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Functionalized nanomaterials are increasingly being utilized for development and
innovation in a wide range of industrial fields. Specifically, functional organic/inorganic hybrid
nanomaterials and nanocomposites, which have both physicochemical properties of organic and
inorganic materials, has potential for use as advanced nanomaterials in various fields. Briefly,
hybrid materials are a result of constituting with two or more components, which can interact
weakly through van der Waals, electrostatic, or hydrogen bonds between the organic and
inorganic components or they can be held together by strong interactions, such as covalent or
ionic-covalent bonds. Hybrid nanoparticles not only have the characteristics of both inorganic
and organic nanomaterials but can also have unique properties that surpass those of the original
components.

Carbon nanomaterials have received considerable attention as SERS-active substrates.
Compared with conventional semiconductor quantum dots and semiconductors, carbon nanodots
have benefits of low toxicity, excellent biocompatibility, low cost, and simple synthesis. Thus,
there is an emerging opportunity to design and create multi-functional hybrid nanomaterials
based on carbon nanomaterials with various organic/inorganic materials at the nanoscale or
molecule level, for the electronics, catalysis, sensors and energy conversion and storage
application.

Interaction of light with metal nanostructures show unique properties given rise to an

emergent field called plasmonic. Plasmonic is an optical phenomenon that is very sensitive to the

near surface dielectric constant (refractive index, RI) and refers to interaction between free

electrons and electro-magnetic fields in metallic materials. Interaction between adsorbed



molecules and surface of plasmonic nanostructures have important influence on SERS. SERS
substrates should have abundant free electrons, which is beneficial for the creation of plasmonic
hot-spots and ultimately leads to the increase in Raman intensity. Typical metals as SERS
substrates are gold and silver nanostructures because they have LSPR-related absorption bands
covering most of, visible and near-infrared (NIR) wavelength regimes, which used to excite
Raman modes.

This dissertation includes three research thrusts using hybrid carbon nanomaterials. 1)
We investigate SERS using a hybrid gold nanoparticles@carbon nanodots substrate for herbicide
detection. The hybrid SERS substrate shows excellent signal uniformity compared to AuNPs or
CNDs alone. Also, the AUNPs@CNDs illustrates remarkable key parameters of SERS sensor
including, repeatability, reproducibility, and stability, which provide the promising application of
SERS sensor for ultra-sensitive determination of organic compounds in water and food. 2) We
applied 4-Mercaptopyridine (MPY)-functionalized AUNPs@CNDs for mercury detection. The
lowest concentration that our MPY -functionalized AuNPs@CNDs nanosensor can detect is 0. 05
nM, which is lower than concentration of Hg?* in drinking water permitted by WHO (6ppb). The
sensor had good reproducibility and repeatability and sensitivity for mercury detection. 3) We
determine the localization and characteristics of nanoparticles inside cells for sensing
application, using hyperspectral-enhanced dark field microscopy (HEDFM). We selected AuNPs
and AUNPs@CNDs as a candidate for HEDFM evaluation owing to their unique plasmonic

properties. We reported that nano hybrid Unascends and AuNPs can be applied for HEDFM



evaluation of herbicides in cell specimen. We hope this research can promote the development of
new hybrid materials and composites for sensing of toxic materials in water and foods, so we can

benefit human health and environment.
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CHAPTER I: INTRODUCTION

Pesticides including herbicides, insecticides, and fungicides are natural or synthetic
compounds, which play a vital role in increasing agriculture products. However, concerns about
their widespread distribution in environment and potential hazards to human health and wildlife
have been raised [1-3]. According to estimation, less than 0.1% of the pesticides applied to crops
actually reaches the target pest, the rest enters the environment and ultimately pollute the
environment [4]. It has been proved that absorption of pesticide residues by humans via
respiratory system, through skin or via digestive may cause acute and chronic effects, such as
hormone disruption, allergies, and cancer [3,5]. Herbicides, substance used to control undesired
plants (weedkiller) are the most frequent used group of pesticides, which has a proportional in
global consumption around 50-60% [4]. Therefore, there is an urgent need of a fast method that
can detect herbicide residues in crops to minimize potential health hazards. Traditional methods
used for pesticide detection are expensive, time-consuming, and require substantial sample
manipulation, and highly trained operators [3]. Since the discovery of SERS method, it have
been used for detection of pesticides residues by using different substrates [5]. SERS method
have proven to be fast, sensitive, nondestructive, and highly efficient for probe molecule
detection [6], [7]. However, there is still a demand on creating and optimizing SERS substrate to
provide largest SERS enhancement possible [8]. This dissertation work focuses on the state-of-
the-art advances of hybrid AUNPs@CNDs for detection of toxic materials including herbicides

and mercury.



Fundamental of SERS

Concept and Basic Science

SERS is a powerful analytical technique that combines the principles of Raman
spectroscopy and nanoscale surface plasmon resonances to achieve significant enhancement of
the Raman scattering signal from molecules adsorbed onto or near roughened metallic surfaces
or nanostructures [9].
Raman Scattering

Raman scattering is an inelastic scattering process in which a molecule interacts with an
incident photon, leading to a shift in the photon's frequency due to the exchange of energy with
the molecule's vibrational modes. This frequency shift provides information about the molecular

structure and can be used for chemical identification and analysis [10].

Principle and Enhancement Mechanism

SERS was discovered in 1970’s by Fleischman and coworkers when accidently strong
Raman spectra of pyridine on a roughened silver surface was observed [11]. In the first SERS
experiment, an enhancement in the Raman signal by a magnitude of at least 10° was observed. At
first the reason of the enhancement was not clear but subsequently, Van Duyne et al.
systematically repeated the experiment and mentioned that the unexpected enhancement of
Raman scattering is due to electromagnetic effect [12]. In the same period, other researcher
proposed a chemical effect for the Raman scattering enhancement [13], [14]. Therefore, the
enhancement of Raman scattering in SERS is results of two distinct mechanisms: the
electromagnetic mechanism (EM) and chemical mechanism (CM). The electromagnetic
enhancement is related to the excitation of localized surface plasmon (LSP) on nanostructured

metal surfaces from incident radiation with its frequency closer to the plasmon characteristic



oscillations. Therefore, there is an enhancement in the intensity due to a resonance between
excitation and the localized plasmon collective oscillations. Areas of strongly enhanced
electromagnetic field on the surface of nanoparticles named as “hot-spots” is created by the
localized surface plasmon resonance (LSPR). The hot spots are generated on the sharp edges,
interparticle junctions, interface between noble metal nanoparticles and metal substrates, and thin
gaps between nanoparticles. A significant enhancement of Raman scattering cross section of
molecules located in the hot spot can be observed, which make the detection of single molecules
possible [15]-[18].

Chemical effect is based on the charge transfer interactions between the molecule and the

metal surface. Electrons from metal nanoparticles are transferred to the absorbed molecules and
causes a reinforcement in electric field [19], [20].
Electromagnetic enhancement contributes to greater extension (range of 106-108 times) to the
enhancement as compared to the chemical mechanism (range of 10%-10° times) and the
fundamental of CM have been less investigated in the literatures than the EM effects [6], [21].
Mathematical models

The mathematical models for describing the SERS involve both classical electromagnetic

theory and quantum mechanical considerations.

The electromagnetic enhancement factor (EF)

EF is derived from classical electromagnetic theory, considering the metal nanostructures
as antennas that amplify the incident and scattered electromagnetic fields. The EF is given by the
following expression:

EF = (Eioc/E0)* X (Escat/Eioc)* where:



Eioc is the localized electric field at the metal surface, Eo is the incident electric field, Escat
is the Raman scattered electric field.

The first term, (Eioc/Eo)?, represents the enhancement of the incident field due to the
surface plasmon resonance, and the second term, (Esca/Eioc)?, represents the enhancement of the
Raman scattered field. The localized electric field, Eioc, can be calculated using classical
electrodynamics and the finite-difference time-domain (FDTD) or boundary element method
(BEM) simulations, taking into account the size, shape, and material properties of the metal
nanostructures, as well as the excitation wavelength. For simple geometries, like a sphere or an
ellipsoid, analytical solutions based on Mie theory or the electrostatic approximation can be used
to calculate the enhancement factor [22], [23].

The chemical enhancement (CE)

Chemical factor is typically described using quantum mechanical models that consider
the charge transfer between the metal and the adsorbed molecules. One of the commonly used
models is the Herzberg-Teller vibronic coupling model, which considers the mixing of the
electronic states of the adsorbed molecule with the metal's conduction band states. The chemical
enhancement factor (CEF) is given by: CEF = (AQ/Ar)? x (1/Ag)? where:

AQ is the change in the molecular charge due to the charge transfer, Ar is the change in the
equilibrium bond length, Ag is the energy difference between the molecular and metal states
involved in the charge transfer.

This model suggests that the chemical enhancement is maximized when the energy
difference between the molecular and metal states is minimized, and the molecular polarizability

is maximized.



Combined Enhancement

The total SERS enhancement factor is the product of the electromagnetic enhancement
factor and the chemical enhancement factor: Total EF = EF x CEF In most cases, the
electromagnetic enhancement is the dominant contribution, but the chemical enhancement can
play a significant role, especially for molecules that form strong chemical bonds with the metal
surface.

These mathematical models provide a framework for understanding the SERS
enhancement mechanisms and guide the design and optimization of SERS substrates for specific
applications. However, it's important to note that these models have limitations and
approximations, and experimental validation is often necessary to fully understand the SERS
enhancement in specific systems [22], [24].

Nanoparticles-based SERS substrates

NPs-based SERS substrates, often consisting of engineered NP assemblies or
nanostructures, are designed to optimize the LSPR conditions and maximize the EM field
enhancement at specific excitation wavelengths. By carefully controlling the NPs properties and
assembly, significant Raman enhancements can be achieved, enabling the detection of trace
amounts of analytes and providing valuable structural information about the molecules under
investigation. Factors influencing SERS enhancement are, material composition (e.g., gold,
silver, copper), NP size and shape (e.g., spheres, rods, shells, dimers), NP surface properties (e.g.,
roughness, hot spots), NP aggregation and interparticle coupling, and excitation wavelength and
its overlap with the LSPR. By optimizing these factors, researchers can engineer NP-based SERS

substrates with tailored plasmonic properties to achieve maximum Raman enhancement,



enabling highly sensitive detection and analysis of various analytes, including biomolecules,
chemicals, and environmental pollutants [25], [26].

The Raman enhancement NPs-based SERS is primarily attributed to the EM mechanism,
which arises from the amplification of the incident and Raman-scattered fields due to the LSPR
effect. Here's how the Raman enhancement occurs: When the incident electromagnetic radiation
(e.g., laser) interacts with the metallic NP, it excites the LSPR, leading to a strong concentration
and enhancement of the EM field in the vicinity of the NP surface. This enhanced excitation field
interacts with the molecules adsorbed or located near the NP surface, increasing the probability
of Raman scattering. This phenomenon is called excitation field enhancement. The enhanced
excitation field induces a time-dependent dipole moment in the adsorbed molecules, leading to
inelastic Raman scattering. The Raman-scattered field from the molecules is also influenced by
the LSPR effect. The Raman-scattered field couples to the plasmon modes of the NP, resulting in
further enhancement of the scattered field. This enhancement is due to the radiative properties of
the NP, which acts as an efficient nanoantenna, amplifying the Raman signal in the far-field [10],
[25], [27]. Here the research that has been carried out in NPs-based SERS sensor are summarized
as following:

Carbon nanomaterials, including carbon nanotubes (CNTS), fullerenes, graphene, carbon
dots (CDs), and nanodiamonds have received considerable attention as SERS-active substrates
[14]. CDs (with diameter less than 20 nm), which were discovered in 2004 are classified as
carbon quantum dots (CQDs), carbon nanodots (CNDs), and graphene QDs (GQDs). In 2012 for
the first time, Shi and co-worker applied CDs without doping and modification as the SERS
substrate using an electrophoresis deposition strategy to assemble GQDs nanotube arrays [28].

