentration using the microplate reader (the weak blue emission
of nanoparticles could lack the necessary intensity for detection by the photomultiplier
tube in the microplate reader). The fluorescence emission data of hybrid nanoparticles
without acidic dissolution is also presented in Figure 5.4(a). Comparison of fluorescence
signals from the two measurement modes (cation release, and direct fluorescence
emission of nanoparticles), demonstrates that adopting cation-release for fluorescence
signal transduction is an effective approach to convert weakly fluorescent nanoparticles
to sensitive signal transducers that adopt fluorescence emission at longer wavelengths for

signal measurement.
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To investigate whether the bioconjugated hybrid nanoparticles can be stored for an
amount of time and are reliable for efficient labeling and signal transduction, the cation-
release-based signal transduction procedure was performed and repeated in a time-course
study for three weeks. During each test, conjugated hybrid nanoparticles diluted 50x were
prepared from the same stock nanoparticle solution and incubated with biotinylated
magnetic microbeads. Afterwards, the nanoparticles captured by the microbeads were
dissolved to release zinc ions for further signal transduction. Figure 5.4(b) shows the
fluorescence signal level after four tests over a three week time period. This data portrays
the bioconjugated hybrid nanoparticles as fluorescence signal transducers that exhibit a
stable fluorescence signal during the testing time period. It can therefore be concluded
that the conjugated hybrid nanoparticles can be applied to bioassays for at least three
weeks after preparation.

Bioconjugated hybrid nanoparticles as signal transducers in bioassay

To apply the bioconjugated hybrid nanoparticles for immunoassay as biolabels or
signal transducers, it is necessary to optimize their concentration in the assay because
using excess nanoparticles could increase the background signal thereby deteriorating the
sensitivity of the assay. On the other hand, if too few bioconjugated hybrid nanoparticles
are used, incomplete labeling of the secondary antibody could potentially occur which
might decrease the detection range of the assay. The optimization procedure was
straightforward. First, magnetic microbeads were used to capture 0 and 100 pM mouse
IgG, and then incubated with biotinylated anti-mouse 1gG to form immunocomplexes.
Second, the immunocomplexes were incubated with 10, 25, 50, and 100 times diluted

nanoparticles from the stock solution. Afterwards, the acidic solution (HEPES pH 2) was
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Figure 5.4 (a) Fluorescence responses of serially diluted conjugated and non-
conjugated hybrid zinc nanoparticles after being captured by biotinylated beads under
two measurement modes: cation release (ex 488 nm, em 520 nm) and nanoparticle
emission (ex 355 nm, em 460 nm); (b) Fluorescence signal stability of bioconjugated
hybrid zinc nanoparticles using cation-release based signal transduction
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applied to release zinc ions from the bound biolabels. After the pH of the dissolving
solution was adjusted to a neutral level, Fluozin-3 was added to each well to react with
the liberated zinc ions for subsequent fluorescence measurement. The experiment was
conducted in triplicate. During data processing, 100 pM mouse IgG was used as the
signal, while 0 pM 1gG was used as the background to calculate the signal to background
ratio that is shown in the inset of Figure 5.5. It can be seen that the highest signal to
background ratio was achieved when the bioconjugated hybrid nanoparticles were diluted
25 times. Thus, diluting the bioconjugated hybrid nanoparticles 25 x was applied in the
assay.

Under the optimized experimental conditions, the assay was performed. Figure 5.5
shows the assay calibration curve. It should be made clear that this calibration curve is for
the single stage amplification approach using zinc ion detection with Fluozin-3. On the
basis of three times the standard deviation of the background, the detection limit is found
to be about 10 pM (with experimental replicate n = 9). The curve shows that the detection
range of the 1gG assay covers about two orders of magnitude (10 pM ~ 1000 pM). This
assay presents reasonable analytical performance using hybrid nanoparticles as signal
transducers.

