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Abstract

Portable, Stable, and Sensitive Assay to Detect Phosphate in Water with Gold

Nanoparticles and Dextran Tablet

AmirReza Rouhani Esfahani

Phosphate (P1) is a necessary element for growth and energy transport in humans, animals
and plants. However, the excess amount of this element could cause severe problems such as joint
pain and skin rash for humans and eutrophication in nature. Eutrophication is the enrichment of
nutrients, especially phosphate, in aquatic systems, with harmful effects on surface water bodies,

such as lakes and creatures in the water.

This thesis investigated the applicability of gold nanoparticles to detect phosphate using
different methods including paper-based and tablet-based sensors. A novel and highly sensitive
tablet-based colorimetric sensor is developed to detect phosphate (Pi) in water using
mercaptoacetic acid-gold nanoparticles (MA-AuNPs). The principle of this sensor is based on the
aggregation (blue colored) and disaggregation (red-colored) mechanism of AuNPs due to surface

plasmon resonance, where europium ions (Eu®") act as an aggregating agent. Herein, dextran



tablets encapsulated the Eu®* ions to make the detection system user friendly. Hence, the sensor
just requires dissolving the Eu**-dextran tablet into the water sample and subsequently adding
MA-AuNPs for the colorimetric quantification of phosphate. This assay is very sensitive, with a
calculated lower detection limit of 3.779 ug/L and upper detection limit of 0.328 mg/L. The assay
does not interfere with common ions in water, thus being Pi-specific, and the display results were
stable up to three weeks. Overall, this new approach provides a simple, stable, rapid, low cost and

promising device for Pi detection in water.
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Chapter 1. Introduction

In this chapter a brief introduction for water pollution and detection of phosphate in water
is presented. This section continuous with the objectives of this research project and ends up with
the thesis outline.

1.1. Background

The pioneering work in the area of gold nanoparticles (AuNPs) was initiated by Michael
Faraday in the 1850s when he accidentally created a ruby red colloidal gold [1]. Since then,
researchers have investigated its synthesis, properties and potential applications in different fields,
including drug delivery [2,3], sensors [4,5], air purification [6], solar cells [7,8], catalysis [9],
photocatalysis [10], etc. More recently, AuNPs have been reported for onsite detection
applications, specifically, in sensor systems to monitor water quality by identifying and
quantifying various ions including arsenic [11], mercury [12], lead [13], copper [13], nitrate [14],
fluoride [15] and phosphate [16]. The quantification is often achieved through colorimetric outputs
which have been widely used in various analytical platforms [17-19]. The quantification of
phosphorus in water is a common quality parameter. This is due to the importance of phosphorus
to aquatic life for growth and energy transfer [15,16]. Many countries around the world regulate
both the phosphorus removal requirements and the maximum concentration of acceptable
phosphorous in the wastewaters. Typical values are less than 1 mg/L or 1 ppm for wastewater, but

more and more new European regulations are setting the new limit to 0.01 mg/L [20].

The primary sources of phosphorus are the terrestrial and aquatic environments through
soil and bank erosion, in which the phosphorus cycle naturally regulates the amount of this element

in the ecosystem [21]. However, phosphorus is also a typical component of fertilizers, manure,
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and it is also found in municipal solid waste, as well as in sewage and industrial effluent
wastewaters. The illegal human disposal of both toxic waste and waste from factories contribute
to phosphorous runoff into water bodies and deep in the soil, which significantly increases the
amount of this element in the aquatic habitat [18,19]. Therefore, even a moderate increase in
phosphorus concentration has the power of setting off a variety of enchained hazardous effects to
the aquatic environment, including algae boom, leading to the suffocation of aquatic animals by
decreasing the dissolved oxygen, which ultimately causes death. This process of algae boom is
called eutrophication [20,22], and leads to the formation of biotoxins in water [23], including
venerupin poisoning (VP) [24], diarrhoetic shellfish poisoning (DSP) [24], alexandrium fundyense
[25], dinophysis acuminate [25], neurotoxic shellfish poisoning (NSP) [24], and paralytic shellfish
poisoning (PSP) [30]. In addition, phosphorus in drinking water may cause rashes on the skin, joint
pains, and kidney malfunction [26]. Therefore, the amount of phosphorus in the form of dissolved
phosphate in water is an essential factor in water quality. The common methods for the detection
of phosphate and phosphorous in a solution include the electrochemical technique [27,28], the
surface-enhanced raman scattering (SERS) [23,24], and the complexometric back titration method
[29]. These techniques are expensive, labor-intensive, and require a continuous power source and
bulky equipment. These challenges limit the use of these testing techniques in resource-limited

regions and developing countries.

1.2. Objective

Despite the extensive research conducted in the field of ion detection with gold
nanoparticles and optimizing its sensitivity and applicability, limited research has been done on
utilizing the gold nanoparticles for the phosphate detection. This study was mainly focused on the

performance of a paper-based and tablet-based sensor for detection of phosphate in water. That
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said, the overarching objective of this study is to optimize the functionalized gold nanoparticles

and fabricate an easy-to-use sensor. The sub-objectives of this study were to:

- Synthesis and characterization of spherical gold nanoparticles (AuNPs) with the Turkevich
method and their functionalization with mercaproacetic acid (MA) to make them sensitive
to phosphate and europium ions.

- Examination of the effect of tris-buffer HCI on the applicability, sensitivity, and stability
of the functionalized MA-AuNPs in the process of phosphate detection.

- Fabrication of a paper-based device using MA-AuNPs and Eu** and examination of its
performance in detection of phosphate ions in the water.

- Fabrication of a tablet-based device using MA-AuNPs and Eu** and examination of its

performance in detection of phosphate ions in the water.

1.3. Thesis outline
The present thesis document has five chapters in the following structure:
Chapter 2 contains a comprehensive literature review on gold nanoparticles, its chemical and
physical properties, and its synthesis methods. Moreover, water pollutants and eutrophication have
been discussed in this chapter. Chapter 3 focuses on the chemicals and methods, the synthesis and
functionalization of gold nanoparticles, and paper and tablet preparation. Chapter 4 presents the
obtained results and the commensurate discussions. As a final point, the conclusions of the work

and suggestions for future research are specified in Chapter 5.



Chapter 2. Literature Review

In this chapter some general information is provided about the gold nanoparticles including
its chemistry and physical properties and different methods of synthesis. This part continuous with
an overview on water pollutants and ends up with eutrophication and different lake types.

2.1. Nanotechnology and nanoscience

Albert Einstein published an experimental data in 1905 showing that the diameter of a
single sugar molecule to be 1 nm and initiated the nanotechnology [30]. Nanoscale science began
in 1959, when physicist Richard Feynman presented a famous speech named “There is Plenty of
Room at the Bottom” and won the Nobel Prize, therefore presenting nanotechnology for the first
time. He noted that “someday it would be possible to put the entire 24 volumes Encyclopedia
Britannica on the head of a pin” [30]. Dr. Feynman attracted his audience attention to biological
cells and mentioned that “although cells are very tiny, they are very active; they manufacture
various substances; they walk around; they wiggle, and they do all kinds of marvelous things all
on a very small scale” [31]. Also, he pointed out that computing machines could be miniaturized
to a very small scale to simulate the properties of small-scale structures. The atomic force
microscope (AFM) and the scanning tunneling microscope (STM) was discovered by Gerd Binnig
and Heinrich Rohrer in the IBM Research Centre located in Zurich in the 1980s, and these devices
enabled the research into the study of nanotechnology due to their unprecedented power to capture
images at an extremely low magnification [31]. About six years later, in 1986, Eric K. Drexler
published the first book about nanotechnology titled “Engines of Creation: The Coming Era of

Nanotechnology” and talked about the future of nanoscience.



In summary, nano can be described as “extremely small or one-billionth”; therefore, the
scale is nanometer. Nanotechnology is based on the capability to manipulate, control and reduce
atoms and molecules to smaller segments, systems and devices. In other words, at the small scale,
materials have special physical and chemical features, which have a great potential for different

applications such as drug delivery [3,32], detection [33,34], solar cells [7,35], etc.

2.2. Gold nanoparticles

Gold nanoparticles (AuNPs) have been used since ancient times to make stained-glass in
sacred places, including churches. It was long assumed that the color of the gold suspension was
as aresult of the chemicals used to prepare it. In 1857, Michael Faraday discovered the relationship

between gold particle size and its color by synthesizing the first pure gold colloid [36].