They observed high sensitivity with the detection limit around 10° M and 74-fold SERS



enhancement, compared to graphene substrate using Rhodamine 6G (R6G) as molecular probes.
The excellent SERS property of the GQDs was attribute to the efficient charge transfer between
GQDs and target molecules, and large specific surface area of GQDs nanotubes which improve
absorption of target molecule and capture of incident light [28]. In current studies, CDs
demonstrated strong catalysis to produce gold and silver nanomaterials [29], [30]. CDs have
been used to support gold and silver material to prevent direct interaction between analyte and
plasmonic materials in which can improve SERS activity. For example, a honeycomb
architecture composed of CQDs was synthesized to support gold nanoparticle by Qu et al., [31].
This SERS substrate shows 8-11 times higher SERS activity in comparison to traditional gold
nanoparticles. The improved Raman response was attribute to the honeycomb structure of CGDs
and uniform distribution of gold nanoparticle with the size less than 10 nm [31]. In another work,
core-shell structured Ag@CDs nanoparticle as SERS substrate demonstrate enhancement in
SERS activity due to quench of fluorescence of CDs through introduction of silver and excellent
absorption of target by Ag@CDs [32].

Due to excellent properties of CNDs such as size dependent photoluminescence emission,
strong luminescence, resistance to photobleaching, low cell toxicity, high fluorescence, and
hydrophilic properties, they have wide range of application in drug delivery, bio-sensing, bio-
imaging, and catalysis [33]. Doping of other elements, such as selenium, boron, in GQDs was
also reported by hydrothermal method [34]. Among elemental doping of carbon-based
nanomaterials, N-doped carbon dots with high fluorescence efficiency have attracted much
attention [33]. However, there are low report on preparation oh highly active N-doped carbon
dots for the SERS quantitative analysis [33]. In one study, N-doped carbon dots was synthesized

by hydrothermal method, and it was used to catalyze the reduction of chlorauric acid by H20> to



produce gold nanoparticles. The substrate was applied to determine sulfate in water and beer
samples (0.02-1.7 umol/L SO4*" ), with a detection limit of 0.007 umol/L [33]. Silver
nanoparticles protected by small nitrogen-doped Graphene Quantum Dots, (Ag NP@N-GQD)
was synthesized for systematic evaluation for glucose sensing in mouse blood sample. The
results suggest that the Ag NP@N-GQD is a cost-effective and sustained SERS substrate [35].
Core (Au)-shell (Ag) structure nitrogen dots was synthesized for recognition of nitroaniline
isomers by surface-enhanced Raman scattering. It was concluded that NDs are rich in nitrogen
and oxygen-containing functional groups and can be used as an efficient reducing and stabilizing
agent for the synthesis of AuNPs. The new substrates exhibit high SERS activity with a high
SERS enhancement factor of 107 [36]. The performance of the undoped, S and N doped GQDs as
SERS substrate for detection of RhB in nM level shows the highest SERS signal for N-GQD
while S-GQD do not shows any measurable signals [34]. Therefore, based on literature review,
we can introduced a newly developed AuNPs@N-doped CNDs and investigate their application
for SERS sensing using different kinds of organic and inorganic materials to show the
applicability and universality of the SERs substrate for sensitive detection of toxic materials
which pave the way for introducing a simple, low cost, and effective platform to secure human
health and wild life by detecting toxins in water and foods.

A promising SERS substrate should have abundant free electrons, which is beneficial for
the creation of plasmonic hot-spots and ultimately leads to the increase in Raman intensity. Gold
and silver nanostructures are typical metals used as SERS substrates due to their localized
surface plasmon resonance (LSPR) bands covering the visible and near-infrared (NIR)

wavelength regimes necessary to excite Raman modes [1]-[3]. While silver nanoparticles



(AgNPs) offer higher plasmon quality, they are susceptible to oxidation, leading to poor stability
[26]. In contrast, gold exhibits superior chemical stability [37], [38].

With advancements in nanotechnology, SERS substrates have been developed from
single-composition nanomaterials to multiple component nanomaterials [49]. Hybrid
nanomaterials and complex nanostructures composed of carbon nanomaterials and metal
nanoparticles, especially metals such as silver and gold have outstanding SERS enhancement
[50,51]. Hybrid gold/silver nanoparticle-carbon nanomaterial systems enhance the SERS activity
which is attributed to the efficient transfer of electrons from the carbon nanomaterial to gold
nanoparticle in addition to the electromagnetic field enhancement via effective plasmonic
propagation and the formation of localized hotspots under light illumination [22]. In one study
Jiwei et al. [23] applied a periodic array of metal nanopillars and observe desirable value for EF
in order of 2 x 108, In another study, Wang et al. [24] improved the overall device stability by
using film chips based on polyethylene terephthalate as support for the plasmonic structure,
which results in EF in order of 3.14 x 108. As examples, N-doped carbon dots-Au@Ag
nanoparticles core-shell structures [25], branched silver-supported carbon dots [22], free-
standing Si nanowires decorated with Au/graphene nanoparticles [26] were reported and the EF
values were 107, 108, and 10°6-107, respectively. However, less research was focused on gold
nanoparticle-carbon nanodots systems for SERS enhancement.

Herein, two key questions are solved as following in Chapter I, including introducing a
hybrid SERS substrate based on AUNPs@CNDs with promising SERS application as sensors;
what elemental doping of CNDs has best SERS efficiency. These compelling findings may offer
promise of a way to development A SERS substrate that has universality for detection of any

kinds of organic/inorganic material.



SERS herbicide sensors

Traditional sensitive methods for detection of pesticides residues, such as gas/liquid
chromatography combined with mass spectroscopy or rapid techniques, including
immunoassays, electrochemical detection, and optical sensors have been widely used by
researchers [1]. However, these methods are expensive, time-consuming, and require substantial
sample manipulation, and highly trained operators [2]. SERS was discovered in the 1970’s by
Fleischman et al., when accidently strong Raman spectrum of pyridine on a roughened silver
surface was observed [3]. In 1987, Alak et al. applied SERS method using silver-coated micro-
spheres for detection of a wide range of pesticides including organophosphorus [4]. Then SERS
substrates moved from roughened silver electrodes onto silver and gold colloids. Later, metal
films with various thicknesses and nanostructured features were investigated as SERS substrates
[5]. Rough metal electrodes are not suitable for theoretical study because the whole electrode is
not controllable. Metal colloid-based substrate (silver and gold colloids) are promising SERS
substrate owing to their simple preparation, favorable enhancement and low cost compared to
other substrates. In colloidal based substrates the SERS signal can be improved by optimizing
shape, size, and components [39], [40].

Gold nanoparticles with the optimized size leads to achieving high SERS enhancement
which is attributed to the three reasons [7]. Firstly, as the size of gold nanoparticles increase, the
surface area of NPs increases which result in increase of amount of herbicide molecules absorbed
on the surface and ultimately increase the SERS intensity. Secondly, the local electromagnetic
enhancement increases with the increase in particle size, but as the nanoparticle size get bigger
the particles absorb less light and less inelastic scatterings occurs on surface, which leads to

weakening of overall SERS intensity. Thirdly, there is a correlation between the surface plasmon
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resonance (SPR) properties of gold nano particles and SERS spectra; the largest SERS
enhancement factor is for gold nanoparticles with a surface plasmon resonance maximum
between the wavelength for laser excitation and the vibrational bon under study. Studied show
that by increasing the size of gold nanoparticles, there is a red shift in surface plasmon band;
hence the SERS enhancement field generated from gold nanoparticles maximizes at optimize
size of gold nanoparticles. In addition, carbon nanodots with the optimized thickness can
improve the chemical enhancement by the enhancement of adsorption of analyte and avoiding
signal interferences of probe and gold nanoparticles caused by direct contact of probe molecules
with gold substate [8].

In this regard, the key objectives in Chapter Il are to 1) design and develop a hybrid
AUNPs@CNDs system with optimized size and investigate the optical, and morphology of
nanoparticles. 2) investigates SERS enhancement properties of hybrid system using rhodamine
6G (R6G) as a standard SERS probe molecule and compare it with bare GNPs, and CNDs. 3)
determine reliability of SERS analysis and applicability of SERS substrate for detection of
organic compounds (herbicides). Thereby, the focus of the Chapter II is to investigate hybrid
AUNPsS@CNDs as a SERS substrate for detection of herbicide.

SERS for mercury detection

'Among heavy metals ions, Hg?* is known to be highly toxic even at low concentration.
The highest mercury concentration in drinking water that meets the standard is 2 ppb (10 nM).
So far, the methods for mercury ions detection are mainly includes colorimetry [41], surface-
enhanced Raman chips [42], fluorescent probes [43], electro chemiluminescent immunoassay
[44], etc. Surface-enhanced Raman scattering (SERS) is a powerful detection and analysis

technique due to the sensing principle based on the molecular Raman spectral signatures.
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However, the development of a low-cost, highly sensitive, reproducible, stable, and Raman-
active nanostructured substrate for heavy metals detection is still a particular challenge because
of the sample complexity. But still direct SERS detection of monoatomic metal ions, such as
Hg?*, is challenging due to their small scattering cross section [45]. To address these needs, a
sensing platform with excellent flexibility and sensitivity is highly anticipated for mercury
detection at low concentration. By takes advantage of MPY -functionalized AuNPs amplification
tag, a fiber-optic sensor based on SPR effect was developed for Hg?* detection. The coupling
between localized surface plasmon resonance (SPR) increased changes in SPR wavelength,
which allowed highly sensitive Hg?* sensing in aqueous solution. The sensor’s Hg?* detection
limit was 8 nM [46]. A SERS-active nanofibers covered with MPY-modified gold nanoparticles
was investigated for the detect of Hg?*. The spectral changes were originated from the effect of
the coordination between the nitrogen on MPY and the metal ions and the MPY molecular
orientation. The detection limit of this method for Hg?* is lower than 5 nM [47]. In particular
MPY is a bifunctional molecule that can be chemisorb onto Au surface through the formation of
Au-S bond and coordinate mercuric species via the nitrogen of the pyridine moiety in water [47],
[48]. After coordination with Hg?* can confirm more perpendicular orientation of MPY on the
AuNPs@CNDs surface, which enable sensitive sensing of mercury. This fact leads to modifying
the intensity ratio of the SERS signal and enabling the quantitative determination of Hg ions in
aqueous solution. This research also is a step to apply our as-prepared SERS for detection of
metal ions in cell without need of functionalization of sensor for specific targets located at
different subcellular structures cell membrane and permeability of sensors, which is a typical

issue in fluorescent sensors.
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In this regard, the key focus in chapter 111 are to 1) Functionalizing the surface
AuNPs@CNDs with MPY for selective detection of mercury. 2) determine the reproducibility,
repeatability, and sensitivity of SERS substrate for mercury detection. To this end, the objective
of Chapter I11 is to focus on the synthesizing a SERS substrate that has high selectivity, signal
reproducibility, and repeatability for mercury detection.

In summary, the theme of my dissertation research is focus on synthesizing hybrid
AUNPs@CNDs with optimized size and composite for sensing application. In particular, the goal
of the dissertation research is to advance both the fundamental understanding and technical
methods on development (design, synthesis, and testing) of novel hybrid nanomaterials
emphasizing SERS enhancement for sensing application. The SERS platforms proposed in this
dissertation potentially provide a solution to address one of the grand challenges that our society
is facing, i.e., detecting toxic materials in water, thus improving the health and wellbeing of the

world’s increasing population.