The 1gG immunoassay was also performed using the dual signal amplification
approach, described in Chapter 4, which utilizes apo-carbonic anhydrase and fluorescein
diacetate (apo-CA and FDA) for detection of the released zinc ions and further bioassay
signal transduction. In this study, the optimized 1gG immunoassay parameters were
adopted, but the appropriate labeling concentration of hybrid zinc nanoparticles also

needed to be determined. Therefore, an optimization study was performed that used
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different concentrations of hybrid nanoparticles to label 0, 25, and 100 pM 1gG incubated
with magnetic beads and secondary antibodies during the 1gG immunoassay. The results
from this study are presented in Figure 5.6(a) and demonstrate that there is a dependence
on the fluorescence response to the concentration of hybrid zinc nanoparticle labels when
they are diluted from 10 to 100 times. From this study it is found that although the non-
specific binding background increases with increasing concentrations of hybrid zinc
nanoparticles, the highest signal to background ratio for sensitive detection resolution
occurs when the hybrid nanoparticles are diluted 25 times.

On the basis of the optimized labeling condition, the immunoassay on mouse 1gG was
performed using the dual signal amplification procedures. The calibration curve for this
assay is presented in Figure 5.6(b) and indicates that 1gG concentrations ranging from 1-
100 pM can be detected and quantified using this approach. On the basis of three times
the standard deviation added to the background signal to calculate the detection limit, this
assay presents a detection limit around 1 pM. Compared with the single stage signal
amplification approach, the dual stage enzyme amplification technique offers a lower
detection limit for the 1IgG immunoassay.

The Effect of Hybrid Zinc Nanoparticle Size on Bioassay Analytical Performance

The ion releasing signal transduction mechanism for bioassays using the hybrid
nanoparticles could display a dependence on size because larger particles conceivably
would release more zinc ions. Based on this hypothesis, an investigation was performed
that employed dual signal amplification (using apo-CA activation by released zinc ions)

because the comparatively higher sensitivity compared to single stage amplification. For
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this study, during the synthesis hybrid nanoparticles were reacted for 2 hours rather than
30 minutes to generate larger sized particles. Based on the SEM image demonstrated in
the inset of Figure 5.7(a), the size of the hybrid nanoparticles used for this study on size
effects was estimated to be ~150 nm or three to five times larger than the hybrid
nanoparticles used in the previously presented assays. In the same manner as the
aforementioned assays, the optimal dilution (or concentration) of the larger bioconjugated
hybrid nanoparticles for the mouse IgG immunoassay needed to be determined. The
optimization of hybrid nanoparticle concentration was performed using 0, 25, and 100
pM mouse IgG and different dilutions of hybrid zinc nanoparticles. The results from this
optimization study are shown in Figure 5.7(a). From this figure and based on the signal
to background ratio, 50 times diluted hybrid nanoparticles was determined to be the
optimized condition when the nanoparticles are significantly larger. It should be noted
that the optimal labeling concentration of the smaller hybrid nanoparticles was found to
be twice as high as the larger nanoparticles (1/25 versus 1/50 dilution factor). This likely
arose from the larger hybrid nanoparticles releasing significantly more zinc ions.
Therefore, for any binding of the larger hybrid nanoparticles, whether labeling antibodies
or a non-specific binding event, much more zinc ions are released to activate the
enzymes. As a result, the 50 times diluted hybrid nanoparticles were found to achieve the
highest signal to background ratio for 25 pM mouse IgG.

The immunoassay for mouse 1gG was performed with concentrations ranging from 0
to 100 pM. The assay procedures were the same as was previously outlined for both
single and dual signal amplification using the hybrid zinc nanoparticles. The results for

this assay are shown in Figure 5.7(b). The analytical capabilities of this assay are similar
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to the dual signal amplification using the smaller or ~30 nm hybrid nanoparticles. The
sensitivity or detection limit of both assays was found to be right around 1 pM.
Compared with the ~30 nm diameter hybrid nanoparticles, the ~150 nm nanoparticles
suffer from three drawbacks: (1) The colloidal stability of larger hybrid nanoparticles was
not attained (2) Larger deviations are observed during the mouse IgG immunoassay (3)
The dynamic range of the mouse IgG immunoassay is not as large. It is believed that
these drawbacks arise because of the high number of zinc ions present that result in a
greater surface area for decomposition or dissolution, larger discrepancies in zinc ion
concentration from particle to particle, and the more ions released push the immunoassay
to saturation more rapidly than smaller hybrid nanoparticles. Another hypothesis to
describe the lack of increase in sensitivity observed with the ~150 nm hybrid
nanoparticles is that there is less room for binding because the larger hybrid nanoparticles

take up more space.