Colloidal gold solutions are made of sub-micrometer-sized particles dispersed in a liquid.
AuNPs are corrosion and oxidation resistant, which make them applicable for the environment or
aqueous experiments. Gold in the nanoscale attracts scientist’s attention as it became clear that
their bulk properties change as the size decrease from micro-sized materials to small atomic
clusters. The higher relative surface area and the dominance of size-dependent properties come
from size reduction, impact to the nanoparticles’ special electrical [37], thermal [38], and optical
characteristics [39] as well as chemical reactivity. Hence, specific nanoparticles dimensions for
different kind of metals can be fabricated. However, Michael Faraday, the pioneer in the discovery
of the colloidal metal nanoparticles’ nature, presented size reduction has some difficulties as the
nanoparticles tend to aggregate in order to reduce their surface energy [36]. He noticed the AuNPs
in solution were thermodynamically unstable and necessitated kinetic stabilization to prevent their
aggregation. The commonest methods of stabilization involve the introduction of chemical agents,

before or during the synthesis, which creates a protecting shell around the nanoparticles that
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prevent particle aggregation by electrostatic repulsion or steric hindrance. Besides stabilizing the
particles, these chemicals act as functionalization agents which can prepare the NPs to be used for

different applications such as self-assembly and electrostatic [16].

2.3. Gold chemistry

Many experimental and theoretical methods have been presented to examine and
rationalize interactions between gold-ligand. As gold stabilization takes place by linking capping
molecules containing functional groups such as amine, alcohol, thiol and phosphines,
understanding these surface phenomena is necessary. Among different methods, the broad range
of interaction strengths given by these ligands can be specified by Pearson's hard/soft-acid/base
(HSAB) theorem, which classifies chemical interactions in terms of hard and soft acid-base
interaction according to particular parameters [40]. Because the idea was proven for bulk material,
in the case of ligand to metallic nanoparticle connections, the validity of the concept in a

microenvironment was recently validated.

The definition of the HSAB mandates that hard acids choose hard bases and soft acids
choose soft bases. [40]. The following four statements illustrate such behavior: 1) different degrees
of ionic-covalent, 2) solvation effect 3) electron-correlation 4) c-binding. The Au atom which
comprising the metallic nanoparticle surface is called a soft acid, because of its low valence state.
This represented as a large polarizable atom with low or partial positive charge, having electron
pairs in its valence shells and low LUMO energy. Hence, the soft acid will complex readily with
a number of corresponding soft bases that have identical polarizability features (low

electronegativity) and sizes [41,42]. The two separate bases groups are described in Table 1.



Table 1 Classification of Lewis Bases and their definitions (adopted from Refs. [40]).

Hard Soft

- Small atoms, highly solvated - Large atoms of intermediate

- Weakly polarizable electronegativity

- Difficult to oxidize - Easily polarizable

- High energy HOMO - Easy to oxidizes

- Low energy HOMO

H,0,0H™,F~ R,S, RSH, RS~
CH;CO0;,P03~, S0 I7,SCN~, RS~
Cl=,C0% ., cloy R3P, R3AS, (RO)3P
ROH, RO™,R,0 CN~, RNC, CO
NH35RNH29 N2H4 C2H4-5 C6H69 H_aR_

Borderline (intermediate properties)

CoHsNH, , C:HsN, N5, Br—, NO;, SO%~, N,

Based on the Table 1, it is expected that AuNPs and sulphur interact intensely, which is a
soft base and a weaker interaction with hard acid RNH,. The theory is that softer basic ligands are
supposed to interact with the metal with an electron donation procedure from their lone pair of

electrons available to metal surface. Also, lab experiments studies support the assumption, as thiols
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have been found to bind strongly to gold particles by covalent bonding and cause substantial
redistribution of surface charge. However, amines show poor tendencies to AuNPs as they weakly
associate with the metal without changing its electronic features. It is worth understanding that
there are certain variations to the HSAB classification, and it is not absolute, but it can rather be
used as a useful method to estimate Lewis acid-base reaction. The nature of the ligand's binding
to AuNPs is also determined by the bonding symmetry, in addition to the Lewis basic character
[43], the crystallographic face of the metal, and the ability of the ligand to induce the back-bonding.
In this procedure, electrons in the d-orbital of the metal are donated to the anti-bonding molecular
orbital of a m-acceptor ligand, which relives the excess negative charge of the metal and causes the
metal-ligand bond order to increase. These interactions have been shown to play a significant role
in the stabilization of oxyanions by AuNPs. These ionic ligands have been shown to coordinate
metal surfaces through both electrostatic interactions of the anion and coordination of the oxygen
donor atom. Oxyanions with back-bonding d-orbitals have shown a better ability to stabilize the
colloidal structure. The order of thermodynamic equilibrium, which differs with the force of back-
bonding, was also observed to obey this pattern: CO5™<H,P0, <SO;~. Despite their poor gold
affinity, the ability to stabilize gold nanoparticles suspended in an organic solvent has also been
shown by chlorine and bromine ions. Although they tend to cause nanoparticle coagulation by
electrostatic neutralization in the polar solvent, when ionically coupled to the counterion of a bulky
hydrophobic molecule, these ions may serve as efficient phase transfer agents from aqueous to the
organic solution. In the polar phase, the ionic pair stabilizes the nanoparticles, while the non-polar
component creates steric repulsions that cause the suspension to be moved to the organic phase.
AuNPs can therefore be stabilized by a wide range of interaction mechanisms whose degree of

efficiency depends primarily on the existence of the ligand's binding to gold [44].



2.4. Physical properties
2.4.1. General properties

Gold nanoparticles can be synthesized to various morphologies like rods [45], cubes [46],
pyramids [47] and prisms [24], etc. The typical shape for AuNPs are spherical without pronounced

facets in the range of 5-30 nm [49].

Highly faceted morphologies are synthesized when a capping agent that has a possibly
ineffective capping interaction with the nanoparticles is used. However, high resolution-
transmission electron microscopy (TEM) images have revealed Au cores with spherical shapes,
also have small facets, exhibiting different geometrical projections of a truncated octahedron.
Moreover, AuNPs assemble in a crystalline packing with <111> faces are demonstrated using X-
ray diffraction[50]. Due to the quantum confinement of their electronic states, AuNPs small
nanoclusters possess size-dependent chemical and physical characteristics. For instance, gold
which is chemically inert in the bulk state becomes highly reactive in the nanoscale range. Indeed,
AuNPs have shown valuable catalytic potential for CO and H» oxidation, NO reduction, CO>
hydrogenation and for the combustion of methanol. Moreover, thermodynamic properties of gold
change with its dimension as its melting temperature enormously decreases with the size reduction
of the gold core. The melting temperature of AuNPs range between 300-400°C while it is 1064°C
in the bulk state [51]. In nanoscale, melting starts at the nanocrystal surface, and decreases the
total surface of energy. Due to this fact, a large reduction in temperature is attributed to the distinct
contribution of surface atoms to the free energy of the system, which favors the solid-liquid
transition. Optical and conductive behavior of nanoparticles is also size-dependent due to the
variation of the electronic energy levels density where the wave functions of charge carriers are

spatially confined [52]. Using the Fermi level of metal nanoparticles to those of bulk metal and



molecular clusters in comparing the electronic structure and band occupancy, the quantum effects
changes as a function of the dimension of the nanocrystal interior. The valence electrons of a bulk
piece of metals occupy energy bands instead of discrete energy levels. Valence and conduction
bands consist of molecular orbitals which are separated by the Fermi level and are infinite in
number, the highest occupied energy level at absolute zero. There is no energy gap separating the
valence band from the conducting band in a metallic conductor, thus electrons are promoted to the
conduction level by thermal energy. As the object size decreases to the nanoscale, the edges of the

band become discrete energy levels.

Therefore, in metals, where the Fermi energy level is situated at the center of the band, the
spacing between energies is still very small. Hence, the energy band appear as a continuum of
energy states. Therefore, the quantum confinement effect of metallic nanoparticles is expected to
occur only at quite small size because otherwise, their electronic properties resemble those of bulk

metal.

2.4.2. Optical properties of metallic nanoparticles

The large ratio of nanoparticles’ surface area to their volume depicts their outstanding
optical properties. This feature makes the optical properties of nanoparticles different from their
usual bulk ones. For instance, the familiar yellowish color attributed to gold is exhibited by the
bulk format [53,54]. However, its color tends to be different step-by-step until it becomes ruby red
by subdividing it into nano-size scale. The absorption spectra of colloidal solutions of AuNPs with
dimensions less than the incident wavelength have unique colors and is characterized by a broad
and intense peak in the visible region of the spectra. The spectral measurements of AuNPs colloidal

solution reveal that their ruby red color is due to their absorption of the green light at 520 nm [55].
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In this regard, Beer’s law helps to calculate the solution’s absorption (A). Using the
spectrophotometer, the attenuation in the intensity of the incident light (1) is measured, which
happens when the light with (I) intensity passes through a colloidal solution with a concentration

Io

of (C), molar absorptivity of €, and with an optical path length of b [56]. The rate n is the

attenuation rate (that is, the loss of photon), and is given by:

A =EbC (1)
1
A= logT0 @

The absorption (A) is a quantity without unit since both [, and I have the same unit. By
changing the particle size and shape as well as the dielectric function of the surrounding
environment as stated previously, the peak position, height, shape, and bandwidth of AuNPs

spectra could be tuned [57].