13



CHAPTER II: SURFACE-ENHANCED RAMAN SCATTERING ENHANCEMENT USING A
HYBRID GOLD NANOPARTICLES@CARBON NANODOTS SUBSTRATE FOR

HERBICIDE DETECTION

Abstract

The widespread distribution of herbicides in the environment poses a significant risk to
human health and wildlife. Surface-enhanced Raman scattering (SERS) has emerged as a powerful
technique for detecting and analyzing herbicides. However, developing a low-cost, highly
sensitive, reproducible, stable, and Raman-active nanostructured substrate for herbicide detection
remains a particular challenge. In this research, a nanohybrid substrate consisting of gold
nanoparticles@carbon nanodots (AuNPs@CNDs) was synthesized by reducing HAuCI4 in the
presence of CNDs at 100°C. The optical, chemical, and physical properties of CNDs, AuNPs, and
the hybrid AuNPs@CNDs substrates were thoroughly investigated using various techniques
including UV-vis spectrometry, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and CytoViva
darkfield and hyperspectral imaging. The SERS effect of the substrates was evaluated using
Rhodamine 6G (Rh6G), a Raman-active probe, and two groups of herbicides. The results
demonstrated a significant increase in the SERS spectra of Rh6G and herbicide molecules
detection using the AUNPs@CNDs substrate compared to bare CNDs and AuNPs alone. This
suggests that the nanohybrid AUNPs@CNDs SERS substrate holds promise for the detection of

herbicides and other organic compounds.
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Introduction

The widespread distribution of herbicides in the environment poses a significant risk to
human health and wildlife.! Accurate, quantitative monitoring the residue of herbicides, especially
in water environment, is critical for its management and removal or treatment. Traditionally, a
broad range of analytical methods have been used for extraction and determining its concentration,
such as gas chromatography (GC),? high performance liquid chromatography (HPLC), GC-mass
spectrometry (GC-MS), electrochemical and spectrophotometric techniques.®® Advancements in
nanomaterials and nanotechnology have provided alternative advantageous sensor technologies,
such as nano-electrochemical sensors,” molecular-imprinted polymers,® and nanoplasmonic
surface enhanced Raman spectroscopy (SERS),® which may render easy operation, improved
sensitivity, portability and real-time and on-site applications.

Surface-enhanced Raman scattering (SERS) technique relies on plasmonic metallic
nanostructures to concentrate electromagnetic energy, thereby enhancing the molecular Raman
signal. SERS spectroscopy is a powerful technique with diverse applications in medical science
and analytical chemistry.’® Tailored nanostructures enable fast, sensitive, nondestructive, and
highly efficient detection of probe molecules, even facilitating single molecule analysis.*™*® In
SERS, the amplification of Raman signals of probe molecules results from the excitation of
localized surface plasmon resonance (LSPR) at the metal-dielectric interface substrate. Therefore,
the magnitude of SERS enhancement critically depends on the SERS substrate.*

Gold and silver nanostructures are typical metals used as SERS substrates due to their
LSPR bands covering the visible and near-infrared (NIR) wavelength regimes necessary to excite
Raman modes.'>*® While silver nanoparticles (AgNPs) offer higher plasmon enhancement, they

are susceptible to oxidation, leading to poor stability.*® In contrast, gold exhibits superior chemical
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stability.?% 2! Recent SERS studies have focused on developing and optimizing substrates with
promising enhancement effects.?>? For instance, gold nanorod array was developed and optimized
for SERS detection of atrazine herbicide.?® With advancements in nanotechnology, SERS
substrates have evolved from single-composition nanomaterials to multiple-component
nanomaterials.?’ This is due to their ability to serve a multi-modal platform for enhanced sensing
of analytes, sorbent capability , magnetic recyclability , among others.?® Hybrid nanomaterials and
complex nanostructures comprising carbon nanomaterials and metal NPs, such as AuNPs, have
demonstrated exceptional SERS enhancement capabilities.?® 3

Carbon dots (CDs) with diameter usually less than 10 nm are classified as carbon quantum
dots (CQDs), carbon nanodots (CNDs), and graphene QDs (GQDs).3! Compared to conventional
semiconductor quantum dots and semiconductors, CNDs offer advantages such as low toxicity,
excellent biocompatibility, multifunctionality, and straightforward synthesis.®?-3* CNDs represent
a novel class of carbon nanomaterials characterized by a spherical morphology and typically an
amorphous lattice structure. The functional groups present in CNDs play a crucial role in
enhancing surface-enhanced Raman scattering (SERS). These functional groups are typically
introduced during hydrothermal synthesis through the doping of heteroatoms like nitrogen (N),
sulfur (S), boron (B), phosphorus (P), and others.>>38

Recent findings indicate that N-doped CNDs contribute to the improvement of SERS
signals, likely because N-doped CNDs facilitate excited state charge transfer to the target molecule
through n-m interactions.3®*! By incorporating CNDs as a shell component to AuNPs with
optimized thickness, the chemical enhancement can be improved. This enhancement occurs
through increased adsorption of analytes and the prevention of signal interferences from probe

molecules caused by direct contact with gold surfaces.*?
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The utilization of AuNPs achieves high SERS enhancement due to their appropriate size,
shape, and matching the laser line with the AuNPs’ LSPR, which leads to an increase in surface
area and local electromagnetic (EM) field enhancement.*? Previous studies have demonstrated the
effectiveness of AUNPs as a SERS substrate for detecting herbicides.**> #* In this study, microwave-
synthesized hybrid AUNP@CNDs core-shell composite NPs are presented and tested as SERS
probes for improved detection of herbicide molecules. This approach capitalizes on the
advantageous synergistic effects of both chemical and EM field enhancement from the CNDs and
AUNP components, respectively, thereby improving SERS sensing capabilities, especially for
detection of the effective components in herbicide formulations.

Materials and methods

Chemical and reagents

Hydrogen tetrachloroaurate (HAuCls) solution (from Fisher Scientific, Au 44% wi/w),
sodium citrate (from Fisher Scientific, >99%), Rhodamine 6G (from ACROS Organics, 99%),
citric acid (from ACROS Organics, 99%), and ethylenediamine (EDA, from Fisher Scientific,
99%) were utilized in this study without undergoing further purification.

The herbicides used in the research, including mesotrione (2-(4-methylsulfonyl-2-
nitrobenzoyl) cyclohexane-1,3-dione, ZA1296E), A12738A formulation, and S-metolachlor ((S)-
2-chloro-N-(2-ethyl-6-methyl-phenyi)-N-(2-methoxy-1-methyl-ethyl)-acetamide, CGA77102), as
well as its formulation LUMAX EZ (A19414A), were obtained from Syngenta Crop Protection,
LLC.

Materials characterization
The morphology of both the AuNPs and AuNPs@CNDs was examined using field-

emission scanning electron microscopy (FE-SEM) conducted with a Carl Zeiss Auriga-BU FIB
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FESEM Microscope. The measurements were performed at an accelerating voltage of 5.0 kV.
Additionally, transmission electron microscopy (TEM) was employed using a Carl Zeiss Libra 120
PLUS instrument to further investigate the morphology.

The elemental composition of the samples was determined using X-ray photoelectron spectroscopy
(XPS) utilizing a Thermo Scientific ESCALAB Xi+ instrument. Raman spectroscopy was
conducted using a Horiba XploRA One Raman Confocal Microscope System, with a 532 nm laser
serving as the excitation source.

To assess the optical properties of the CNDs, AuNPs, and AuNPs@CNDs, ultraviolet-
visible spectrophotometry was performed using a Varian Cary 6000i spectrophotometer.
Fluorescence spectrophotometry was carried out using a Varian Cary Eclipse instrument. Varian
Agilent 710 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) with trace
element analysis capability for wavelength from 177 to 785 nm was used to determine the
concentration of Au in AUNPs@CNDs and AuNPs suspensions.

Nanoparticles synthesis

Synthesis of CNDs. The synthesis of CNDs involved a microwave-assisted procedure
conducted at 300 W for 18 minutes. A water solution containing ethylenediamine and citric acid
as precursors was utilized by following a previous reported procedure.®? Following the synthesis,
the solution underwent purification using centrifugation for 20 minutes. Subsequently, it was
dialyzed for 48 hours against deionized (DI) water. The resulting solution was then freeze-dried
for 24 hours to obtain the solid sample.

Synthesis of AUNPs. Gold nanoparticles (AuNPs) were synthesized following the method
introduced by Frens,* 4 which relies on the citrate reduction of HAuClI.. Initially, a 25 mL solution

of HAuCl4 (0.01% by weight) was heated to 97°C. After 15 minutes of temperature stabilization,
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375 uL of an aqueous solution of sodium citrate (1% by weight) was swiftly added to the gold
solution under continuous stirring, maintaining the temperature at 100°C. Following a 30-minute
reaction period, a wine-red suspension containing AuNPs was obtained. Subsequently, the
suspension was cooled to room temperature over a 15-minute period while being magnetically
stirred. The mixture underwent dialysis using a 1 kDa dialysis membrane for 24 hours to eliminate
any unreacted precursor molecules.

Synthesis of AUNPs@CNDs. The hybrid AUNPs@CNDs were synthesized through the
reduction of HAUCI. in the presence of CNDs at 100°C, similar to a reported procedure.*® In this
method, a 150 uL aqueous solution of HAUCI4 (1 mg mL™?) was added to a 3 mL solution of CNDs
(0.12 mg mL). The mixed solution was maintained at 100°C for 80 minutes. Subsequently, the
mixture was allowed to cool to room temperature and then dialyzed using a 1 kDa dialysis
membrane for 24 hours to eliminate any unreacted precursor molecules. By adjusting the feeding
mass ratio of HAuClsto CNDs, AUNPs@CNDs with different sizes can be obtained. At first, CNDs
solutions with concentrations ranging from 0.09, 0.11, and 0.12 mg mL™ were added to a 150 uL
solution of HAuUCIs (1 mg mL™) to achieve HAUCI2/CNDs with mass ratios of 2.4, 2.2, and 1.8,
respectively. It was observed that the minimum concentration of CNDs that resulted in the
formation of AUNPs@CNDs was 0.12 mg mL™. Then, the concentration of CNDs was maintained
constant at 0.12 mg mL™ and different volumes of HAUCIs ranging from 70-190 pL (yielding
HAuUCI4#/CNDs with mass ratios of 5.2, 3.3, 2.4, and 1.9, respectively) were added to the CNDs to
produce hybrid AUNPs@CNDs with different sizes for following SERS studies.

SERS measurements of Rh6G and herbicides by NPs
For the SERS measurements of Rh6G, an aliquot 10 pL of Rh6G aqueous solution was

mixed with 50 pLL of AUNPs@CNDs, AuNPs, and CNDs aqueous suspension, respectively, and
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the mixed suspension was sonicated for 30 min. Thereafter, a 60 pL of each sample was dropped
on cover glass substrate and the samples were air-dried for 3 hours in fume hood. Note that the
AuNPs and AuNPs@CNDs solutions have the same particle concentration of 0.0585 mg mL™*
measured by ICP-OES, and concentration of CNDs was 0.12 mg mL™. The SERS measurements
were performed at Horiba XploRA Raman Confocal Microscope using 532 nm light excitation, 50
x objective, grating 1800 gr/nm, and acquisition and accumulation time 5 s.

To measure the SERS spectra of 4 herbicide samples, 10 uL of each herbicide samples were
added to 50 puL of AUNPsS@CNDs aqueous suspension and sonicated for 30 min. The mixture of
samples were dried on the cover glasses for 3 h in fume hood. SERS spectra was obtained on dried
samples using 532 nm excitation, 50 x objective, grating 1200 gr/nm, accumulation time 5 s, and
acquisition 35 s.