5.4  Conclusions

This work presents the facile synthesis of hybrid zinc nanoparticles in an aqueous
solution at low temperature, as well as the immunoassay application of these
nanoparticles. Compared to many reported nanoparticles, the hybrid nanoparticles can be
synthesized with a bioconjugation ready surface, are environmentally friendly, can be
produced at low costs, and are able to be prepared quickly (about two hours from
experimental setup to synthesis completion). Furthermore, the hybrid zinc nanoparticles
were proven as effective signal transducers for single and dual stage signal amplification

for sandwich immunoassays. It is believed that the hybrid nanoparticles demonstrated in
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this work can be applied to bioassays for various analytes. The hybrid nanoparticles (or
signal transducers) are believed to be capable of more diverse biosensing applications in
clinical diagnosis, food safety control, environmental monitoring, etc. Future work of this
study could focus on the investigation of the growth mechanism of the hybrid

nanoparticles.
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CHAPTER 6

CONCLUSIONS
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6.1  Summary of Developed Methods

The detection of diverse analytes at trace levels for clinical and environmental
diagnostics is critical to public health. With this in mind, nanomaterials have recently
been explored for these specific purposes. While an abundance of methods using a
variety of different nanomaterials have been developed previously, on the whole, these
methods suffer at least one drawback such as lacking specificity or sensitivity, depending
on toxic materials or mercury electrodes, requiring costly or rare chemical constituents,
employing difficult or time consuming synthesis procedures that adopt complex surface
modification procedures, or necessitating expensive equipment that is oftentimes difficult
to operate. Aiming at developing better methods of nanoparticle signal transduction for
sandwich immunoassays, a novel signal transduction mechanism was developed that
employed ion release from zinc-based nanomaterials for the sensitive signal transduction
of bioassays. The developed methods were found capable of detecting proteins with
lower limits of detection in the range of 500 fM to 10 pM. In addition, critical levels of
cardiac biomarkers useful for clinical diagnosis were also detectable using these
approaches, and reasonable sensitivity was realized for the detection of pathogenic
bacteria in water samples at ~1000 cfu. The principle novelty of this work was the
development of amplification approaches for immunoassay signal transduction relying on
ion release. Through the employment of ZnS nanoparticles and a previously undescribed
hybrid zinc nanomaterial for labeling, straightforward synthesis and bioconjugation
procedures could be used to generate low cost nanoparticles comprised of elements of

little known toxicity.
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Comparing the methods described in this work to the procedures outlined in the
introduction, the sensitivity of the zinc nanomaterial-based bioassay signal transduction
mechanisms rivals that of new and emerging nanoparticle signal transduction
mechanisms. What distinguishes this work from other nanoparticle-based bioassay signal
amplification approaches is the aqueous synthesis of stable and biocompatible
nanoparticles, the development of fluorescence detection methods for non-fluorescent or
weakly fluorescent nanoparticles, the introduction of acid-based ion release as an
immunoassay signal amplification approach, the adoption of nanoparticles that are
composed of chemicals of little environmental risk, and the utilization of economical
reagents for synthesizing nanomaterials. On the basis of these attributes, the developed
methods are believed to be superior to most other techniques for immunoassay signal
transduction. What follows is a brief synopsis of the principle discoveries and
developments in this work.

First, a novel signal transduction mechanism employing ion release from zinc sulfide
nanoparticles was developed. This work first sought to characterize the ability of
fluorescent zinc indicator Fluozin-3 to detect zinc ions. Few reports have described the
use of Fluozin-3 as an indicator of zinc ion concentrations in a microplate-based assay
format. Therefore, the sensitivity, selectivity, and pH dependence of this system was
characterized. Afterwards, a simple aqueous approach was utilized for the generation of
ZnS nanoparticles. These ZnS nanoparticles were found to be stably dispersed in an
aqueous buffer and could be bioconjugated with a straightforward approach.  After
bioconjugation, the ion releasing signal transduction approach was investigated, starting

with simple assays, and the importance of ion release for signal transduction was verified.
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Finally, a model assay adopting mouse IgG was used as a proof of concept for this ion
releasing signal transduction mechanism.