2.4.3. Surface Plasmon Resonance

Stable metallic nanoparticles; for example, gold and silver nanoparticles (NPs), react with
the incident light strongly. Due to the excitation of surface plasmon in such particles,
the particle plasmon or localized surface plasmon resonance (LSPR) are created. The excited
plasmon in metal nanoparticles (MNPs) is localized to the particle and not characterized by a wave
vector, even though normal light cannot excite plasmon in a planar metal as the momentum of both
surface plasmon (SP) and photon must be matched. As a result, with no need for any geometry for
momentum coupling, the incident light is absorbed. For such LSPR, the absorbed light has to have

a specific wavelength called a plasmon band [58].
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Fig. 1 diagrammatically depicts the creation of surface plasmon resonance in a
spherical MNP on applying an -electromagnetic (EM) field. The electric field (£)
induces polarization in the conduction electrons with respect to the heavier positive core.
The conduction electrons oscillate under the influence of the applied field based on the assumption
that the positive charges are immobile. The electronic cloud gets displaced from the positive ionic
core as a consequence of the coherent oscillations of the conduction -electrons,
giving a chance to a net charge difference at the nanoparticle boundaries, which results in
a coulombic attraction and a linear restoring force that leads to the dipolar oscillations of the
electronic cloud with respect to the positive ionic core. The described oscillation is known as
surface plasmon resonance or oscillation. The term “surface” comes from the idea that
the restoring force that causes the resonance comes from the surface polarization. Therefore, the
surface of the MNPs plays a significant role in observing the LSPR [58,59].
When the frequency of the electric field of the incident light resonates with the oscillation of the
free conduction electrons of MNPs, then the localized mode of SP occurs.
Therefore, a large enhancement up to a factor of 100 is produced in the local electric field in close
proximity due to the illuminated MNPs which are excited and strongly absorb/scatter the incident
light [36]. The enhancement in the local field is given by the sum of the incident electric field and

the one that is induced by SP in MNPs [61].
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Fig. I Exposure of an EM field (i.e. light) with nanoparticles such as gold which creates SPR

(adopted from Refs. [57,58]).

The LSPR excitation mode 1is supported by a wide range of metallic
nanostructures/particles. Metallic nanoparticles are easily synthesized using wet-chemical
synthesis process and are usually kept stable in colloidal solutions. They can have any shapes; e.g.
spheres, discs, rods, stars, cubes, rings, etc. As shown in Fig. 2 The colloidal solutions of MNPs
exhibit fascinating colors due to their interaction with the incident light, since their resonance
condition occur in optical frequencies [62]. In terms of synthesis, AuNPs could be synthesized in
a reproducible manner with a uniform diameter by the reduction of the Au using sodium citrate.
This method produces AuNPs that are stable in solution and negatively charged. In addition,
adjusting the concentration of the reagent controls the size of the particles. Yet, AuNPs could be
aggregated by the addition of more salt or evaporating the solvent. In contrast, aggregation is
prevented by synthesizing NPs using capping ligands which stabilizes them. The capping makes

the size-tuning possible and produces anisotropic particles [60].
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Fig. 2 Morphology of MNPs : (a) Silver nanocubes (b) Gold nanostars (c) gold nanorod (d) gold

nanodiscs (e) gold nanorings; and (f) gold nanobipyramids (adopted from Ref. [60]).

2.4.4. Anisotropic effect

The optical properties of AuNPs are noticeably related to the morphology and geometry of
the nanoparticles. For instance, when nanospheres are completely symmetrical, there is only one
dipolar plasmon resonance. However, nanorods AuNPs present a second dipolar resonance band
in the longitudinal direction is possibly formed. For more complicated geometries, the optical
absorption becomes more complex due to the more non-degenerated dipolar modes increase. Also,
higher multipolar charge distributions exist in less symmetrical particles. The locations of the
higher multipolar surface plasmon resonances are always at the longer wavelengths with
respect to the dipolar ones (red-shifted). Fig. 3 shows the relationship of the AgNPs shape and

extinction efficiency [63].
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Fig. 3 Extinction efficiency of silver nanoparticles with various shapes (adopted from Refs. [63]).

2.4.5. Size effect

When we zoom in nano-sized scale, the ratio of NPs radius to the incident wavelength
becomes important, and the optical features become size-dependent. For fine particles (< 10 nm)
the diameter of the particles becomes comparable or less than the mean free path of the electron.
This results in electrons collisions with the surface of the nanoparticles. Hence, the electrons’
effective mean free path reduces linearly in comparison with bulk materials. Hence, the metal-
dielectric characteristics vary from the dielectric function in the bulk form of material. This affects

the plasmon resonance band to be broadened as shown in Fig. 4 [59,64].
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Fig. 4 Size confinement effects on the plasmon resonance band for Ag nanoparticles (adopted

from Refs. [64]).

For NPs with diameter less than 30 nm, the excitation of the conduction electrons occurs
in-phase with the incident EM radiation, which results in a dipolar oscillation. Therefore,
the scattering becomes insignificant and the absorption will be the dominant contributor to the

extinction cross section.

Increasing the nanoparticles’ size (>100 nm), resulting in raising the absorption and
scattering becomes dominant. Furthermore, light cannot polarize large particles homogeneously.
In addition, the peaks appear broadened, redshifted, and less intense.
As the size of the particles grow bigger, a split in the energy levels is reduced until they merge
into the quasi-continuous band structure for bulk solid. Fig. 5 presents the extinction properties of

spherical AuNPs in water as a function of diameter. AuNPs utilize in many optical applications,
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including sensors and PV devices due to its feature in scattering and absorbing incident light

[59,64].
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Fig. 5 Absorption bands of gold nanoparticles in water as a function of diameter. By increasing

the particles’ size, various extinction peaks appear, and then peaks fade away (adopted from Refs. [65]).

2.5. Methods of synthesis
In the previous decade, many scholars have developed different methods for AuNPs
synthesis. Based on the recent studies by selecting optimum experimental conditions and suitable

ligands, nanoparticle size and polydispersity is controllable. Proper ligand is vital for the particle
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formation since it is related to ligand’s ability to attach with newly formed nanoparticles without
interfering with the metal ion reduction procedure. The ligand type in AuNPs synthesis is related
to the stability of this material’s suspension. Citrate reduction, amine stabilized nanoparticles, thiol
stabilized nanoparticles, DMAP-stabilized nanoparticles are the most used methods for AuNPs

synthesis that will describe bellow.

2.5.1. Citrate reduction

More than 50 years ago, Turkevich developed the most common and classical method for
AuNPs reduction method, citrate reduction, which creates monodispersed water-soluble particles.
This method is simple, quick and green with only three starting chemicals which do not need bulky
equipment. In citrate reduction gold extracted from the HAuCls structure and citrate act as a
stabilizing group. The stability of AuNPs suspension is due to the assembly of citrate ions, having
different oxidation states, at the gold nanoparticle's surface. Therefore, citrate which contains three
carboxylic acid groups slightly neutralize the positive charge of the partially reduced Au atoms at
the particle’s surface and confer a strong negative charge that stops aggregating. In this process,
the pH, and citrate concentrations is a vital variable that changes the geometry and size of the

particles. Moreover, citrate itself is a weak acid that regulates the gold environment’s pH.

These citrate-capped nanoparticles can be used due to the unstable property of the
protective group in post-synthesis ligand modification, where the poorly defined surface
functionality of the nanoparticle is provided specific functionalities. However, the nanoparticles
have restricted stability for the same lability purpose as previously described, because they are

very sensitive to pH and the existence of other organic materials [66,67].
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2.5.2. Thiol stabilized nanoparticles

Brust [68] reported the direct synthesis of thiol-stabilized AuNPs in 1994 and successfully
prepared dodecanethiol-capped gold nanoparticles. In this method, HAuCls dissolved in water and
moved to an organic environment (toluene) via a phase transfer agent, usually tetraoctylammonium
bromide (TOAB). In this environment gold is reduced in the presence of alkyl thiol chains. The
biphasic reaction gives very fine (1-3 nm) nanoparticles of which are sterically stabilized by the
alkylated part of the ligand which thiol group covalently bound to the AuNPs surface. This
stabilizes the suspension that also exists in a solvent-free form that can be later re-dispersed in a
suitable solvent. Also, it is demonstrated that replacing the original toluene with methanol or THF,
could form nanoparticles in a single-phase reaction, thus eliminating the use of phase transfer
agents. Moreover, incorporation of water-soluble functionalities has let the design of single-phase

synthesis, which allows the use of novel ligands, solvents and reaction conditions [67,69].