The first group of herbicides was CGA77102 (S-metolachlor 86.6% by weight) and
A19414A formulation (S-metolachlor 27.1% by weight). The sample solutions containing desired
concentration of CGA77102 and A19414A formulation ranging from 10%2-10° M were
determined with respect to effective S-metolachlor component without extraction. The same
procedure was carried out for the second group of herbicides, ZA1296E (mesotrione 60.0% by
wt.) and A12738A formulation (mesotrione 40.0% wt.).

Results and discussions
Characterization of CNDs, AuNPs, and AUNPsS@CNDs

Size and morphology of the NPs were characterized using SEM and TEM. SEM and TEM
images of AuNPs (Figure 1A) reveal the spherical shape of AUNPs with a size of approximately
50 nm, consistent with the 540 nm absorption of the UV-vis spectra of AuNPs (Figure 2A). The

TEM images of hybrid AUNPs@CNDs (Figure S1) at different HAuCl4/CNDs mass ratio (5.2, 3.3,
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2.4, and 1.9) show that the AUNPs@CNDs obtained from mass ratio of 2.4 have spherical shape
and the NPs are not agglomerated and more uniformly distributed compared to other mass ratios.
By changing the HAuUCI4#/CNDs mass ratio there is a change in the size distribution of
AUNPs@CNDs and the samples with the mass ratio of 2.4 has a size distribution between 40-50
nm (Figure S2). The HR-TEM images of 2.4-ratio AUNPs@CNDs (Figure 1B) suggest successful
wrapping of AuNP cores by CND structures. Figure 1B (d) confirms 0.24 nm lattice fringe of its
crystalline structure corresponding to (111) planes of AuNPs.*’

Figure 2-1- (A) SEM image (a) and HR-TEM image (b) of the AuNPs; (B) TEM image (a),
HR-TEM images (b-c) and zoom-in the lattice fringe of crystalline structure.

To further confirm the formation of hybrid AUNP@CNDs, UV-visible absorption spectra
were collected and compared with three samples, i.e., the AuUNPs, CNDs and the hybrid. In Figure
2A, the spectrum of AuNPs shows a SPR peak at 540 nm, which indicate the formation of the
AuUNPs with a size of around 50 +7 nm.*? The absorption spectrum of CNDs displays a typical

peak at 360 nm which is attributed to n—r* transition of C=0.8 The absorption spectrum of
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AUNPs@CNDs presents both the plasmon absorption peak at 540 nm of the AuNP core* and the
360 nm peak for CNDs, corroborating the production of the hybrid NPs. Comparing the UV-vis
absorption from different mass ratio products (Figure S3), the 2.4 mass ratio AUNP@CNDs have
the highest plasmonic peak around 540 nm along with featured peak 360 nm for the CNDs,
implying a potential for Raman signal enhancement.

Figure 2-2- (A) UV-Vis absorption spectra of AUNPs, CNDs and hybrid AUNP@CNDs; (B)
SERS of Rh6G with the hybrid AUNPs@CNDs generated with different mass ratios.
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The SERS performance of the hybrid AUNPS@CNDs substates obtained from different
mass ratios was evaluated using Rh6G. Figure 2B presents the SERS spectra of Rh6G at the
concentration of 48x10® M using AuNPs@CNDs substrates produced from different
HAUCI4/CNDs mass ratio. It is apparent that the 2.4 ratio hybrid substrate provides the best SERS
signal enhancement of Rh6G, plausibly due to the size range of generated AuNPs. The results
further confirm the plasmonic property observed in UV-vis spectra. Therefore, the mass ratio 2.4
AUNPs@CNDs hybrid substrate is selected for the further investigation and applied in herbicide
sensing studies.

The structural, composition and spectroscopic properties of the synthesized NPs were
further performed and analyzed. Raman spectra of both CNDs and AuNPs@CNDs (Figure S)
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show two distinct peaks at 1340 cm™ and 1590 cm, which correspond to the D and G band of the
carbon component, respectively. D band corresponds to structural defects in graphitic sp®-
hybridized carbon, whereas the G band is related to the vibration of sp? carbon atoms in a 2D
hexagonal lattice.*> *® The relative intensity of D and G band (D/G ratio) in Raman spectra of
AUNPsS@CNDs is 0.780, whereas this ratio is 0.741 for CNDs. The D and G band intensities of
AUNPs@CNDs are much higher than that of CNDs, suggesting the enhanced defect effect of
AUNPs.* 52 The photoluminescence (PL) spectra of CNDs and AuNPs@CNDs (Figure S4b) show
that PL intensity of AUNPS@CNDs is decreased compared to CNDs using 360 nm as excitation
light, which indicate that the PL of CNDs is quenched in the AuNPs@CNDs system. This
phenomenon is attributed to a photo-induced electron transfer process between the CNDs and
AUNPS %51

Full XPS scan spectra of CNDs and AUNPs@CNDs exhibit three peaks at 285.5, 399.0 and
531.0 eV, which are attributed to C 1s, N 1s, and O 1s, respectively.>® Compared to the XPS
spectrum of CNDs, the XPS spectrum of the AUNPs@CNDs presents a peak of Au element at 335
eV (Figure S5a-b). The C 1s XPS spectra of CNDs and AuUNPs@CNDs (Figure S5d-e) show the
peaks at 284.3, 285.4, and 287.5 eV which are attributed to C-C, C-O-C, O-C=0 groups,
respectively. The N 1s XPS spectra in Figure S5c feature two peaks corresponding to pyridinic
nitrogen (398 eV) and pyridone nitrogen (399.6 eV).> The O 1s band (Figure S5f) can be
deconvoluted into three peaks located at 531.4 and 531.9 which represents the C-O and C=0
groups, respectively.

Dark-field CytoViva Hyperspectral imaging system was used to measure the light
scattering from AUNPs and AuNps@CNDs distributed on a glass substrate. CytoViva

hyperspectral imaging system enables both optical and hyperspectral imaging of samples, which
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can be used for spectral characterization and spectral mapping of nanoscale samples.*® % In
experimental measurement, unpolarized plain light (broad band) from a halogen lamp was used as
incident light to illuminate the nanoparticle samples from the top. The reflecting light signal
captured by a 60 x objective lens is then collected using in a darkfield CytoViva hyperspectral
imaging system (Figure 3). The peak at around 550 nm is corresponding to the SPR of AuNPs,
which is in accordance with the UV-vis spectra and confirm that the SPR of AuNPs occurs at
around 540 nm. It is noteworthy that the peak around 580 nm can be attributed to the SPR of
aggregation of group of AuNPs.>® The intensities of SPR peaks of AUNPs@CNDs are much higher
than that of AuNPs, suggesting the enhancement effect of AUNPS@CNDs. A new resonant mode
located at 615 nm appeared after AUNPs is covered by CNDs, this is probably because of coupling
between AuNPs and CNDs.*

Figure 2-3- The extracted reflection spectra obtained from the CytoViva hyperspectral.
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SERS properties of NPs
Rh6G was used as a Raman reporter to perform the SERS evaluation using three NPs, i.e.,

AUNPs@CNDs, CNDs, and AuNPs prior to the application in herbicide detection. Figure 4A

24



displays the SERS spectra of 48x108 M Rh6G after mixing with AUNPS@CNDs, AuNPs, CNDs,
respectively, and Rh6G only for comparison. An obviously increased SERS signal was observed
from the AUNPsS@CNDs hybrid substrate. The great signal amplification (>10x) of the main
signature peaks of Rh6G obtained using the AUNPs@CNDs was obtained comparing to that of
using the AuNPs for Rh6G. The band at 614 cm™* was assigned to C-C-C ring in-plane in xanthene
ring, whereas those around 771, 1127, and 1183 cm™ were attributed to C-H ring in xanthene or
phenyl ring.>” The prominent peaks in the range of 1311, 1362, 1507, 1573, and 1650 cm™ were
due to the symmetric modes of in-plane C-C stretching vibrations in xanthene or phenyl ring which
are the characteristic Raman scattering of Rh6G.2% 8 These results confirm that the hybrid
AUNPs@CNDs system can significantly improve the SERS performance in terms of signal

enhancement, implying enhanced sensitivity and accuracy for sensing application.
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Figure 2-4- (A). SERS spectra of Rh6G (48x10® M) using CNDs, AuNPs, and
AUNPs@CNDs, respectively. (B) Raman signal at 1650 cm™* vs. Rh6G concentration in
logarithmic value using AUNPsS@CNDs for SERS measurement.
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Next, we collected the SERS of Rh6G at different concentration ranging from 48x10*2 to
48x10® M using the same AUNPs@CNDs substrate. Figure 4B shows that there is an increase in
the Raman signal intensity of the characteristic Rh6G peaks by increasing the concentration of
Rh6G. By plotting Logligso (logarithm of SERS peak intensity at 1650 cm™) versus LogC
(logarithm of Rh6G concentration), a linear calibration curve was obtained, where the square
coefficient of determination (R?) is 0.991, demonstrating a linear function of the Raman intensity

vs. the concentration.
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To quantitatively evaluate the enhancement ability of AUNPs@CNDs, the enhancement

factor (EF) values of SERS peak for Rh6G was calculated by employing the following equation:

EF - Isers X CRaman
IRaman %X CsgRrs

Where Csers Stands for the concentration of probe molecules that lead to a SERS signal
Isers, and Craman represent the concentration of probe molecules that cause a Raman signal Iraman.
The data are listed in table 2, where the EF values of the AUNPsS@CNDs is 34.72-fold higher than
those of AuNPs. The excellent SERS effects induced by AUNPs@CNDs can be explained as
follows: On the one hand, based on Cytoviva Hyperspectra (Figure 2.3), the intensities of SPR
peaks of AUNPs@CNDs are much higher than that of AuNPs, suggesting the enhancement effect
of AUNPs@CNDs. On the other hand, the N-doped CNDs are considered to be affiliative to the
Rh6G dye molecules due to the n-n stacking interaction and electrostatic interaction.

The reproducibility and stability of the SERS substrate for sensing are important for
detection of analytes of interest especially if deployed in the field [49]. The SERS responses
collected at 18 random points on the same sample using AUNPS@CNDs and 48x10® M Rh6G
displays the uniformity of the sample (Figure 5A) based on the standard deviation of 0.9% from
the peak intensity at 1650 cm™. The uniformity in SERS signals recorded confirms good
reproducibility and homogeneity of using the hybrid AUNPS@CNDs in sample preparation and
detection. Furthermore, to confirm the batch-to-batch reproducibility, 6 different batches of
AUNPs@CNDs substrates were used for SERS measurement of Rh6G and the SERS intensity at
peak 1650 cm™ were collected from 3 random points of each substrate. Figure 5B demonstrates
averaged Raman intensity for the six samples which show excellent reproducibility. Figure 5C-D
shows the stability during the storage by measuring the UV-visible spectra of AUNPs@CNDs and

SERS spectra of 48x10® M Rh6G with AUNPs@CNDs up to 60 days, respectively. There are no
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significant changes in both spectra, which confirms the high stability of the hybrid AUNP@CNDs

substrate.