In this approach, nanoparticles composed of elements of little toxicity were found
capable of forming nanoparticles that could be applied as sensitive signal transducers for
immunoassay. The decomposition of the ZnS nanoparticles using acid renders this
technique especially useful from an environmentally friendly and lab safety perspective
because disposal of nanomaterial is not necessary. When the exact same immunoassay
was performed utilizing an enzyme label for a standard ELISA, the limit of detection of
the developed approach was about 5~10 times lower. It is believed that this method
represents one of the first descriptions of fluorescence signal transduction using non-
fluorescent (or very low quantum yield) nanomaterial labels for immunoassay. The acid-
based ion release technique was found to be a simple, straightforward approach for
immunoassay signal amplification. Although reports of the aqueous synthesis of zinc
nanomaterials have been described, the bioconjugation and biosensing application is
believed to be presented for the first time in this work. Moreover, all of the reagents are
economical, easy to prepare, and the only instrumentation required is a microplate reader.

Second, this work sought to demonstrate the application of these nanoparticles for
assays that could be used for environmental monitoring and clinical diagnostics.
Therefore, the ZnS nanoparticles were applied for the detection of E. coli O157:H7 in tap
water from a municipal source and for the detection of C-reactive protein in human serum
samples. For the detection of E. coli O157:H7 in tap water samples the assay was found
to be selective and offer reasonable sensitivity. In comparison with other methods of

detection for E. coli O157:H7, this approach is found to offer good sensitivity with a
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reduced overall assay time when compared with more conventional culture methods.
Similarly, the assay developed for the detection of C-reactive protein was also found to
be quite effective at quantifying low levels of the cardiac biomarker in serum samples.
The assay demonstrated comparable results to other recently reported methods and for the
dynamic range of the assay to be capable of quantifying clinically relevant levels, the
serum necessitated 20 times dilution. As a result of these studies, it was determined that
the developed ZnS nanoparticle immunoassay signal transduction mechanism offers
better sensitivity than a number of reported methods for the detection of a pathogenic
bacterium and a cardiac biomarker. Furthermore, the assay is proven to be both generic
and robust as it can be applied for the detection of proteins and whole cells in the
complex sample matrices that the respective analytes are found in.

Third, an investigation was executed that sought to develop a sensitive zinc ion
detection system which in turn could reduce the detection limit of immunoassays.
Although good relative sensitivity was found using the single stage signal amplification
that adopted zinc ion release and detection of the released ions with Fluozin-3, some
analytes require more sensitive detection methods or detection of more dilute analytes.
Focused on reducing the detection limit of immunoassays that adopt the ZnS nanoparticle
ion releasing signal transduction approach, a new detection method for zinc ions was
developed that relied on the activation of an apo-zinc metallozyme. After the first stage
of signal amplification that relied on ion release using acidic dissolution, the released zinc
ions activate apo-carbonic anhydrase that converts substrate fluorescein diacetate to
fluorescein in a zinc concentration dependent manner. After developing the new zinc

detection system it was coupled with an immunoassay for the detection of cardiac
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troponin 1. The dual signal amplification approach was proven to be capable of detecting
clinically important levels of cTnl in serum samples, but when the standard ELISA was
used for cTnl detection, the critical level was undetectable from the background signal.
This finding demonstrates a clear advantage of dual signal amplification compared to a
conventional ELISA. Based on this study, the sensitivity of the dual signal amplification
approach was found to be superior to the single stage assay. In addition, a zinc ion
detection method was developed that was found to be superior to the commercially
available fluorophore, Fluozin-3, and was also much less expensive. Finally, the dual
signal amplification was the first description of using ion release and metallozyme
activation with metal cofactors for immunoassay signal amplification.