2.5.3. Amine-stabilized nanoparticles

Even though amine moieties have more weak affinities to gold, they can effectively balance
out AuNPs in suspension. Leff et al. [70] reported amine-capped nanocrystals by simply
substituting the thiol function of the Brust ligands for an amine. Other amino ligands, including
amino acid lysine and other multifunctional amines, such as polymers, have also been used to form
water-soluble suspensions. Similarly, to the citrate, primary amines are also used as reducing
agents as they can nucleate and grow particles. These types of ligands are particularly attractive in
biological and environmental systems as they are water-soluble and usually biocompatible.
However, the nanoparticles synthesized with this method are generally bidder and their stability is

more sensitive to pH variations [71,72].
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2.5.4. DM AP-stabilized nanoparticles

Gittins and Caruso [73] worked on a simple one-step procedure to produce 4-6 nm-sized
NPs, in order to change AuNPs from an organic to an aqueous media, which relies on the ability
of 4-dimethylaminopyridine (DMAP in Fig. 6) to promote nanoparticle transfer into the polar
phase. First, AuNPs form in toluene by means of a reducing agent and are temporarily protected
by the labile ligand TOAB. The nanoparticles are then moved into the polar phase via the exchange
of their weakly stabilized shell by the water-soluble DMAP ligand, which has a higher affinity to
gold. Because of the phase separation of DMAP between water and toluene, a large excess of
DMAP is required to fully displace the former ligand. The excess DMAP also plays a role in the
NPs stabilization since the kinetically labile DMAP is in constant equilibrium between its bound
and free form. Several studies suggest that the binding of DMAP to gold occurs through the lone
doublet of the endocyclic nitrogen of the molecule that adopts a vertical position at the metal
surface and that the nanoparticle stabilization is electrostatic as the exocyclic nitrogen of the

resonant form of DMAP induces a positive charge at the gold surface [73,74].

SO S S S

Fig. 6 structural representation of the two resonance forms of DMAP [75]
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This means that DMAP does not adsorb onto AuNPs when the nitrogen at the binding site
is protonated. Therefore, potentially, the stabilization of NPs is unlikely to occur below the pKa
of DMAP, which is around 9.6. DMAP, however, remains associated with gold since the pH
stability range goes well beyond DMAP's pKa. It was stated that the bound DMAP has a separate
dissociation constant that exists only between pH 4.5 and 5, explaining the NPs' broad degree of
pH stability. However, the nanoparticles are no longer soluble and precipitate below pH 5 in the
solution. A very important feature often exploited in ligand-exchange reactions is the pH lability

of DMAP molecules. [73,74].

2.6. Water pollution

Water is the most important solvent due to its different special properties; hence, it easily
gets polluted. Water is considered as polluted when its quality and composition changes either
naturally or as a result of human activities. Hence, making it less desirable for drinking, domestic,
agricultural, industrial, recreational, wildlife usage. Water pollutant can be categorized into three
main groups: physical, chemical or biological, leading to water’s compositional change or
aesthetic degradation which is ultimately detrimental for aquatic life and human consumption.
However, a big chunk of the water pollutants are chemicals which remain dissolved or suspended
in water and give an environmental objectionable response. Some most important physical
pollutants are heat and radiations which have marked effects on organisms. Any factor can be
recognized as a pollutant only in special circumstances, for instance, phosphorus is very important
in the manure for growth of organisms, but the presence of its excessive quantities in water bodies
leads to the problem of eutrophication [76—78]. Therefore, various examples of chemical pollutants

including heavy metals [79], pesticides [80], and fertilizers [81,82]. In this section mercury,
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cadmium, lead, uranium, nitrate and phosphate are discussed, which are good examples of heavy

metals and fertilizer pollutants.

2.6.1. Mercury

Mercury is considered the third most hazardous element by the US Government Agency
for Toxic Substances and Disease Registry (ATSDR) and is a neurotoxin that has severe harmful
effects on human health and aquatic life. Three different types of mercury exist, called the
elemental, organic, and inorganic mercury. Elemental mercury is used in thermometers and
electrical switches in its pristine form. Some elemental mercury evaporates at room temperature
and subsequently affects the lungs and kidneys. Methylmercury, which is organic mercury, is the
most toxic form of mercury that gets into the human body through the eating of contaminated fish
and seafood and is known to affect the brain and lead to behavioral abnormalities in infants.
Inorganic mercury, for example, Hg?" is the most stable form of mercury that gets into the
environment by human activities and remains in the environment for a long time. Hg?" damages
the stomach, intestines, and leads to severe skin rashes. Mercury pollution occurs naturally through

volcanic eruptions, evaporation from water bodies, and the Earth’s crust. [83,84].

2.6.2. Cadmium

Cadmium can be found in phosphate fertilizers and cigarettes and is presently utilized in
many processes such as electroplating or metallurgy. These various usage leads to an elevated
cadmium exposure in the environment which is typified by the report of the increasing cadmium
content in food. There have been many records on the harmful effects of Cd** on the bones,
kidneys, nerve system, and soft tissues, with negative outcomes including renal dysfunction,

calcium metabolism disorders, and an increased incidence of certain forms of cancers [85,86].
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2.6.3. Lead

Lead is a highly toxic metal causing human and animal health disorders. Pipe network used
in household plumbing is a primary source of contamination of drinking water with lead. In the
last few decades, 50% of the lead emission originates from petrol. Recently it has been decreased
due to the introduction of unleaded petrol. Moreover, food can get contaminated with lead during
growing or processing, and packing. Low-level lead exposure is known to beget several health
side effects. For instance, lead could cause delayed mental maturity in infants, and kidney daisies
and high blood pressure in adults. Lead poisoning in human lead to severe damage to the liver,
reproductive system, nervous system kidney and brain which leads to illness or death. Lead’s
severe exposure has been associated with abortion, stillbirth, sterility, and neonatal deaths. Also,
studies show that long-term low-level lead exposure in children may diminished intellectual

capacity [58].

2.6.4. Uranium

Uranium is regulated in drinking water by the United States Environmental Protection
Agency (EPA) and classified as a radionuclide. 30 pg/L is the EPA’s maximum contaminant level
for uranium (MCL) in drinking water. However, prolonged exposure of elevated levels of uranium
in drinking can result in kidney damage and is also connected to a higher risk of cancer. Uranium
is speedily removed from the bloodstream and subsequently deposited in both the kidneys and
skeletal bones. The skeleton is the main site of uranium accumulation in the human body. Reverse

osmosis is a treatment technology for uranium removal from drinking water [87,88].
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2.6.5. Potassium

Potassium is among the essential ions required to maintain body homeostasis. Moreover,
to the importance of potassium in biological applications, it is also a crucial ingredient in soil
quality assessment, coal combustion and flue gas cleaning systems and chemical laboratories. In
certain polar drug compounds, the assessment of potassium is part of the study required for the
release of the drug material for use in clinical supplies. The amount of potassium in the body must
be controlled over a certain concentration range. Normal concentrations of potassium in the human
body are between 3.5 and 5.9 mM in serum, 40—120 mM in urine, 5—10 mM in sweat and about
30 mM in saliva. Kidney excretion balances the intake of K*. Kidney malfunction, neuromuscular
issues, cell deaths, and the effect of some medications could change the urinary potassium.
Moreover, for those patients who have spent a long time in the intensive care unit (ICU) or those
who have had severe prolonged diarrhea and vomiting, there is a need to give them a special dosage

of potassium [89].

2.6.6. Nitrate

Contamination of ground water with nitrate typically occurs from two sources;
human/animal waste or synthetic fertilizers. Ammonia in human/animal waste is converted to

nitrite (NO3 ) by nitrifying soil bacteria in the nitrogen cycle:

NHy+1.50, »NO5+H*+H,0 3)

Nitrite is afterwards converted to nitrate (NO3') by nitrifying bacteria in the soil which is

an aerobic environment:

N0;+0.5 0, = NO; (4)
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Nitrate contamination of drinking water is a treat due to the medical condition called
methemoglobinemia in the blood, which is also called “Blue Baby Syndrome”. This is a dangerous
condition that can cause death in kids below three months of age but can affect children up to eight
years of age. Since micro-bacterial flora in their digestive tract of babies is not completely
developed, they are noted as the most vulnerable to nitrate contamination. Methemoglobinemia
occurs when nitrates oxidize ferrous iron (Fe?"); therefore, altering the ferrous iron to ferric iron
(Fe*") in the blood, which does not allow oxygen to bind to red blood cells. Mild effects of
methemoglobinemia can instigate shortness of breath caused by an insufficient supply of oxygen
to the blood. Blue lips on infants are a hint of more severe cases and can lead to asphyxiation and

death [90,91].