Figure 2-5- (A) Multiple points Raman signal collection profiles of AUNPs@CNDs with
Rh6G of 48x10® M; (B) Raman signal intensity at 1650 cm of Rh6G with 6 different
batches of AUNPs@CNDs; (C) UV-vis spectra of the stored AUNPs@CNDs for the period
of 10-60 days.
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SERS detection of herbicide molecules

The 2.4-ratio AUNPs@CNDs substrate in solution was further applied for detection of two
different groups of herbicides. As described in the experimental section, the first group of
herbicides is CGA77102 (S-metolachlor 86.6% wt.) and A19414A formulation (S-metolachlor
27.1% wt.). S-metolachlor is a member of the chloroacetanilide family of herbicides, which is used
for grass and broadleaf control in corn, soybean, etc. The signal amplification of the main Raman
peaks at 994.4 and 989.6 cm™ obtained using the AUNPS@CNDs to that of bare AuNPs is

calculated to be 10.8 and 7.3- fold for CGA77102 and A19414A, respectively (Figure S6a-b).
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The second group of herbicides is ZA1296E (mesotrione, 60% wt.) and A12738A
formulation (mesotrione 40% wt.) with the main effective component of mesotrione. Mesortione
has an aromatic ketone and is a toxic synthetic herbicide in agriculture industry for the selective
contact and residual control of broadleaf weeds in field corn. According to Figure S6c-d, the SERS
peaks at 1526, 1552, and 1608 cm are attributed to the C=C stretching in carotenoids, the central
16-membered-ring vibrations and the C-C stretching of the pyrrole ring in chlorophyll, and v
phenyl ring in phenolic compounds, respectively.>® Similarly, the hybrid AUNPs@CNDs render

greater Raman signal enhancement than the AuNPs.
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Figure 2-6- SERS spectra of (A) CGA77102, (B) A19414A formulation with different concentrations
(B), (C) ZA1296E, and (D) A12738A formulation at the effective component concentration from 10
3-101° M using AUNPs@CNDs.
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Figure 6 shows the SERS spectra of the four herbicide samples using the hybrid
AUNPs@CNDs as Raman enhancement probes. The spectra of CGA77102 and A19414A with
different concentrations indicate the Raman signal intensity decline along with decreasing
concentration. Similarly, the SERS spectra of ZA1296E and A12738A with different
concentrations show the Raman intensity decline along with decreasing concentration. Linear
calibration curves as a function of the herbicide concentration ranging from 107° to 10° M are
achieved by plotting the Loglegs.4 and Loglese.s Versus LogC for CGA77102 and A19414A (Figure
7A-B) which demonstrate a linear detection response with R? values 0.984 and 0.970, respectively.
A small shift of the characteristic peak position between CGA77102 and A19414A (994.4 vs. 989.6
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cm™) could attribute to the different components in the original samples or interaction between
substrates and analytes. The logarithm value of SERS intensity of peak 1081 and 1081 cm™ versus
the logarithm concentration of ZA1296E and A12738A in range of 101° - 10-3M was plotted with
agood linearity (R? = 0.992, 0.9749) for ZA1296E and A12738A respectively as shown in Figure
7C-D.

The broad Raman peaks in Figure 2.6C-D is due to the fact that Raman scattering involves
transitions between quantized vibrational energy levels. The probabilistic nature of these
transitions, governed by quantum mechanics, contributes to the intrinsic line width. This
fundamental broadening sets a lower limit on the width of Raman peaks. In practice, additional
factors (like thermal effects, instrumental limitations, or sample heterogeneity) often contribute
significantly to the observed peak width, but these are not as fundamentally rooted in basic physical

principles as the natural line width.
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Figure 2-7- Calibration curves plotted with logarithm Raman signal vs. Concentration
using the marker peak intensity for CGA77102 at 994.4 cm~! (A) and A19414A at 989.6
cm~! (B), ZA1296E at 1081 cm (C), and A12738A at 770 cm~! (D).
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Detection of herbicides in tap water and recovery experiments
To test the capability of using the hybrid AUNPs@CNDs as Raman probe for herbicide
detection, we spiked the herbicide sample into tap water and obtained the SERS spectra to evaluate
the recovery rate, i.e., the percentage of measured concentration to the spiked concentration. In
these experiments, three distinct concentration levels at low (10° M), medium (10 M), and high
(10° M) concentrations were prepared, and the SERS spectra were obtained (Figure S7). Based on
the Raman signal intensity at the marker peak of each sample we got the measured concentrations

according to the calibration curves in Figure 7. The recovery rate of known amounts of spiked

herbicides in tap water were calculated with respect the spiked concentration and reported in Table
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1. The results indicate that the recovery rate at medium and high levels is > 90%, higher than the
lower level in the range of 87-88%. These results demonstrate the effectiveness using the
AuNPs@CNDs for detection of herbicides in tap water.

Table 2-1- Recovery rate (%=Measured Conc/Spiked Con.x100) of spiked herbicides in tap
water.

Herbicide Spiked herbicide | Measured (M, averaged) [Recovery rate (%)
(M)

CGAT77102 10 0. 95x10 95 + 2
10 9.66x10 9%+18
10 6.73x10 87+15

A19414A 10" 0. 95x10 95+ 2.1
10 9.82x10 98+12
10 8.71x10 87+19

ZA1296E 10" 0.87x10 87+48
10 9.91x10 " 89£3.0
10 769x10 87+4.0

A12738A 10 0.88x10 88 + 1.0
10 9.61x10 9%6+11
10 871x10 8735
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Conclusion

Hybrid AuNPs@CNDs SERS substrate was synthesized with a simple approach using
CNDs as reducing and stabilizing agent. The SERS substrate at different mass ratios of CNDs to
HAUCI4 in synthesis were evaluated using Rh6G and it turned out the ratio 2.4 renders the highest
Raman enhancement. The enhancement is believed arising from electronic coupling at the
interference of gold and carbon structures with the specific size and composites for optimized
localized electromagnetic field in SERS. The hybrid AUNPs@CNDs substrates produce highly
enhanced Raman signal with excellent response that is highly reproducible compared to AuNPs or
CNDs alone when the substrate was used for herbicide detection. The SERS measurement of four
different herbicide samples illustrate excellent repeatability, reproducibility, and stability, and

demonstrate capability of sensitive determination of the herbicides spiked in tap water.
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CHAPTER Ill: MERCAPTOPYRIDINR-FUNCTIONALIZED

GOLDNANOPARTICLES@CARBON NANODOTS FOR MERCURY DETECTIONM

Abstract

Mercury (I1) ions (Hg?*) is one of the most hazardous pollutants causing serious damage
to the environment and human health. Surface-enhanced Raman scattering (SERS) has emerged
as a powerful technique for detecting and analyzing different kinds of toxic materials including
mercury. However, developing a low-cost, highly sensitive, reproducible, and repeatable
nanostructured substrate for mercury detection remains a particular challenge. Here, 4-
mercaptopyridine (MPY') was selected as the sensing material and was decorated on the surface
of AUNPs@CNDs to detect Hg?*. The optical, chemical, and physical properties of
nanostructured substrates were thoroughly investigated using various techniques including UV-
vis spectrometry, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and Fourier transform
infrared (FTIR) spectroscopy. The sensor exhibited good selectivity for Hg?* detection compared
with other common metal ions in water. The sensor detects Hg?* with a concentration as low as
0.05 nM. Furthermore, we validated the sensor’s practicality for Hg?* detection in simulated
water samples.
Introduction

Heavy metals ions are taken into account as one of the most important pollutants in the
environment, representing a serious threat to the environment and living organisms[50]-[52].
Among the heavy metal ions, Hg?* is known to be highly toxic even at low concentration [46],

[53]-[58] that can cause damage to the central nervous system, kidney, and other vital
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organs[59]. Based on the United States Environmental Protection Agency (EPA) and the World
Health Organization (WHO), the highest mercury concentration in drinking water that meets the
standard is 2 ppb (10 nM) and 6 ppb (30 nM), respectively [59], [60]. So far, the methods for
mercury ions detection are mainly includes atomic fluorescence [61]-[64], inductively coupled
plasma mass spectrometry [65]-[68], and atomic absorption spectroscopy [69]-[71]. These
methods are time consuming, destructive, require expensive instrumentations, complicated
sample manipulation, and large sample volume. To, address these issues, sensing platforms for
detection of Hg?* have been used, including colorimetry [72]-[74], surface-enhanced Raman
chips [42], [75], fluorescent probes [43], [76]-[81], electro chemiluminescent immunoassay [44],
[82]. However, most of the fluorescent probes involve toxic reagents and complex synthesis,
which limit their practical applications. Electrochemical sensors are sensitive but have low
selectivity. Compared to above mentioned techniques, surface-enhanced Raman scattering
(SERS) is a powerful and simple detection and analysis technique with high selectivity and
sensitivity [83]-[97].

However, direct SERS detection of monoatomic metal ions, such as Hg?*, is challenging
due to their small scattering cross section and the absence of vibrational modes in ions [98].
Therefore, SERS sensor based on the turn-on and turn-off mechanism have been identified as a
promising method for indirect detection of Hg?* [42], [99]-[103]. Discovery of Hg?*- mediated
thymine-thymine (T-T) mismatches was an important development in SERS sensors based on the
turn-on signal, which relies on the T-Hg?*-T coordination chemistry and the formation of NP
aggregates [104]-[109]. As examples of SERS sensors that can detect Hg?* based on the increase
in the SERS intensity in the presence of metal ion, AuNPs decorated silicon nanowire array

(SINWAr) [110], and DNA modified AuNPs [111] was investigated. Opposite to turn-on signals
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is the turn-off signal where the mechanism is based on the decrease in SERS signal. For instance
when high affinity of Hg?* with Au displaces SERS probes such as rhodamine B molecules
attached to the surface of Au [112]. Although these methods are sensitive and selective but
surface functionalization of nanoparticles with DNA probe is time consuming and the signal is
not reproducible due to uncontrollable aggregation of nanoparticles that leads to different
aggregate size with different numbers of hot spots.

Inspired by these studies, herein, we proposed to develop a sensitive and selective SERS
approach for Hg?* detection based on MPY - functionalized AUNPS@CNDs, where the MPY is a
bifunctional molecule that coordinate mercuric species via the nitrogen of the pyridine moiety in
water [47], [48]. We introduce a simple and low-cost method to successfully modify the surface
of AUNPs@CNDs with MPY. The SERS substrate provide a repeatable and reproducible signal
for mercury detection that can be easily apply for sensitive detection of mercury in water at a
short time without the need for complex sample manipulation and highly trained operators. The
sensing was based on the characteristic spectral changes produced by the complexation of the
mercury with an organic ligand (MPY), which allows selective identification and quantification
of mercury at trace level.

Materials and methods
Chemical and reagents

Hydrogen tetrachloroaurate (HAuCls) solution (Fisher Scientific, Au 44% wi/w), sodium
citrate (Fisher Scientific), Rhodamine 6G (ACROS Organics), citric acid (ACROS Organics), and
ethylenediamine (EDA, Fisher Scientific) were used in this work without further purification.
Mercury(ll) chloride, ACS, 99.5% min and Methylmercury(ll) chloride was purchased from

Thermo Scientific Chemicals. 4-Mercaptopyridine (MPY)
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Materials characterization

Elemental composition of the samples was characterized using XPS (Thermo Scientific
ESCALAB Xi"). Raman spectroscopy was conducted using a Horiba XploRA One Raman
Confocal Microscope System. Ultraviolet-visible spectrophotometry (Varian Cary 6000i) and
fluorescence spectrophotometry (Varian Cary Eclipse) were used to investigate the optical
properties of the NPs. Fourier transform infrared (FTIR) spectroscopy (Agilent FTIR) was used to
investigate surface functional groups. The morphology of NPs was examined using field-emission
scanning electron microscopy (FE-SEM) conducted with a Carl Zeiss Auriga-BU FIB FESEM
Microscope. The measurements were performed at an accelerating voltage of 5.0 kV. Additionally,
transmission electron microscopy (TEM) was employed using a Carl Zeiss Libra 120 PLUS
instrument to further investigate the morphology.
Synthesis of NPs

Synthesis of CNDs. CNDs was synthesized followed by our previous method applying a
microwave-assisted procedure conducted at 300 W for 18 minutes using aqueous solution of
ethylenediamine and citric acid as precursors, following by the purification using centrifugation
for 20 minutes [113]. Subsequently, it was dialyzed freeze-dried to obtain the solid sample.