Fourth, while investigating zinc oxide nanoparticle synthesis procedures, a new
hybrid zinc nanomaterial was discovered. The addition of thioglycolic acid to a
previously described synthesis procedure for zinc oxide nanoparticles was found to
generate hybrid zinc nanoparticles with markedly different chemical and physical
properties. For example, during the synthesis procedure the size of the hybrid zinc
nanoparticles can be controlled, hybrid nanoparticles of a certain size range were found to
exhibit colloidal stability, and further investigations determined that these novel hybrid
zinc nanoparticles could be applied for bioassay signal transduction. A thorough
investigation was performed into the bioassay application of the hybrid zinc
nanomaterials. The feasibility of applying the hybrid zinc nanoparticles for both single
and dual stage signal amplification has been experimentally explored. Moreover, the
effect of the size of hybrid zinc nanoparticles on bioassay sensitivity was investigated. It

was found that the size of hybrid zinc nanoparticles demonstrated little effect on the assay
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sensitivity, but did result in reduced dynamic range and increased deviations. These
previously undescribed hybrid zinc nanoparticles were found to be economical and
effective bioassay signal transducers. Compared with the ZnS nanoparticles, the
synthesis of the hybrid nanomaterials was much faster. With this in mind, hybrid zinc
nanoparticles could be synthesized, bioconjugated, and applied for biosensing signal
transduction in one day.

Table 6.1 shows a general overview of the nanomaterials that were used, the analytes
that were detected, the signal transduction mechanism, and the limits of detection. All of
the methods that were developed in this work used simple synthesis procedures for the
generation of low toxic zinc nanomaterials that could be coupled with immunoassays

using a straightforward approach for sensitive signal transduction.

6.2  Future Research Directions

The application of zinc-based nanomaterials for biosensing signal transduction is just
beginning to be explored and this dissertation has introduced a new field of research and
investigation. This work has certainly established zinc nanomaterials as a sensitive and
effective route for biosensing signal amplification. On the other hand, there are several
distinct directions that this research can be taken. A few of these research directions are,
integrating zinc nanomaterials with alternative bioassay techniques for detection of
nucleic acids and other analytes, more thoroughly exploring synthesis procedures for the
hybrid zinc nanoparticles to generate zinc nanoparticles with much higher fluorescence
quantum yields, and packaging this approach into a simple to operate on-chip format for

environmental monitoring or clinical diagnostics.
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Table 6.1 Summary of developed zinc nanoparticle signal transduction mechanisms
developed in this dissertation

Signal
Nanomaterial Analyte Transduction Limit of Detection
Mechanism
: lon release-
ZnS nanoparticle  Mouse IgG Fluozin-3 1pM
ZnS nanoparticle  E.coli 0157:H7 lon release- ~1000 cfu
Fluozin 3
: : , lon release-
ZnS nanoparticle  C-reactive protein Eluozin 3 10 pM
. lon release-
ZnS nanoparticle  Mouse IgG apo-CA 0.5 pM
: : : lon release-
ZnS nanoparticle  Cardiac Troponin | apo-CA 10 pM
Hybrid zinc lon release- _
nanoparticle Mouse IgG Fluozin-3 10pM
Hybrid zinc lon release-
nanoparticle HELEE lgie apo-CA D [Bhi
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Although immunoassay is an effective route for the detection of diverse analytes,
alternative bioassay techniques are also capable of molecular recognition. For example,
hybridization methods using complimentary probes are oftentimes found to be capable of
sensitive and selective detection of nucleic acids. One research direction for the
technologies developed in this dissertation is the exploration of coupling with other
bioassay methods. The discovery that circulating microRNAs can be implicated in a
number of different disease states has demonstrated that the detection of these small 20-
24 base pair nucleic acids could offer an exciting direction for diagnostics. Recent work
has focused on the detection of miR-21 using these ZnS nanoparticles. During this assay,
after capture of miR-21, adenine polymerization is used to generate a binding site for
biotinylated thymine (30 base pairs). Afterwards, the ZnS nanoparticles can be bound to
the biotinylated labels for further signal transduction. The generic nature of the
approaches developed in this dissertation has been further confirmed because sensitive
detection of miR-21 down to ~1- 10 pM has been realized for the dual signal
amplification with apo-CA. However, critical levels of microRNA oftentimes are much
lower than pM levels. Therefore further optimization and investigation must be used to
enhance the sensitivity of the assay. This work is in the early stages of development and
shows potential for detection down to fM levels.