2.6.7. Phosphorus

Phosphorus is one of the most necessary elements needed by all organisms. All living
organism need phosphorus for (Adenosine triphosphate) ATP and (Adenosine diphosphate) ADP
synthesis, which are essential for energy transfer processes. Also, phosphorus is used for the
synthesis of DNA and RNA in plants. Phosphorus is a major constituent of cell membranes, and it
is present in high concentrations in human and animals’ teeth, bones, and shells. Although a huge
amount of phosphorus is in the soil in forms that are unavailable for plants. Moreover, phosphorus
fertilizer is needed to ensure plant productivity in many agricultural systems. Phosphate in the soil
mainly exists as HPO; " and H,PO, ions, which are derived from weathering rock phosphate and
from skeletal remains of animals and sea creatures. The phosphorous ions in the soil depend on
the soil’s pH. Acidic soils contain H,PO, and when soil pH is greater than 7, phosphorus is in
HPOZ}™ form. The HPOZ™ and H,PO; are equally present when pH is between 6 and 8. Moreover,

Eqgs. 5-6 present the transformation phosphate types in the nature (Fig. 7).
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HyPO,s H*+H,PO; pK.=2.17 (5)

H,PO;= H*+HPO2~ pK.=7.31 (6)

HPO2™ = H*+ P03~ pK.=12.36 (7)

HgPO, H,PO; HPOZ™ POY
Phosphoric acid Dihydrogen Hydrogen phosphate Phosphate
phosphate

Fig. 7 Existing forms of phosphate ions in nature (adopted from Refs. [87]).

Water-soluble ions such as calcium and potassium move through the soil by diffusion and
bulk flow, but phosphorus moves only through diffusion. The rate of diffusion of phosphorus is
low (1072 to 10°!° m?/s), and high uptake rates from a zone that is depleted of phosphorus around
the roots of the plants. The availability of phosphorus in the soil is also affected by time and the
more phosphorus passes through the soil the more time is needed for reactions to occur. Hence,
the phosphorus cycle is the slowest biochemical cycle as the rock weathers phosphorus bearing
minerals slowly. Insoluble phosphate minerals are the ultimate source of phosphorus for plants
and animals, which is present as insoluble calcium phosphate named apatite (Cai0(PO4)s(OH, Cl,
F)2 and it can be fulfilled by eating plants. Some phosphate ions are tightly bound to elements such
as iron, calcium, and aluminum in compounds that are not very soluble in water. One of the

important sources of phosphorus for plants is through recycling (Fig. 8) of phosphorus from
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decomposing organisms. After the death of plants or organisms, organic phosphorus is converted

to inorganic phosphorus by microorganisms.

Rock and ! Plants

soil
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oceanic
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Organic
wastes and
remains

Fig. 8 Schematic diagram of phosphorus cycle

2.7. Introduction to eutrophication

Eutrophication is the process of increased enrichment of water bodies with nitrogen and
phosphorus (especially in the format of phosphate) that stimulates excessive plant growth. For the
growth of aquatic plants, phosphorus and nitrogen are needed. There is usually a shortage of these
elements in natural bodies of water, thus keeping the spread of vegetation under control. When
algae die, they sink to the bottom of the lake and are decomposed by bacteria. Large quantities of
dissolved oxygen are used in the decomposition of algae and releases carbon dioxide. This causes
areduction in the amount of oxygen available for the aquatic organisms and fish, therefore limiting
the growth of the aquatic population and often causing the death of fish. Eutrophication is one of
the significant environmental challenges observed in inland waters. Eutrophication results in

sediment build up at the bottom of the lake from eroded soil particles. The water storage capacity
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of the lakes is decreased by the sediment build up. Phosphate concentration exceeding 0.05 mg/L
and nitrate concentration about 10 mg/L lead to eutrophication. The natural process of
eutrophication takes several hundred to thousands of years, but eutrophication can be greatly

increased by human activities [92-94].

Lakes classification is an important topic in the eutrophication investigation. Based on the
degree of enrichment of lakes with nutrients, lakes are categorized into four different types (Fig.
9). Oligotrophic lakes, mesotrophic lakes, eutrophic lakes, and dystrophic lakes. Oligotrophic
lakes are freshwater lakes that have a low supply of plant nutrients. Oligotrophic lakes are poor
habitat for fishes due to the shortage of food for aquatic life consumption. The phosphorus
concentration in oligotrophic lakes is reported to be approximately 0.008 mg/L. Biological
productivity of oligotrophic lakes is very low and usually consider as a source for drinking water

because of low algae production [93,94].

Mesotrophic lakes are moderately supplied with plant nutrients which are greater than
oligotrophic lakes and consider as a transitional state between oligotrophic and eutrophic. During
the summer season, mesotrophic lakes behave differently compared to oligotrophic lakes by
separating into layers. The top layer becomes hot during summer and supports little algae growth

[93,94].

Eutrophic lakes have high levels of biological productivity due to increased concentration
of nitrogen and phosphorus. The phosphorus concentration in eutrophic lakes is reported to be
approximately 0.05 mg/L. These excess plant nutrients support massive plant growth which leads

to heavy growth of phytoplankton or rooted aquatic plants, the water becomes turbid and cannot
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be used as the drinking water. Deep waters in eutrophic lakes have reduced concentrations of

dissolved oxygen [93,94].

Dystrophic lakes are highly polluted and support massive algae growth. These lakes
contain dark colored water and are low in pH. The dark color is caused by organic acids, mainly
humic acid, from the surrounding due to the decomposition of plant residues. The organic solutes
producing coloring in oligotrophic and eutrophic systems are generated within the system by the
decomposition of plant remains (autochthonous). The acidic conditions and lack of oxygen in the

deep layers of the dystrophic lakes cause the death of fish [93,94].

Fresh water with poorly Turbid water with severe
supplied plant nutrients algae growth

Fig. 9 Trophic classification of lakes(adopted from Refs. [94]).

Based on the conducted research, the phosphate is a vital element, but the excess amount of this
material could cause severe problems. The current methods for detection of phosphate are
expensive, bulky, energy storage needed, and operator needed. To sum up, the aim of this project

is to fabricate an easy to use, inexpensive and sensitive sensor for phosphate detection.
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Chapter 3. Experimental Procedures

This chapter’s focus is on the experimental steps carried out on this research project and
explains the gold and tablet fabrications in detail.

3.1. Materials and methods

Gold (III) chloride solution 99.99% (trace metals basis, 30 wt. % in dilute HCI) and
trisodium citrate dihydrate were purchased from Sigma Aldrich, Canada. Mercaptoacetic acid 97%
(MA), europium (III) nitrate hexahydrate 99.99%, and sodium phosphate 0.5 M buffer solution
(pH 7) were purchased from Fisher Scientific, Canada. HPLC grade water, hydrochloric acid
(HCI), nitric acid (HNO3) and tris were obtained from the Fisher Scientific, Canada. Lithium
sulfate 98.5%, potassium sulfate 99%, manganese (II) sulfate monohydrate 98%, iron (III) nitrate
nonahydrate 98%, ammonium sulfate 99%, nickel (II) nitrate hexahydrate, zinc nitrate
hexahydrate, cobalt (II) nitrate hexahydrate 99%, sodium sulfate, aluminum oxide, calcium
chloride dihydrate and dextran were purchased from Sigma Aldrich, Canada. The pullulan was
purchased from Polysciences, USA. All reagents were used as received and not further purified.

The filter paper Whatman #1, #2 and #4 were purchased from Fisher Scientific, Canada.

For the synthesis of gold nanoparticle, the experimental setup presented in Fig. 10 was
used, which consist of a triple-neck round bottom flask and a condenser purchased from Concordia
University central store, Montreal, Canada. Sartorius analytical weight balance was used for
measuring chemicals weight. Isotherm hot plate stirrer was utilized for boiling and mixing the
solutions purchased from Fisher Scientific, Canada. Moreover, monitoring the pH was also

important in all the experiment stages which conducted with MQuant paper-based pH indicator
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and AB200 pH/mV/conductivity indicator, both purchased from Fisher Scientific, Canada. The
Thermo Fisher scientific spectrophotometer Evolution 2020 device was used for evaluating the
solution’s color absorption and iPhone Xs used for taking the pictures. Moreover, transmission
electron microscope (TEM) (FEI Titan Krios Cryo-STEM (working at 200 kV)) was employed for
structural examinations and investigation of particles morphology and size. Malvern Zetasizer
Nano ZS also used for zeta potential calculation. The real sample phosphate detection was also

conducted by Metrohm 930 Compact IC Flex.

Fig. 10 The setup for synthesis of gold nanoparticle.
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3.2. Preparation of mercaptoacetic acid-capped gold nanoparticles (MA-
AuNPs)
All glassware and magnetic stir bars in the synthesis were thoroughly cleaned with freshly

prepared aqua regia (HCl: HNO3 3:1, v/v), rinsed with double distilled water, and air-dried to avoid
premature nucleation during the synthesis, as well as aggregation of the gold colloid.