Synthesis of AUNPs. AuNPs were synthesized following the method introduced by Frens
[114], [115]. Initially, a 25 mL solution of HAuCl4 (0.01% by weight) was heated to 97°C follow
byadding 375 uL of an aqueous solution of sodium citrate (1% by weight) under continuous
stirring, maintaining the temperature at 100°C for 30-minute. Subsequently, the suspension was
cooled to room temperature and dialyzed.

Synthesis of AUNPS@CNDs. The hybrid AUNPs@CNDs were synthesized followed our

previously reported method. Briefly, a 150 pL aqueous solution of HAUCI4 (1 mg mL™) was added
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to a 3 mL solution of CNDs (0.12 mg mL™) and mixed continuously at 100°C for 80 minutes.
Subsequently, the mixture was cooled to room temperature and then purified using dialysis
method. By adjusting the feeding mass ratio of HAuUCls to CNDs, AUNPs@CNDs with different
sizes can be obtained.

Synthesis of MPY -functionalized AUNPs@CNDs. 150 uL aqueous solution of HAuCl4 (1
mg mL™?) was added to 3 mL solution of CNDs (0.12 mg mL™) and the mixed solution was kept
at 100°C for 40 min. Then 3 mL solution of MPY (0.36 mg mL™) was added to the mixture and
kept stirring for 40 min at the same temperature.

SERS measurement of Rh6G and Hg?* by MPY-functionalized AUNPs@CNDs

For the SERS measurement, 10 uL. of Rh6G or HgCl> aqueous solutions was mixed with
50 uL of AUNPs@CNDs aqueous suspension and the mixed suspension was sonicated for 30
min. 60 pL of each sample was dropped on cover glass substrate and the samples were air-dried
for 3 hours in fume hood before SERS measurement. The SERS measurements obtained using
532 nm excitation, 50 x objective, grating 1800 gr/nm, and acquisition and accumulation time 5 s
for Rh6G detection. While for Hg?* detection, 532 nm excitation, grating 1200 gr/nm, and
accumulation and acquisition time of 10 s was applied.

Results and discussions
Characterization of AUNPs, CNDs, and AUNPs@CNDs

SEM and TEM images of AuNPs (Figure S1A-B) reveal the spherical shape of AUNPs with
a size of approximately 50 nm, consistent with the 540 nm absorption of the UV-vis spectra of
AuUNPs (Figure S2A). The HR-TEM images of 2.4-ratio AUNPS@CNDs (Figure S1C) suggest

successful wrapping of AuUNP cores by CND structures.
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According to Figure S2A, UV-visible absorption spectra of AuNPs confirmed a localized
surface plasmon resonance LSPR peak at 540 nm, which indicate the formation of the AUNPs with
a size of around 50 nm [116]. The absorption spectrum of CNDs displays a typical peak at 360 nm
[117]. The absorption spectrum of AUNPs@CNDs presents both the plasmon absorption peak at
540 nm of the AuNP core [114] and the 360 nm peak for CNDs, corroborating the hybrid
composition. Raman spectra of both CNDs and AuNPs@CNDs (Figure S2B) show two distinct
peaks at 1340 cm™ and 1590 cm™. the relative intensity of D and G band (D/G ratio) in Raman
spectra of AUNPs@CND:s is equal to 0.780, whereas this ratio is 0.741 for CNDs. The D and G
band intensities of AUNPs@CNDs are much higher than that of CNDs, suggesting the enhanced
defect effect of AuNPs [118], [119].

SERS spectra of Rh6G (Figure S3) at the concentration of 48x10® M using AUNPS@CNDs
substrates produced from different HAuCI4/CNDs mass ratio shows that the 2.4 ratio hybrid
substrate provides the best SERS signal enhancement of Rh6G. Therefore, the mass ratio 2.4
AUNPs@CNDs hybrid substrate is selected for the further investigation and applied in herbicide
sensing studies.

Characterization of MPY-functionalized AUNPsS@CNDs

To investigate the adsorption of the MPY molecules on AUNPs@CNDs, XPS analysis
was carried out as shown in Figure 1A-D. A full survey scan spectrum of the MPY -functionalized
AUNPs@CND:s indicates the presence of prominent peak characteristic of O 1s, C 1s, S 2p, N 1s,
and Au 4f elements (Figure S4A). In contrast to the spectra of AUNPS@CNDs (red line), the
presence of S 1s peak in MPY -functionalized AuNPs@CNDs spectra (black line) primarily
confirms the presence of sulfur (S) in the sample. Notably, both modified and unmodified

samples show the presence of oxygen, carbon (C), nitrogen (N), and gold (Au) atoms.
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High resolution XPS scan spectra of AUNPs@CNDs exhibit three binding energy (BE)
windows of C 1s, N 1s, and O 1s, and Au 4f respectively. The N 1s XPS spectra in Figure S4B
feature two peaks corresponding to pyridinic nitrogen (398 eV) and pyridone nitrogen (399.6 eV)
[120]. The C 1s XPS spectra of AUNPs@CNDs (Figure S4C) show BE peaks at 284.3, 285.4,
and 287.5 eV which are attributed to C-C, C-O-C, O-C=0 groups, respectively [121]. The
deconvoluted O 1s band (Figure S4D) show three peaks centered at 531.4 and 531.9 which
represents the C-O and C=0 groups, respectively.

The high-resolution scan spectrum representing N 1s peak region of MPY-functionalized
AUNPs@CNDs is shown in Figure 1A. The N 1s spectrum has been deconvoluted into 5 peaks.
Among them, the peak centered at~398.8 ¢V is attributed to the C—N bond associated with the
MPY molecule. The other deconvoluted peaks at 399, at 400.6, 401.4 and 401.5 eV are assigned
to the deprotonated thione (MPYD, 399 eV) and the protonated thione (MPYH, 400.6 and 401. 5
eV) forms of the MPY molecule, respectively. The above XPS analyses suggest the presence of
both the MPYH and MPYD thiolate forms of the MPY molecule that remain adsorbed on the
AUNPs@CNDs [122]. Studied showed that in the surface adsorbed state, MPY molecules exist
in the MPYH as well as in the MPYD [123], [124].

The C 1s XPS spectra of MPY -functionalized AUNPs@CNDs (Figure 1B) show BE
peaks at 284.7, 286.4, and 289.7 eV which originate from C-C, C-O-C, O-C=0 groups,
respectively. The deconvoluted O 1s band (Figure 1C) show three peaks located at 530.1 and
530.9, and 532.7 eV which represents the C-O and C=0 groups, respectively.

The narrow scan deconvoluted XPS spectrum of MPY -functionalized AUNPs@CNDs in
the S 2p region (Figure 1D) is characterized by intense and well resolved peak at ~165 eV

together with weak but prominent bands centered at 161.7, 163.1, and 163.7eV [125]. The peaks
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at 161.7 and 165 eV are characteristic of the S 2ps2 level, while the peak at 163.7 eV originates
from the S 2p1/ level of the sulfur atom. The other two peaks at 163 and 163.1 eV are assigned to
2p3i2 and 2pus levels of sulfur, respectively [122], [126].

FTIR spectra in Figure 2B provide structural insights into both AUNPs@CNDs and MPY -
functionalized AUNPs@CNDs samples. The presence of characteristic surface chemical groups
is evident. Broad absorption features around 3400 cm-1 confirm the presence of -OH and -NH>
groups in both modified and unmodified samples. Strong signal bands around 1750 cm-1
indicate C=0 stretching vibrations, revealing carbonyl and carboxyl functional groups arising
from the presence of CNDs in the samples. Notably, a weak peak at 2560 cm-1 in the MPY -
functionalized-AuNPs@CNDs sample indicates the presence of -SH groups, absent in the
AUNPs@CNDs sample, confirming the presence of MPY moieties. Additional signals at 960 cm"
1 suggest the presence of aromatic structures [127].

The UV-vis adsorption spectra of the as-prepared AUNPs@CNDs and MPY -
functionalized AUNPs@CNDs are given in Figure 3. Compared to the as-prepared AuNPs
suspension, there is a red-shift of 1 nm in the LSPR band of the modified AuNPs, which is due to
higher refractive index of MPY. The absence of peak around 700 nm confirms the absence of

aggregation after modifying the surface of AUNPS@CNDs with MPY.
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Figure 3-1- (A) N 1s XPS; (B) C1 s XPS; (C) O 1s XPS; (D) S 2p XPS spectra of MPY-
functionalized AUNPs@CNDs.
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Figure 3-2- (A) Comparing Raman spectra and (B) FTIR spectra of MPY with MPY-
functionalized AUNPs@CNDs and AUNPs@CNDs.
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Figure 3-3- UV-Vis spectra of AUNPs@CNDs and MPY -functionalized AUNPs@CNDs.
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Rh6G measurement by SERS nanosensors

Rh6G with concentration 48x10°8, 48x107°, and 48x107° M was selected as a reporter to
perform the SERS evaluation on MPY -functionalized AUNPs@CNDs substrates. Based on
Figure 4A, the band at 614 cm™ was assigned to C-C-C ring in-plane in xanthene ring, whereas
those around 771, 1127, and 1183 cm™ were attributed to C-H ring in xanthene or phenyl ring.
The prominent peaks in the range of 1311, 1362, 1507, 1573, and 1650 cm™ were due to the
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symmetric modes of in-plane C-C stretching vibrations in xanthene or phenyl ring [49], [128].
These results confirm that SERS substrates successfully detected Rh6G in the solution with the
characteristics peaks of Rh6G exactly aligned with the reported characteristic peaks [49], [128].
Figure 4A shows that there is an increase in the intensity of all the characteristic Rh6G
peaks by increasing the concentration of Rh6G and Rh6G with a low concentration of 48x10°
M can be sensitively detected using colloidal MPY -functionalized AuNPs@CNDs solution. As it
can be seen in Figure 4B, by plotting Loglieso (logarithm of SERS peak intensity at 1650 cm™)
versus LogC (logarithm of Rh6G concentration), a linear calibration curve is obtained, where the
coefficient of determination (R?) is 0.996. It demonstrates a linear detector response for the

applied Rh6G concentration.
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Figure 3-4- (A) Raman spectra of Rh6G with different concentration on MPY -
functionalized AUNPs@CNDs nanosensor and (B) Calibration curve.
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Hg?* detection by SERS nanosensors

In order to determine the length of incubation time needed in the Hg?* solution to reach a
constant intensity ratio, a solution of 0.48 uM Hg?* was incubated in the MPY -functionalized
AUNPs@CNDs for 0-40 min (Figure S5A). As it can be shown in Figure S5B, the intensity ratio
of l717/1431 first decreases with increasing incubation time up to 20 min and then becomes
constant at about 20 min. Therefore, 20 min was selected as the incubation time in this research.
The calibration curve in the Figure 8B is based on the ratio of I717/1431 that can be used to
determine the concentration of unknown Hg?*.

According to the Figure 5 the change in the SERS spectra of MPY -functionalized
AUNPs@CNDs after immersion of nanoparticles in Hg?* solution is observed. There is a
decrease in the intensity of most pyridyl-related Raman bands at 1013, 1059, 1097, 1212, and
1575 cm™ and all these bonds are shifted to higher wavenumbers [47], [48], [129]. The isolated
Raman peak at 708 cm™* corresponding to the out-of-plane C-H deformation is slightly shifted to
the lower frequency and increased in intensity [47], [48], [129]. There is a decrease in the

isolated peak at 431 cm™ which is corresponding to the in-plane deformation (C-S)/out-of-plane
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wagging (C-C-C). Increase in Raman peak at 708 cm™ and redshifts in Raman bands at 1013,
1059, 1097, 1212, 1575, and 1605 cm™ after coordination with Hg?* can confirm more
perpendicular orientation of MPY on the AUNPs@CNDs surface [47], [48], [129]. The
remarkable frequency shifts and alteration in intensities of Raman peaks in MPY -functionalized
AuNPs@CNDs spectrum indicates the redistribution of the electron among different bond within
the aromatic ring as a result of coordination of metal ions to the pyridinic nitrogen [48], [130],
[131].