In this dissertation, novel approaches were developed to generate fluorescence using
ZnS and hybrid nanoparticles that exhibited very little intrinsic fluorescence using ion
release. The ion releasing approaches were experimentally determined to be quite
effective for biosensing and in vitro detection assays. However, a considerable

improvement would be to develop aqueous synthesis approaches for hybrid zinc
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nanomaterials that demonstrate highly efficient fluorescent properties. Therefore, a
distinct research direction is thoroughly characterizing and investigating the chemistries
associated with zinc nanoparticle synthesis procedures. In this research direction the
target would be generating zinc nanoparticles that demonstrate high fluorescence
quantum yields coupled with the water stability and low toxicity of zinc nanoparticles
described in this work. Achieving this research target could result in the realization of
zinc-based nanomaterials as valuable bioimaging probes for in vivo analysis.

Finally, although the developed assays were simple, straightforward, and relatively
rapid, if ion releasing signal amplification methods for immunoassays could be made
more user friendly, various diagnostic applications could ensue. A third research
direction is therefore, to integrate the developed technologies with point of care devices.
In general, the bioassays that were performed using zinc nanomaterial labels required two
to four hours and extensive attention from the scientist performing the assay. Therefore,
streamlining the assay, and later integrating the techniques into an operator friendly, lab-
on-a-chip format would significantly improve the widespread application of the
developed techniques. Moreover, because the nanoparticle labels are dissolved in this
assay, there would be very little risk of environmental or laboratory hazards after
performing the assay. As a result of the generic and robust nature of the developed zinc
nanomaterial-based bioassays, consolidating these technologies into a point of care

diagnostic format could potentially be extremely valuable.

6.3  Concluding Remarks
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Nanobiotechnology is one of the newest and most exciting fields of study that, at
present, is receiving increasing research interests as an avenue for solving emerging
problems. The continued development of these techniques could result in vastly
improved diagnostic methods and devices. In the evolution of nanobiotechnology as a
means for clinical and environmental monitoring, it is important to develop simple,
economical, straightforward, and sensitive techniques. Moreover the materials that are
employed should demonstrate minimal environmental and health consequences after
exposure or handling. It is possible that the technologies developed in this dissertation
may be used for early diagnosis of catastrophic maladies such as cancer and
cardiovascular disease resulting from their described sensitivity and inherent simplicity.
As a result, the further development of the methods presented in this dissertation that can
be translated into useful tools for the detection of analytes critical to public health should
be continued. It is conceivable that the technologies established in this dissertation could
be utilized for sensitive detection of analytes in various applications such as clinical

diagnosis and environmental monitoring.
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SECTION | ZnS Nanoparticle Concentration Estimation

To estimate the concentration of ZnS nanoparticles, a known concentration of
ZnCl, was reacted with Fluozin-3 while at the same time, ZnS nanoparticles were
dissolved using acid, the pH was adjusted to a more neutral level, and then the released
ions were reacted with Fluozin-3. Based on a known dilution of ZnS nanoparticles, and
an estimated 2 million zinc ions per nanoparticle (when ~50 nm nanoparticles are used)
the results from this experiment could be extrapolated into the ZnCl; calibration curve.
Through the comparison of turnover points on the plots, it was believed that a reasonable
estimate of ZnS concentration could be achieved. This experiment was performed as
follows.

First, 100 uL of ZnSNP were taken from a flask after synthesis, placed in a
microvial, and vortexed at 10,000 x g for 10 minutes. The supernatant was carefully
removed and the pellet was re-suspended in Hepes buffer pH 7.4.  Afterwards, a
microtiter plate was prepared by adding 1 x TAE to all of the wells, followed by
thorough washing with buffers to remove any residual TAE. Second, serial dilutions of
ZnCl, and ZnS nanoparticles were prepared in HEPES pH 2 (the ZnS nanoparticles
emitted a strong hydrogen sulfide aroma upon dissolution). After preparing the solutions,
50 uL of ZnCl, and ZnS nanoparticles ([ZnCl;]= 0- 5000 nM; ZnS nanoparticles diluted
10- 1,000,000 times) were placed in the wells of the washed microtiter plate. Third, the
pH was adjusted using 150 pL of Hepes pH 7.4. To ensure homogeneous pH the plate
was vortexed for 3 minutes. Finally, 20 uL of 5 uM Fluozin-3 was added to each well of

the microplate, and the plate was vortexed for 2 minutes followed by fluorescence
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measurement in the plate reader. The results for both ZnCl, and ZnS nanoparticles are
shown in Figure Al.