The citrate-capped AuNPs were synthesized by the classical Turkevich reduction method
as described in the literature [95] and Fig. 12 illustrates the step-by-step procedure for the MA-
AuNPs preparation. 45 mL of 1.0 mmol. L"' HAuCls solution was boiled with vigorous stirring in
a 100 mL three-neck round-bottom flask equipped with a condenser to maintain a constant volume
of the reaction mixture. At the boiling point, 5 mL of 38.8 mmol. L™! trisodium citrate (Fig. 11 A),
causing a rapid color change from faint yellow to wine-red (Fig. 13), indicating the formation of
AuNPs. The mixture was heated under reflux for an additional 30 min at boiling temperature and
afterwards stored at 4 °C [18].
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Fig. 11 Steps for synthesis and functionalization of AuNPs (A) reduction and stabilization with
citrate ions, (B) functionalization with mercaptoacetic acid.
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After the synthesis, the AuNPs solution was diluted twice with HPLC grade water. In the
next step, the AuNPs were functionalized with mercaptoacetic acid, (Fig. 12 D and Fig. 11 B). 125
uL of 14 mM mercaptoacetic acid was added to 40 mL of the synthesized gold suspension, and
the resulting mixture was stirred for 2 h at room temperature to get.

Afterwards, the suspension was centrifuged (10,000 rpm, 30 min), followed by the
decantation of the supernatants to remove the excess of MA. In this section, the synthesized gold
nanoparticle was divided into four parts, of which 3 are adjusted with tris-HCI buffer, ammonia-

buffer and tris-buffer respectively, and the last is left in its pristine state.

Mercaptoacetic
acid

i
HAuCl, = B
— S— \ab centrifuge
RPM= 10,000
T=900C T=250C :
VS t=30min USRS t=2h t ;;on:n“"
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pH adjustment

= “ =

' — : — “
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Removal of pH adjustment
supernatant and dilution
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Fig. 12 Procedure for the preparation of functionalized mercaptoacetic acid-capped gold
nanoparticles (MA-AuNPs). (4) Synthesis of the AuNPs starts with boiling HAuCl, followed by (B)
addition of sodium citrate (Na-Cit) as a reducing agent. After the synthesis, (C) the AuNPs are stored in
the fridge at 4 °C. (D) To functionalize the AuNPs, MA is added to the solution and stirred for 2h. (E) The
solution is centrifuged to remove the excess MA. (F) The supernatant, which is the desired MA-AuNPs
product, was separated from the distillate. (G) Addition of HPLC water to the solution and adjustment of
pH with tris-buffer HCI, ammonia-buffer and tris-buffer.
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Fig. 13 The solution color change in the Turkevich method (a) the is yellow at the first stage
(boiling gold solution). (b) After addition of the sodium citrate (Na-Cit), the color turns gray and then (c)
after boiling for 10 minutes the wine-red color appears.

3.3. Europium and gold tablet preparation with dextran and pullulan

The 7 % and 10 % dextran/pullulan tablets were prepared by mixing 0.14 mg/0.2 mg of
dextran/pullulan powder with 2 mL solution of 220 uM Eu** solution. Afterwards, 75 uL of the
resulting solution were dropped using a micropipette on a plastic sheet and allowed to air dry to
form the Eu®*- dextran/pullulan tablets. The tablet preparation was done in ambient air and at room
conditions. The tablets were then left to dry for 24 h. The 7 % AuNPs tablet was prepared with the
same procedure as described above, 0.14 mg of dextran/pullulan powder mixed with 2 mL solution
of AuNPs solution. Afterwards, 375 pL of the resulting solution was dropped on a plastic sheet

using a micropipette and allowed to air dry to form the AuNPs-dextran solid tablets.
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Chapter 4. Results and Discussion

In this chapter the results of the fabricated sensor in the two formats of tablet and paper are
discussed. This include the optimization of Eu™ concentration; first, the europium optimized in
two environments with pH 7.4 and pH 5.8. The optimized concentration with the best pH is
selected for the calibration curve preparation and tablet fabrication. Selectivity, stability and
interfering studies of the developed sensor are presented as well.

4.1. Characterization
The appearance of wine-red color confirmed the formation of AuNPs and the surface
plasmon resonance (SPR) wavelength absorbance of citrate capped AuNPs emerged at 520 nm

(Fig. 14).
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Fig. 14 UV-Vis graph after gold nanoparticle synthesis by the Turkevich method.

Based on the transmission electron microscopy (TEM) in Fig. 15, synthesized AuNPs’
average diameter of the particles calculated with Digimizer Image Analysis Software and it was

12.9 £ 0.8 nm with a polydisperse format.
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Fig. 15 TEM image of synthesized gold nanoparticles (the red solution on the bottom right corner
is an image of the AuNP solution)

For the functionalization step, MA-AuNPs were formed by the ligand exchange reaction
between citrate capped AuNPs and MA due to strong Au-S bonding. The attachment/interaction
of mercaptoacetic acid’s thiol group with AuNPs is covalent while the other end of the ligand
remains free. This available carboxylate end of the molecule interacts with Eu**, hence promoting
chelation reaction [16].

4.2. Optimization of Eu?* concentration with a pH adjusted MA-AuNPs
solution (pH 7.4)

Based on the stoichiometric reaction between the Eu®" and the phosphate ions (Eu (III) +
PO4? > EuPOs), the detection of the phosphate concentration in solution is related to the Eu"
concentration in the same solution. Due to this relationship, Eu** concentration was first optimized
to determine the required concentration which can cause a sharp color output. In this regard,
various concentrations of Eu** (i.e., 150 to 400 uM) were tested with MA-AuNPs (pH adjusted to

7.4 using tris-buffer HCI) to find the optimum color change of wine-red to blue. Based on the
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Image] analysis in Fig. 16 (A), color transition from red to purple happened at the 200 uM of Eu**
and turned to blue and no further color change was observed by increasing the Eu®* concentration

higher than 230 uM. So, Eu** concentration of 230 pM was selected for the assay development.

The color change kinetic of MA-AuNPs by addition of 230 uM of Eu*" solution was
monitored by the absorption ratio of Red/Blue intensity, as shown in Fig. 16 B. Due to the fast
aggregation of the MA-AuNPs, the absorption ratio is sharp. The rapid crosslinking process of
MA-AuNPs by Eu*" is due to carboxylate groups on the MA-AuNPs surface and hence the rapid
crosslinking of MA-AuNPs would be induced. The obtained results showed that the MA-AuNPs

aggregation process triggered by Eu®" was completed within ~ 6 sec.
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Fig. 16 (A) Calibration ofEu“ concentration; at concentrations of 150, 180, 200, 210, 220, 223,
224, 225, 230, 250, and 400 uM, along with the Red/Blue ratio of samples obtained by ImageJ (B)
Kinetic of MA-AuNPs aggregation with 230 uM of Eu’" solution.
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4.3. Colorimetric phosphate detection with a pH adjusted AuNPs solution (pH
7.4)

For the colorimetric detection of phosphate, the optimized concentration of Eu** (230 uM)
solution was premixed with a series of phosphate solutions (0.5 to 200 uM) and incubated for 10
min. After addition of MA-AuNPs (pH adjusted to 7.4 using tris-buffer HCI), with the increase of
Pi concentration from 0 to 200 uM, the solution color changed from blue to purple, and finally to
red, which indicated the transition from the aggregation state to dispersion state of AuNPs (Fig.

17).
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Fig. 17 Colorimetric detection of Pi, at concentrations of 0.5, 5, 10, 30, 50, 100, 150 and 200
uM along with the Red/Blue ratio of samples obtained by ImageJ .

By increasing the concentration of Pi, the Red/Blue ratio also increased. Firstly, the color
of MA-AuNPs which mixed with Pi concentration of 0.5 and 5 uM, remained blue, since the Pi

molecules were not enough to deactivate the aggregation. With increasing Pi concentration
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(between 10 and 30 pM), the Eu*" aggregation effect is gradually deactivated, and the solution
color turned to bluish-purple. Further increasing of Pi concentration led to color change to reddish-
purple (between 50 and 100 pM) and finally wine-red (between 150 and 200 uM). This obviously
demonstrated that Pi works as an anti-aggregation agent through interrupting the coordination of
the surface-bound carboxylate groups on AuNPs with Eu®*. Also, the calculated lower and upper
limit of detection of the assay gotten from the formula LOD = Xb1 +/- 3Sb1, where Xbl is the
mean concentration of the lowest/highest signal and Sbl is the standard deviation of the
lowest/highest signal [44]. The lower limit of detection was found to be as low as 22.10 uM, and
the upper limit of detection was found to be as high as 111.12 puM.

The pH adjustment was also conducted with ammonia-buffer (pH 11) and solution of tris-
buffer (pH 10.4). However, ammonia-buffer was unsuccessful in adjusting the pH and tris-buffer
had similar effects as the tris-HCI buffer (Fig. 18). Based on the stability test which is also
presented in the Fig. 22 (B), the MA-AuNPs sample contain tris-buffer HCL was only stable for 3
hours. Moreover, the (-potential of the sample which contained tris-buffer HCI (pH of 7.4) was -

8.531+1.35 mV which shows the instability of the colloid.
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Fig. 18 Stability of MA-AuNPs solution with tailored pH using (A) tris-buffer HCI, (B) tris-buffer,
(C) ammonia-buffer after 3 hours.