Figure 3-5- SERS spectra of MPY-AuNPs@CNDs before (black curve) and after (red
curve) exposure to Hg2* (0.48 pM).
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Sensitivity, reproducibility, and selectivity of nanosensors
The sensitive SERS analysis of MPY -functionalized AUNPs@CNDs was investigated
after exposing the nanosensors to Hg ions for 20 min while the concentration of Hg?* was
varying from 0.05 nM to 0.48 mM (Figure 6). Intensity ratio of l717/1431 decrease exponentially
with increase in the Hg ions concentration until about 48 uM and then changes slightly. As it can

be seen in Figure 7A and B there is a linear relationship for the logarithmic concentration in the
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range of 0.05 nM to 480 nM. The lowest concentration that our MPY -functionalized
AuNPs@CNDs nanosensor can detect is 0.05 nM, which is lower than concentration of Hg?* in
drinking water permitted by WHO 30 nM.

Figure 3-6- SERS spectra of nanosensor after exposure to Hg?* for 20 min at the
concentrations indicated.
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Due to the strong specific binding capability between Hg?* and MPY, the sensor showed
a high selectivity and strong anti-interference ability for Hg?* detection. MPY can interact with
Hg?* through its pyridyl group. Therefore, upon coordination with mercury, the orientation of the
MPY molecules adsorbed on AuUNPs@CNDs changes from nominally flat to perpendicular.

These results in selective detection of mercury among other heavy metals [47], [129].
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Figure 3-7- Calibration curves of nanosensors after exposure to Hg?* concentration, with
insets indicating linear plots for concentrations ranging from 0.05 nM to 480 nM for Hg?*.
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For the batch-to-batch reproducibility, 18 SERS spectra of 0.48 uM Hg?* on 6 different
batches of MPY -functionalized AUNPs@CNDs substrates collected from 3 random points in
each substrate was captured (Figure 8A). The relative standard deviation (RSD) obtained from
the variation in measured peak intensities at 1097 cm™ is 6%, whereas it is 9% for l717/1431 which
shows acceptable batch reproducibility in Hg?* detection by MPY-functionalized AUNPS@CNDs
substrate was acquired (Figure 8C-D).

Several metal ions including Fe®*, Mg?*, Ca%*, Co?*, Cu?*, Zn?*, and Ag" were selected to
examine the selectivity of nanosensors. Based on the Figure 8B there is no significant change in
the SERS spectra and bar graphs of the corresponding intensity ratio of 1717/1431 (Figure 8E and
C) for 0.48 puM solutions of Fe%*, Mg?*, Ca?*, Co?*, Cu?*, Zn?*, whereas Hg?* caused a decrease
in SERS intensity, demonstrating the high selectivity of the nanosensors for Hg?* detection. The
sensors capability to sense Hg?* in complex solutions (Fe**, Mg?*, Ca?*, Co?*, Cu?*, and Zn?*)
was also investigated, and the result demonstrated that it was able to detect Ag+ without

interference (Figure 9).
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Figure 3-8- (A) SERS reproducibility illustrated by SERS spectra acquired on the six
random nanosensors on three positions for each sensor; (B) SERS spectra of nanosensors
after exposure to mixture of heavy metals; (C) Corresponding bar graphs using intensity of
t the 1097 cm™!; (E) Bar graph of the corresponding intensity ratios, 1717/1431 After exposure

to heavy metals. Error bars were estimated from three different sensors.
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Figure 3-9- Selectivity for mixture of heavy metals. Error bars were estimated from three

different sensors.
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Compared to the reported methods for mercury detection, our SERS method based on

MPY -functionalized AUNPs@CNDs, has lower cost, convenience, and rapider determination. In

addition, the as prepared SERS substrate has high sensitivity, selectivity, and reproducibility. In

the SERS methods reported (Table 1), the some of the AUNPs based SERS probe has good are

fast and convenience but they don’t have high sensitivity. Based upon the Raman intensity

response of polyaniline-nano gold composite to Hg?*, a highly sensitive SERS detection

technique was proposed for the quasi-quantitative analysis of mercury in the range of 1-300 nM,

with complicated operation. This MPY -functionalized AUNPs@CNDs SERS method is a good

SERS quantitative analytical method.

Table 3-1- Comparison of the reported SERS methods for Hg?* detection.

Method LOD Linear range Comments Reference
SERS using gold 165 nM - Convenience and | [132]
substrate reproducibility
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SERS on silver colloid 50 nM 2.5-100 nM - [133]
substrate
SERS using a roughened | 63 nM - - [134]
silver electrode
SERS on roughened gold | 1000 nM - - [135]
substrate
SERS on AuNPs@CNDs | 0.05nM 0.05—4800 nM [High sensitivity This work
and selectivity,
convenience, and
reproducible
Au/polyaniline 0.01 nM No linear, quasi- [Highly sensitive, | [136]
quantitative but complicated
analysis
AUNP on glass slide 50 nM No linear, quasi- [Doubly labeled, [137]

quantitative

analysis

complicated
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Detection of mercury in simulated water and recovery experiments

To test the capability of using the MPY -functionalized AUNPs@CNDs as Raman probe for
mercury detection, we spiked the mercury sample into simulated water and obtained the SERS
spectra to evaluate the recovery rate. In these experiments, three distinct concentration levels at
low (0.05 M), medium (0.5 M), and high (5 M) concentrations were prepared, and the SERS
spectra were obtained (Figure S6). Based on the Raman signal intensity at the marker peak of
I717/1431, we measured concentrations according to the calibration curves in Figure 7. The recovery
percentage of known amounts of spiked mercury in simulated water were calculated with respect
the spiked concentration and reported in Table 2. The results indicate that the recovery rate at
medium and high levels is > 100%, higher than the lower (98%). These results demonstrate the
effectiveness using the MPY -functionalized AUNPs@CNDs for detection of mercury in simulated
water.

Table 3-2- Recovery (%) of mercury in simulated water samples.

Sample | Hg?* added/nM | Hg*found/nM | Recovery/%

1 0.05 0.049 98+21
2 0.5 0.512 102.4 +1.42
3 5 5.018 100.6 + 3.15

Conclusion

In conclusion, we have investigated the application of a sensitive and selective SERS
sensor for Hg?* detection by using MPY-Functionalized AUNPS@CNDs. A series of agueous
solution with different mercury concentrations was applied to calibrate Hg?* sensor. A wide

linear concentration was observed from 0.05 nm to 0.48 puM. The lowest concentration detected
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for Hg?* was as low as 0.05 nM, which is lower than the maximum level in drinking water
permitted by WHO and EPA. The results demonstrate that this chemical sensor has excellent
selectivity for Hg?* between other common metal ions in water. In addition, we applied the
sensor for Hg?* detection in simulated water samples with excellent recoveries (98—100.6%).
This SERS sensor has the advantage of simplicity, high selectivity, signal reproducibility and
repeatability, and high sensitivity, which has great practical potentials for on-site Hg?* detection

in various environments.
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CHAPTER VI: HYPERSPECTRAL IMAGING OF NANOPARTICLES IN THE PLANT CELL

Introduction

Determining the localization and characteristics of nanoparticles inside cells for sensing
application, cancer therapy, and nanomedicine is very important [138], [139]. Various
macroscopic and spectroscopic techniques, including scanning electron microscopy (SEM)
[140], [141], transition electron microscopy (TEM) [142], [143], fluorescence imaging [144],
and etc., have been developed currently for detection and visualization of nanoparticles inside
cells. However, methods such as TEM are costly and required complicated sample preparation
[145]. SEM technique is simple, but it can image only the surface of cells [146] and fluorescence
imaging require addition of tags onto nanoparticles, which require a system capable of super
resolution imaging [144]. Among these methods, hyperspectral-enhanced dark field microscopy
(HEDFM) enables direct optical observation of nano-scale entities in a wide range of transparent
and translucent sample environments, without the need of labels or other markers [147], [148].
HEDFM provides high signal-to-noise images (up to ten times higher than that of other optical
instruments), which is because of maximum photon density focused on the sample coming from
a unique light path design [149]. This high-performance capability provides users with both good
images as well as allowing establishing techniques, such as Raman and hyperspectral
microscopy to be applied in new and exciting ways [139], [150].

The hyperspectral imaging is based on the plasmonic shifts occurring because of the
interaction of nanoparticles with the surrounding medium [139], [151]. Most important optical
properties of plasmonic materials including gold nanoparticles are localized surface plasmon
resonance (LSPR) which is influenced by microenvironment providing information on region

where nanoparticles are distributed [152]. When a hyperspectral image is captured in this
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darkfield optical mode, every nanoscale pixel in the hyperspectral image contains the spectral
response of that pixel's spatial area [147], [150], [153]. This enables spectral identification of the
nanoparticles for spectral mapping in the cell structure [147].

Dark-field microscopy may substitute more expensive and sophisticated microscopy
techniques, such as SEM and TEM for rapid and sensitive identification of nanoparticles in in
environmental samples (sediments, wastewater, soil, etc.) [154]-[157] and biological specimens
(tissues organisms and cells) [158], [159]. So far different types of specimens have been imaged
in dark-field mode, including plant tissue specimens [160], microbial biofilms [161], surface-
attached human cells [162], suspended mammal cells [163] and etc.,. In general, sample
preparation of enhanced dark-field microscopy does not require any specific stains or fluorescent
markers and its simple that can be applied to detect nanoparticle on different kinds of specimens
[164].

Our aim is to study the effectiveness of HEDFM for visualization cell specimen. We
selected AuNPs and AUNPs@CNDs as a candidate for HEDFM evaluation owing to their unique
plasmonic properties. We reported for the first-time nano hybrid AUNPs@CNDs for HEDFM
evaluation in cell specimen. This study will pave the way for applying HEDFM using hybrid
plasmonic sensors in environmental samples and biological specimens for detection and
visualization.

Sample preparation

50 uL of AuNPs or AUNPs@CNDs aqueous suspension (50 nm, 0.0585 mg mL™) was
dropped carefully on the surface of thoroughly washed organic spinach, (purchase from a local
LIDL grocery) and samples where dried for an hours. Then the samples were washed with

distilled water two time and dried with pure nitrogen flow before HEDFM imaging. The dried
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samples were hold between to cover glass slides and the two cover glass slides were hold
together with tape carefully. For the spectral profile of CGA77102 herbicide (S-metolachlor
86.6% by weight), different concentrations of herbicides (102, 10, and 10" M) was prepared
and spiked on the spinach surface after about 12 hours, AUNPs@CNDs was dropped on the
surface of samples and let it dry Sbefore Hyperspectral imaging.

Hyperspectral imaging system

Cytoviva hyperspectral imaging system was used to capture hyperspectral images (HSIs)
of AuNPs and AUNPs@CNDs on the spinach leaves. This system provides a high-resolution
dark-field-based optical microscope combined with a photospectrometer for spectral
characterization and spectral mapping at the nanoscale. AuNPs are brighter in HIS images and
can be characterized by studying their spectral information. The LSPR properties of AuNPs in
the biological environment can be measured to determine and identify spatial distributions in
cells without damaging the sample [165].

The exposure time for each spectral area was set to 0.2-0.3 ms. The desired area was
scanned at 700 x 700 pixel resolution. ENVI 4.8 software was used for processing the collected
spectral data. The desired regions of interest (ROIs) were chosen, and the mean spectral data
were collected for approximately 70-100 pixels.