When the results from Al are analyzed, the concentration of ZnS nanoparticles
can be estimated. The fluorescence intensity of ZnS nanoparticles that were diluted
1,000 times is very similar to the fluorescence intensity of 1000 nM ZnCl,. This was
interpreted as meaning that the concentration of zinc ions was 1000 nM in ZnS solutions
that are diluted 1000 times. This implies that in the stock ZnS solution (undiluted, as
synthesized) the zinc concentration is 1-5 mM. Using this concentration and the
estimation of 2x10° zinc ions in a 50 nm nanoparticle the concentration of ZnS

nanoparticles was estimated to be around 0.5~2.5 nM.
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Figure Al. Fluorescence response of Fluozin-3 to different dilutions of ZnS
nanoparticles prepared from the stock solution and dissolved using HEPES pH 2 for
extrapolation into the calibration curve for ZnCl, to estimate the concentration of
ZnS nanoparticles
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SECTION Il Optimization of Detection Antibody Concentration in Immunoassay

The experiment was performed as follows. First, 10 pL of Magnabind beads
conjugated with goat anti-mouse IgG were added to the wells of a microplate and washed
three times using PBS-R. Second, 50 uL of 1 uM mouse IgG were added to each well for
30 minute antigenic capture by the beads. After the incubation, the beads were washed
using PBS-R. Third, 50 pL of detection antibody (biotinylated goat anti mouse IgG)
prepared in a wide concentration range (from 0 to 1 uM) were added to the wells and
incubated with the beads for 30 min, and then the beads were washed 3 times using PBS-
R. Fourth, 50 uL of 0.03 mg/mL streptavidin beta-galactosidase conjugate were added to
each well to bind with detection antibody for 5 minutes. The beads were washed three
times with PBS-R followed by two washes using PBS-D. Fifth, the beads were re-
suspended in 20 puL of PBS-D, and 100 puL of 0.2 mM FDG were added to each well for
30 second incubation. The enzyme reaction was quenched using 100 puL of 5 x TAE.
Finally, the beads were pulled down and 100 pL of the supernatant were transferred to
each well for fluorescence measurement. The above experiment was performed in
triplicate.

Figure A2 shows the fluorescence signal vs. the concentration of detection antibody.
In this Figure, the turnover point for signal saturation, which is estimated at around 30
nM, is considered as the maximum loading concentration of detection antibody on the

bead surface.
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Figure A2. The plot to study the maximum loading of detection antibody
(biotinylated goat anti mouse IgG) when beads are saturated with antigen mouse 1gG
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SECTION I11- Enzyme Immunoassay for Mouse 1gG

First, 10 uL of Magnabind beads conjugated with goat anti-mouse 1gG were added to
the wells of the plate and washed. Second, 50 pL of serially diluted mouse IgG in the
concentration range of 0 to 1000 nM were added to each well and incubated with the
beads for 30 minutes. After incubation, the beads were further washed. Third, 50 pL of
30 nM biotinylated detection antibody were added to each well and incubated with the
beads for 30 min, and afterwards the beads were washed. Fourth, 50 puL of 0.03 mg/mL
streptavidin beta-galactosidase conjugate were added to each well and incubated with the
beads for 5 min, and the beads were further washed. The beads were re-suspended in 20
uL of PBS-D, and 100 pL of 0.2 mM FDG were added to each well for 30 seconds to
allow the enzyme conversion of substrate to fluorescent product. The enzyme reaction
was quenched with 100 pl. of 5 X TAE. Finally, 100 puL of the supernatant was
transferred to new wells for signal measurement. This experiment was performed in

triplicate, and the results are shown in Figure A3.
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Figure A3. Mouse IgG immunoassay calibration curve using optimized conditions
and enzyme labeling with Beta-galactosidase and conversion of FDG to fluorescein