39



4.4. Optimization of Eu®* concentration without a pH adjusted MA-AuNPs
solution (pH 5.8)

Regarding Eu*" optimization with MA-AuNPs solution which its pH has not been adjusted
with buffer (pH is 5.8), concentrations of Eu** (160 - 226 uM) were tested to find the optimum
value based on the color change of red to blue. As shown in Fig. 20 (A), the obvious color transition
from red to purple happened at the 200 uM of Eu®" and turned to blue further increasing the
concentration up to 220 pM. No further color change was observed by increasing the Eu®*
concentration beyond 220 uM since the red/blue color remained constant. The TEM image in Fig.
19 also confirms that this concentration of Eu®" can completely agglomerate the MA-AuNPs.

Hence, 220 uM of Eu®" was chosen as the optimum concentration for the Eu®" tablets fabrication.

Fig. 19 TEM image of agglomerated functionalized gold nanoparticles with 220 uM Eu’* (the
blue solution on the bottom right corner is an image of the MA-AuNP solution)
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Furthermore, the aggregation kinetic of MA-AuNPs containing 220 uM Eu** has been
quantified by monitoring the red/blue color change in intensity over time (Fig. 20 (B)). As the
kinetic graph reveals, the red/blue color intensity decreased sharply to its minimum within only 35
seconds. This data highlights that this optimum concentration of Eu** gives us assay results in a

time as low as 35 seconds, which is unprecedented.
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Fig. 20 (A) Optimization of the concentration of europium ion to be used in the assay for
effective sharp color change from red to blue using europium concentration from 0 to 226 uM. (B) The
aggregation kinetic of 220 uM europium ion in functionalized gold nanoparticles (MA-AuNPs).

4.5. Colorimetric phosphate detection without a pH adjusted AuNPs solution

After the determination of the optimum concentration of Eu®" (220 uM) needed for an
effective color output due to the aggregation of the gold nanoparticles, the Eu** solution was
transformed to tablets and a calibration curve for the quantification of the amount of phosphate in
water was investigated. At this point, the final solution in the microtubes will either turn blue or
red based on the concentration of phosphate in the solution. The color intensity of the final

solutions was then computed using the Image J software and used to generate a quantification
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curve. As shown in Fig. 21, there were color outputs of blue and red in the microtubes and the
red/blue color intensity of the final solution increased as the amount of phosphate ion present in
the solution increased. This showed that the amount of phosphate in water can be quantified by
the color intensity of the red to blue ratio of the assay. Furthermore, the concentration of phosphate
in water can be detected to a value as low as 0.0625 uM (by the naked-eye detection of color
change) which gives a better sensitivity when compared to the work of Wenquan Liu et al. [39].
Also, the lower and the upper limit of detection of the assay were calculated using the formula
LOD = Xb1 +/- 3Sbl, where Xbl is the mean concentration of the lowest/highest signal and Sb1
is the standard deviation of the lowest/highest signal [44]. The lower limit of detection was found
to be as low as 0.0315 uM (3.779 pg/L), and the upper limit of detection was found to be as high
as 2.7369 uM (0.328 mg/L). The detection of phosphate in the water at this wide detection range
confirms that MA-AuNPs are very sensitive and an excellent sensor upon which basing the

quantification of phosphate in solution.

[Pi](uM)

[ril O 0.031 0.062 0.125 0.25 0.5 1 5uM

2 3 4
0] 0000 0HOOGO660

-
N
1

Red/Blue color intensity
& o
1 1

© o
>~ o
PR T Y

o ©
ISE N
1

T T T T T T i T T T T T
-1 0 1 2 3 4 5 6
Pi concentrations (UM)

42



Fig. 21 Dose-dependent color intensity at varying concentration of phosphate. Insets are the
color intensity of the red to blue ratio at each phosphate concentration. All points are the means of three
measurements for each concentration (£ the standard deviation).

The MA-AuNPs solution without the tris-HCI buffer was found to be stable for at least 3

weeks which is due to the electrostatic feature of the colloidal solution of the AuNPs (the stability

tests were stopped due to lockdown caused by the Covid-19 pandemic) (Fig. 22(A) and Fig. 23).
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Fig. 22 Stability test on the MA-AuNPs for the detection of phosphate for (A) up to 3 weeks at
room temperature at pH 5.8 (without any buffer) and (B) for 3 hours at room temperature at pH 7.4 (with
tris-HCI buffer).
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Fig. 23 Stability of the MA-AuNPs solution without tris-buffer HCI for (A) week 1, (B) week 2 and

(B) week 3.

Moreover, the zeta potential of both MA-AuNPs samples’ were analyzed which provide

valuable information about the charge carried by the nanoparticles and; hence, about the stability
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and ability of the particles to react with analyte molecules. Based on the data acquired by Dynamic
Light Scattering, the sample with the pH of 5.8, which does not have pH controller, has the (-
potential of -28.93+0.41 mV. However, by addition of tris-HCI buffer, the solution was found to
be very unstable and the {-potential of the MA-AuNPs changed to -8.53+1.35 mV. It is obvious
that pH controllers disrupt the electrostatic balance of material and due to the higher absolute
number of {-potential in MA-AuNPs with pH 5.8, this colloidal solution was more stable.

To sum-up, pH regulator, varying the limit of detection of Pi and {-potential of MA-AuNPs
based on the conducted experiments. The MA-AuNPs with a pH of 7.4 using tris-buffer HCI is
only stable up to 3 hours and detect 111.12 uM of phosphate in water. However, by removing tris-
buffer HCI, the pH decreases to 5.8 and the sensor became stable for at least 3 weeks. In addition,
the LOD of the sensor reduced to 2.7369 uM which is more sensitive in comparison with the assay
with tris-buffer HCL. The results are summarized in Table 2.

Table 2 Summary of performance of AuNPs functionalized with or without tris-HCI buffer.

Assay type pH {-potential [ mV]  Eu®*" [uM] LOD [uM] Stability

Lower Upper

AuNPs with tris-buffer HCI 7.4 -8.53+1.35 230 22.10 111.12 3 hours

AuNPs without tris-buffer HCI 5.8 -28.93+0.41 220 0.0315 2.7369 3 weeks

4.6. Quantitative detection of phosphate using dextran tablet
After optimizing Eu*" (220 uM) for the sharpest color output and change due to the
aggregation of the MA-AuNPs (Fig. 24), a simple assay kit for the qualification and quantification

of the phosphate amount in water was designed. Both pullulan and dextran tablets were tested for
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their ability to release the MA-AuNPs and Eu®* into solution. Results demonstrated that the dextran
tablets worked better than pullulan tablet. Hence, the dextran tablets were selected to move
forward. The structural formula illustration of the effect of the presence of europium ions and
phosphate ions in the essay is shown in Fig. 25 A. This structurally illustrates the aggregation of
MA-AuNPs due to the presence of europium ion (Fig. 25 A-I) and the disaggregation of MA-
AuNPs due to the presence of phosphate ions (Fig. 25 A-II). The operational principle of the assay
is then presented in Fig. 25 B, which qualitatively gives a “yes “or “no” output if the amount of

phosphate in  water is higher or lower than 0.0625 pM, respectively.
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Fig. 24 The surface plasmon resonance property of gold nanoparticles, which makes them blue
when in the aggregated state and red when in the dispersed state. (A) The europium ions invoke
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aggregation of the nanoparticles, and (B) the presence of phosphate inhibits the effect of europium and
causes a dispersion.

As illustrated in Fig. 25 B, the Eu**-dextran tablet is introduced into a microtube which is
filled up with the water sample up to 500 pL. The complete dissolution of the tablet takes about
10 min. In the second step, the end user adds the aqueous solution of MA-AuNPs to the microtube
and record the results after 35 seconds. If the solution color turns blue, it means that the water
sample contains a phosphate concentration lower than 0.0625 pM. Otherwise, if the solution color
turns purplish red, the water contains a phosphate concentration higher than 0.0625 uM because

the phosphate molecules have re-disperse the MA-AuNPs complex.

This simple point-of-use assay required no special equipment or trained technician and the
results are read with naked eyes and give a yes or no output. Also, for further quantification, the
color intensity curve has been adopted in Fig. 21with the calculated lower limit of 0.0315 uM

(3.779 ug/L), and the upper limit of 2.7369 uM (0.328 mg/L).
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Fig. 25 Operational principle. (A) The behavior of europium towards: 1. mercaptoacetic acid-
gold nanoparticles (absence of phosphate) and I1. phosphate. (B) Point-of-use operational principle of
the device for the qualitative detection of phosphate in water.

4.7. Selectivity and recovery experiments of the developed Pi sensor

The selectivity of the sensor was evaluated by monitoring the red/blue color intensity
response in the presence of other ions, including SO, NO3, Lit, Nit, K*,NH}, Mn?*, Zn?*,
Ni%*, Co%*, Fe3*, AI3* and Ca®*. As shown in Fig. 26, 1 mM of these interference ions were
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spiked into water and tested with the MA-AuNPs assay in comparison with the 0.25 uM phosphate
solution. The insignificant color intensity ratio of red/blue was detected for these interference ions,
even though their concentration was more than 300% higher than that of the phosphate ion
solution. These results clearly reveal that the selected ions have no interference with the

effectiveness and performance of the sensor.