In experimental measurement, unpolarized plain light (broad band) from a halogen lamp
was used as incident light to illuminate the nanoparticle samples from the bottom. The
transmitting light signal captured by a 50 and 100 x objective lens is then collected using in a

darkfield CytoViva hyperspectral imaging system.
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Results and discussion

Figure 4.1 A-C shows dark field (DK) images of spinach, AUNPs and AUNPs@CNDs on
spinach. Due to the dark background, the NPs are bright and easy to visualize. As shown in the
DK images, nanoparticles were localized randomly on the wall and center of spinach cells. The
distribution patterns of the AUNPs and AuNPs@CNDs in spinach cells were similar. As we
compared the DK imaging of spinach and AuNPs and AUNPs@CNDs on spinach, we observed
that we can easily distinguish between the wall and cells of plant tissues when the spinach is
exposed to NPs. These images indicate cellular uptake of NPs on center and wall of NPs with
approximately uniform distribution and no aggregation. These scientific finding indicate that we
can apply the NPs on the surface of plant cells including spinach to monitor the existence of
toxic material on the plant cell, which is a promising step for detecting and analyzing the toxic
materials remains on the surface of plant cells.

Figure 1D-F shows the spectral profile of Spinach, AuNPs, and AUNPS@CNDs.
According to figure 1E, the peak at around 550 nm is corresponding to the SPR of AuNPs and
confirm that the SPR of AuNPs occurs at around 540 nm. It is noteworthy that the peak around
580 nm can be attributed to the SPR of aggregation of group of AuNPs. The intensities of SPR
peaks of AUNPs@CNDs are much higher than that of AuNPs, suggesting the enhancement effect
of AUNPs@CNDs. A new resonant mode located at 615 nm appeared after AUNPs is covered by
CNDs, this is probably because of coupling between AuNPs and CNDs. These figures indicate
that Cytoviva hyperspectral imaging techniques is a very accurate techniques that can monitor
the plasmonic picks of NPs absorbed on the surface of plant cells. We were able to distinguish
between the AuNPs and AuNPs@CNDs plasmonic based on the spectral profile of NPs on

spinach, while the spectral profile of spinach was captured as reference and did not show any
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plasmonic peaks. This step is very important to monitor what kinds of NPs ae absorbed on the
surface of plant cells based on their plasmonic peaks.
Figure 4-1- Dark field image of (A) spinach, (B) AUNPs on spinach, (C) AUNPs@CNDs on

spinach. Spectral profile of (D) spinach, (E) AUNPs on spinach, (F) AUNPS@CNDs on
spinach.
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Figure 4.1 A-B shows the DK image and hyperspectral image of CGA77102 herbicide
spiked (10"* M) on spinach afteradding AUNPs@CNDs on spinach surface, respectively. Figure
C shows the region of interest for 10 M herbicide spiked on the surface of spinach afteradding
AUNPs@CNDs on the cell surface. The spectra profile of CGA77102 with different
concentrations (103, 10, and 10 M) (Figure D) indicate the signal intensity decline along with
decreasing concentration. The spectra profile of herbicide indicates the chemical fingerprint of

selected herbicides.
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Figure 4-2- Dark field image of CGA77102 herbicide on spinach (A), Hyperspectral image
of CGA77102 herbicide on spinach (B), Spectral profile of CGA77102 herbicide on spinach
(C), and region of interest for figure C (D). Raman spectra of 10-3 M CGA77102 herbicide

(E).
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According to Figure 4.2 A-D, our AuNPs@CND:s is a very sensitive sensor that can
detect the toxic materials, including herbicide on the surface of plant cells, including spinach.
The high signal intensity and the accurate fingerprint of herbicide detected by our nanostructured
SERS substrate is very important in detecting herbicide at very low concentration in the range of
107" M. The spectral profile of CGA77102 recorded by Cytoviva hyperspectral imaging was
compared with Raman spectra of herbicide at the same concentration recorded on glass slide and
confirm that in both graphs, the peak at 994.4 is the characteristic Raman peak with the highest
signal. We observed an increase in signal intensities of all the characteristics peaks of herbicides
by increasing the concentration of herbicides, which indicate the accuracy of our nano sensor for
sensing different concentrations of herbicides on the surface of spinach plant cell.
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Conclusion

To improve fundamental knowledge in bio-nano-interaction, novel imaging techniques
are needed for diagnostic and therapeutic levels. The HEDFM presents easy and rapid analysis of
nanomaterials in various environmental samples. This research shows that, AUNPs and
AuNPs@CNDs with well-defined optical properties, are good for HEDFM imaging. We were
able to detect the herbicide using cytoviva hyperspectral. As a final remark, we anticipate that the
HEDFM technology will provide wide range of opportunities for bionanotechnological

development in modern health sciences.
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CHAPTER V: CONCLUSIONS

In chapter 1l, AUNPS@CNDs SERS with spherical shape of AuNPs with a size of
approximately 50 nm, was synthesized with the optimized CNDs/HAuUCIs mass ratio of 2.4, which
was confirmed that, for the mass ratio of 2.4, the AUNPsS@CNDs have spherical shape, and the
NPs are not agglomerated and more uniformly distributed compared to other mass ratios. The
SERS substrate was served as a sensor for rapid and sensitive detection of Rh6G with
concentration in the range of 48x107? M (48x107 nM). Improvement in SERS activity was due to
combination of chemical and electromagnetic mechanism, which can be attributed to the efficient
transfer of electrons from the carbon nanomaterial to gold nanoparticle in addition to the
electromagnetic field enhancement via effective plasmonic propagation and the formation of
localized hotspots under light illumination. The prepared AuNPsS@CNDs substrates produce
highly enhanced Raman signal with excellent signal uniformity compared to AuNPs or CNDs
alone. The AuNPs@CNDs shows remarkable key parameters of SERS sensor including,
repeatability, reproducibility, and stability, which provide the promising application of SERS
sensor for ultra-sensitive determination of organic compounds in water and food for the future.

Chapter 11l demonstrates a sensor based on AuNPs@CNDs modified with MPY. The
sensor was very selective for mercury detection in water. The sensor exhibited good selectivity for
Hg?* detection compared with other common metal ions in water. The sensor detects Hg?* with a
concentration as low as 0.05 nM. In the future, our SERS-based sensor can apply for sensitive and
selective detection of heavy metal in cancer cells including breast cancer cells.

The primary purpose of the whole project was to investigate state-of-the-art SERS
application of hybrid materials based on carbon nanotubes and gold nanoparticles, and to get a

comprehensive understanding of the role SERS enhancement. To this end, the compelling findings
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in this dissertation presented some advances in knowledge and technical methods for development
of hybrid nanoelectrodes based on carbon materials and gold nanoparticles as SERS detection of
toxic materials. Future work could further investigation of SERS sensor for biomolecular
detection, as well as incorporating other active species and engineering their interface to accelerate
charge transport and improve SERS activity. For practical applications, continuous efforts of the
research communities should be made on exploring advanced application of hybrid materials and
device engineering. It is highly likely to develop SERS substrate for demonstrated its potential

application for environmental water on-site monitoring.
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APENDIX A: SURFACE-ENHANCED RAMAN SCATTERING ENHANCEMENT USING A
HYBRID GOLD NANOPARTICLES@CARBON NANODOTS SUBSTRATE FOR

HERBICIDE DETECTION

Figure A3.1. TEM images of AUNPs@CNDs at different HAuCls volume from 70-190 pL

(HAUCI4/CNDs mass ratio of 5.2, 3.3, 2.4, and 1.9 from a to d, respectively).
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Figure A3.2. Size distribution of AUNPsS@CNDs at different HAuCls volume from 70-190

pL (HAuUCI4/CNDs mass ratio of 5.2, 3.3, 2.4, and 1.9 from a to d, respectively.

10 10
a o Mass ratio: 5.2 h - ) Mass ratio: 1.3
AT
ed 00 | B - T
_ I -
E- G | E [-F
=y =
2 g
- g \
T 4 - g 4 N
= _—
24 2 !
] ' | . ' i | |
20 60 B0 100 20 &0 &0 B0 100
Size (nm) Size (nm)
25 a0
Mass ratio: 2.4 Maz= ratio: 1.9
c — d .
0. 25 !
- = 20 {
£ 48, £ L
= = |
s g 15 |
g 10, g .
T - & 10 | 1
5 /
d 5 i
‘ e L ‘.\..L
0 ; ; ol ol . ]
L 10 30 40 50 &0 To 10 20 30 40 50
Size (nm) Size (mm)

91



Figure A3.3. UV-vis spectra of AUNPs@CNDs (concentration of CNDs was 0.09, 0.11, and

0.12 mg mL* while concentration of HAuCIls was 1 mg mL™) (a). UV-vis spectra of

AUNPs@CNDs with different mass ratio of HAuCIls/CNDs from 5.2-1.9 while the volume of

HAuUCIzs was 70, 110, 150, and 190 pL and concentration of CNDs was 0.12 mg mL™* (b).
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Figure A3.4. Raman spectra of AUNPs@CNDs and CNDs (a). PL spectra of AUNPs@CNDs

and CNDs aqueous suspension excited at 380 nm (b).
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Figure A3.5. Full-scan XPS spectra of CNDs (a) and AUNPs@CNDs (b); The N1s XPS

spectra of AUNPsS@CND:s (c); The C1s XPS spectra of CNDs (d) and AUNPs@CNDs (e);

The O1s XPS spectra of AUNPs@CND:s (f).
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Figure A3.6. SERS spectra of (a) 10° M CGA77102, (b) A19414A, (c) 103 M ZA1296E, and

(d) and 10° M A12738A using AUNPs@CNDs and AuNPs, respectively, which show the

largely increased Raman signal using AUNPs@CNDs as probes in sensing.
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Figure A3.7. SERS spectra of spiked samples at three different concentrations 10-1°, 10

and 102 M for (a) CGA77102, (b) A19414A, (c) ZA1296E, and (d) A12738A using

AUNPs@CNDs for SERS detection.
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APENDIX B: MERCAPTOPYDIDINE-FUNCTIONALIZED GOLD

NANOPARTICLES@CARBON NANODOTS FOR MERCURY DETECTION

Figure B4.1. SEM image of AUNPs (A), HR-TEM image of AUNPs (B), and HR-TEM image

of AUNPsS@CND:s (C).

Figure B4.2. (A) UV-Vis absorption spectra of AUNPs, CNDs and hybrid AUNP@CNDs and

(B) Raman spectra of AUNPs@CNDs and CNDs.
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Figure B4.3. SERS of Rh6G with the hybrid AUNPs@CNDs generated with different mass

ratios.

250 '_'-I

Mecee ratho: 24

l r' rl n“ JL“ “ Maee ratio; 33

MEEE TN 13
I r' 1 ﬁih 'IL\.ﬂ “ MEEE TallO 52

T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Intensity (a.u.)

97



Figure B4.4. (A) Full-scan XPS spectrum of AUNPs@CNDs and MPY -functionalized

AUNPs@CNDs; (B) N 1s XPS spectra; (C) C 1s spectra; (D) O 1s XPS spectra of

AUNPsS@CNDs.
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Figure B4.5. SERS spectra of MPY-functionalized AUNPs@CNDs after incubation in 0.48

pM Hg?* for the times indicated (A). Intensity ratio, 1717/1431, as a function of incubation

time (B).
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Figure B4.6. SERS spectra of mercury on simulated water.
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Limit of detection for toxic compounds:

The limit of detection (LOD) was obtained by dividing the standard deviation (SD) of

triplicate measurements of blank noise peak obtained from AuUNPs@CNDs SERS spectra without
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toxic compound (Rh6G, herbicides, or mercury) by the slope value (o) from the toxic
compound’s calibration curve using the formula shown below:

LOD =3 x 2

o

Table B4.1. Summary of LODs

Target compound LOD

Rh6G 3.08 x 102 (M)
CGAT77102 16.85 x 101% (M)
Al9414A 19.45 x 100 (M)
ZA1296E 48.93 x 100 (M)
Al12738A 41.096 x 1071% (M)
Mercury 0.073 x 108 (nM)
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