The tablet-based sensor was used to determine phosphate concentration in real water
samples with both low and high levels of phosphate concentrations, including water samples from
Cote-des-Neiges in Montréal (tap water), Downtown Montreal (tap water), Saint Lawrence river
in Montréal, and HPLC grade water. The concentration of phosphate determined with the tablet
sensor for the HPLC grade water, the Cote-des-Neiges Montréal tap water, the Downtown
Montréal tap water, and the Saint Lawrence river was 0 = 0.001, 0.050 + 0.001 (0.0059 ppm),
0.049 £ 0.001 (0.0058 ppm)and 1.021+ 0.008 uM (0.1224 ppm), respectively. This was done by
using the Image J software to compute the red/blue color intensity of the assay and comparing the
values to the calibration curve. The red/blue color intensity of the HPLC grade water was 0.30,
which depicts the absence of phosphate ions in the solution. The red/blue color intensity computed
using the Image J software for was the Cote-des-Neiges Montréal tap water, the Downtown
Montréal tap water, and the Saint Lawrence river was 0.40, 0.45 and 1.75 respectively. In order to
validate the acquired data of the fabricated sensor, ion chromatography (IC) analysis was
conducted on the real-water samples above. The phosphate level in the Saint Lawrence river was
0.175 ppm with the IC device, which is quite close to the concentration acquired by the fabricated
sensor (0.1224 ppm). Due to the low concentration of Pi in the tap water samples and HPLC water,

the IC system reported the phosphate limit as invalid.
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Fig. 26 Interference test of common ions present in water in comparison with that of phosphate
ions. 0.25 uM of phosphate solution was compared with 1 mM of SO/, NO*, Li*, K, Mn®*, Fe’*, Zn*",
NH*, Ni**, Na*, Co®", AP" and Ca*" in water.
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Chapter 5. Conclusions and Future Works

In section, the accomplished objectives briefly explained and sum-up this part with the
future research topics.

5.1. Conclusions

This study’s focus was on fabricating and optimizing an easy-to-use tablet-based sensor
for phosphate ions detection in water. In the first step, spherical gold nanoparticles (AuNPs) were
synthesized with the standard Turkevich reduction method. The light absorption properties and
nanoparticles’ morphology investigated by using UV-visible and transmission electron
microscopy (TEM). The fabricated AuNPs were then functionalized with mercaptoacetic acid
(MA) by exploiting carboxylate group which both inorganic phosphate (Pi) and Eu** show affinity
and elicit the assembly/ disassembly of MA-AuNPs. Next, the effect of tris-buffer-HCl, tris-buffer
and ammonia-buffer as pH controllers investigated and as the result, samples which did not contain

pH controller revealed more sensitivity and stability.

Finally, the phosphate testing tube and Eu**-dextran tablet have been designed that are fast
(response in 35 seconds), simple and represent a portable platform for the detection of phosphate
in water. The sensor’s principle is based on the color change enacted by the aggregation and
dispersion of the AuNPs in the presence of Eu’" and phosphate ion respectively. This method
provides an inexpensive (= $3 for 100 tests) means of determining the concentration of phosphate
in water. The developed sensor is very sensitive with the calculated lower limit of detection of
0.0315 uM (3.779 png/L) and upper limit of detection of 2.7369 uM (0.328 mg/L). Also, the sensor

did not interfere with common ions present in the water and was stable for at least 3 weeks.
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5.2. Future works

This research has contributed to fabricate an easy-to-use sensor with functionalized gold
nanoparticles to detect phosphate in water. However, phosphate is not the only factor for the
creation of eutrophication. Other components including nitrate can accelerate this phenomenon.
Moreover, further investigations are required to obtain a more functional tablet-based sensor.

Further research in this area can be extended in the following areas:

- The findings of this thesis are based on experimental observations. Mathematical models
can therefore be produced and computed to promote rapid reproducibility and assay
predictions.

- Based on the presented results in this thesis, the end-user should carry the functionalized
gold solution in a tube for the test which is not much convenient. The further investigation
could be on transforming gold nanoparticles in an easier to handle format such as tablet or
paper-based platforms.

- As mentioned, there are some other components, including nitrate that impacts the creation
of eutrophication. Further research could be conducted on detection of those elements
based on the tablet-based devices and the design of a comprehensive detection kit for all
chemicals that could cause eutrophication.

- Beside phosphate and nitrate, potassium plant fertilizer is extensively used in the farms.
This potassium nutrient could cause severe side effects contaminating water resources.
Therefore, the detection of potassium in water could be investigated using tablet-based
platforms.

- More attention is required to explore the behavior of the temperature and pH towards

sensitivity and stability of the MA-AuNPs sensor for phosphate detection using Eu*".
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APPENDIX

In this section, paper-based sensor and tablet-based gold nanoparticle investigated.
However, these formats were not successful and moved to appendix section.

A. Fabrication of a paper-based sensor

To find the functionality of MA-AuNPs on paper platform as a paper-based microfluidic
sensor, different paper substrates including regular office paper, Whatman filter paper grades #1,
#2, and #4 were tested. Commercialized office papers are often treated to optimize the applicability
in writing with different inks; hence, these papers are hydrophobic to some extent. To test this
office paper, MA-AuNPs was dropped on the paper using micropipette and solution of Eu** was
added to the gold drop on the paper. After addition of Eu** solution to the MA-AuNPs, the resulting
mixture got absorbed by the paper after 1 min. Based on the observation, the reference reaction
zone which was MA-AuNPs alone turned dark blue before paper absorption and as it is shown in
Fig. 27 both reaction spots have the same colors. To change the environment of the paper, the paper
was dipped in the tris-buffer HCI with the pH of 7.4 and let to air-dry. However, based on the Fig.
27, the result was not different and by dropping the MA-AuNPs solution on the paper, the color
changed to dark blue and absorbed by the paper after 1 min. As a result, commercialized treated

papers are not the right choice for this aim.
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(D)

Fig. 27 Results of commercialized treated paper for sensor applications. (A) MA-AuNPs
reference drop on the unwashed A4 paper (B) MA-AuNPs and Ew’" drop on the unwashed A4 paper (C)
MA-AuNPs reference drop on the washed A4 paper (D) MA-AuNPs and Eu’" drop on the unwashed A4

paper.

Whatman filter paper #1 and filter paper #2 were tested by dropping MA-AuNPs as a spot
test (Fig. 28). Since these papers were not pre-treated, they were not hydrophobic, and the drops
were absorbed immediately after addition. However, the results were not promising as the MA-
AuNPs (red) changed to blue without the addition of any extra reagent (Eu** nor Pi). Moreover,
changing the pH of the paper by dipping the paper in the tris-buffer HCI (pH 7.4) was not

successful and gave the same result.

(A) (8)

(€ (D)

i W
%

Fig. 28 Whatman filter paper grades #1 and #2 results. (A) MA-AuNPs reference spot on the
Whatman #1, (B) mixture of MA-AuNPs and Eu’* solution on Whatman #1, (C) MA-AuNPs reference spot
on the Whatman #2 (D) mixture of MA-AuNPs and Eu’" solution on Whatman #2.

For filter paper Whatman #4, 9 pL of MA-AuNPs was dropped on a spot, a circular pink

area was created, and the pink color was stable even when the solution dried on the paper. To test
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the aggregation effect, 3 pL of Eu®" (220 uM) was dropped on the paper. Based on the presented
investigations, filter paper Whatman #4 had the best results in terms of MA-AuNPs color stability
on the paper. However, Whatman paper had the mixing issue since its fibres reduced the MA-

AuNPs and Eu** mobility.

(A) (B)

Fig. 29 Test results of filter paper Whatman #4. (A) The reference MA-AuNPs zone, (B) The
mixture of MA-AuNPs and Ew’" solution.

Another method was deployed to allow mixing of the reagents on the paper, this was done
by dipping the paper in the target’s solution bath so it can flow laterally. This experiment let Eu**
and MA-AuNPs mix when the solution is flowing up in the paper-based device. However, on
drying the solution on the paper, the MA-AuNPs turns dark blue which means it is not stable for

a long time.

In all, all the paper-based devices that were fabricated for the detection assay did not
provide any enough color change and stability for phosphate detection in water. Therefore, the

paper-based sensor was not used going forward, and a tablet-based approach was investigated.

B. Fabrication of a tablet-based MA-AuNPs
Dextran/pullulan-MA-AuNPs tablets (Fig. 30) were prepared and its efficiency was
observed. However, dissolving the dextran/pullulan-MA-AuNPs tablets didn’t give the desired

color changes. This poor performance can be linked to the shielding of the MA-AuNPs by the
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polymer molecules which could disturb its appropriate electrostatic feature, therefore causing a

loss of activity.

Fig. 30 MA-AuNPs dextran tablet.
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