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Abstract.

Surface Enhanced Raman Spectroscopy (SERS)-based sensors and devices offer rapid,

cost-effective, highly selective, and sensitive detection of various chemicals in water.

This thesis explores the SERS principle, substrate fabrication methods, functionalization

techniques, and their applications. It also addresses the limitations of SERS sensing

devices, including cross-contamination during application and challenges in fabrication

reproducibility.

The fabricated sensors were based on Ag-Gum Arabic nanostructures for the

detection of 2,4-D in Chapter 2, Ag-Corn Starch nanostructures for MCPA in Chapter 3,

and Ag NPs/ss-DNA in Chapter 3. The nanoparticles were synthesized using an

electrochemical deposition method, which enables tailoring of the nanoparticle structure

by adjusting parameters such as deposition time, precursor concentrations, and applied

voltage. This method is straightforward and repeatable, making the sensor fabrication

process highly reproducible.

In Chapters 2 and 3, no significant changes in Raman signal intensities were observed

as the analyte concentrations increased, contrary to what would typically be expected

with SERS effects. Instead, a slight increase in the ratio between two peaks of the

Raman spectra was noted. This may be attributed to a local increase in pesticide

concentration caused by the polysaccharide polymer layers of Gum Arabic and Corn

Starch. Although changes in the ratio between two peaks were detectable as the

concentration increased, quantification was not feasible due to the low slope obtained

and the inadequacy of the experimental procedure, which involved oversampling.

Additionally, the recorded spectra for the two pesticides were very similar, rendering

selectivity unachievable.
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For the E. coli O157 ss-DNA SERS sensor, neither Gum Arabic nor Corn Starch was

used. Instead, a two-thiol functionalization method was employed for the development

of the Ag nanoparticle SERS ss-DNA sensor. This ss-DNA SERS sensor demonstrated

good linearity, selectivity, and relatively fast detection compared to other sensors or

methods used for ss-DNA detection.
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Abbreviations and Acronyms.

2,4-D 2,4-Dichlorophenoxyacetic acid

CS corn starch

EF enhancement factor

GA gum arabic

MCPA 2-methyl-4-chlorophenoxyacetic acid

MB methylene blue

NP nanoparticles

STEC shiga toxin-producing escherichia coli

SERS surface enhanced raman spectroscopy
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Chapter 1. Surface Enhanced Raman

Spectroscopy: applications in agriculture and

food safety

The sections detailing Surface Enhanced Raman Scattering has been published in

Photonics 2021, 8(12), 568; https://doi.org/10.3390/photonics8120568;

The section regarding electrochemical deposition for SERS substrate fabrication is in

Sensing Technologies for Real Time Monitoring of Water Quality, Chapter 4, Willy.

Contribution: Conceptualization, Y.Y. and N.C.; data curation, Y.Y. and N.C.;

writing-original draft preparation, Y.Y. and N.C.; writing-review and editing, A.O. and

P.L.; visualization, Y.Y. and N.C.; supervision, A.O. and P.L.; project administration,

A.O. and P.L.; funding acquisition, A.O. and P.L. All authors have read and agreed to

the published version of the manuscript.

https://doi.org/10.3390/photonics8120568
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Abstract: Recent global warming has resulted in shifting of weather patterns and led

to intensification of natural disasters and upsurges in pests and diseases. As a result,

global food systems are under pressure and need adjustments to meet the change-often

by using pesticides. Unfortunately, such pesticides are harmful for human and the

environment, and as a result, need to be controlled. Traditional detection methods

currently used are time consuming in terms of sample preparation, are high cost, and

instrumentation is typically not portable. Surface Enhanced Raman Scattering (SERS)

technology has emerged as an attractive candidate for rapid, high sensitivity and high

selectivity detection of contaminants relevant to the food industry and environmental

monitoring. In this chapter, the principles of SERS as well as recent SERS substrate

fabrication methods are first discussed. Following this, their development and

applications for agrifood safety is reviewed, with focus on detection of dye molecules,

melamine in food products, and the detection of different classes of pesticides such as

organophosphate and neonicotinoids.

Keywords: Surface Enhanced Raman Scattering (SERS), fabrication, application,

agriculture, food safety.

1, Introduction.

Climate change is manifesting itself with increased temperatures more favorable to

the spread of pests and diseases. This has resulted in more challenging food production,

as well as higher number of foodborne disease outbreaks. To try to protect yield and

ensure food safety, farmers have little choice other than treating their crop with a range

of pesticides.1 Unfortunately, there are more and more reports showing that these

phytosanitary products are harmful to human, but also lead to the loss of biodiversity,

accumulation in soil and have deleterious effects on indigenous microbiome.2 As a
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result, it is necessary to monitor biological and chemical contamination in food systems

throughout the whole food chain.

Traditional detection of pesticides in food and agriculture systems are mainly based

on methods such as chromatography techniques coupled with mass spectrometry.3

These methods are time consuming and high cost. Therefore, implementation of new

portable technologies is needed to provide pesticide usage monitoring and enforcing of

regulation.

In this regard, Surface Enhanced Raman Spectroscopy (SERS) has attracted a lot of

attention as it has the potential to address most of these requirements. The advantages of

SERS include ultrasensitive detection, fast turnover, in-situ sampling, low cost, and the

suitability for large-scale screening. Sensors based on SERS have been shown to

provide real time data on soil nutrients in research level4-5, monitor water run-off and

contaminants in water supplies 6, and also detect pesticide residues in food 7-8. The

technique has also found applications in a wide range of sectors including: material,

forensic, biological, food safety and electrochemical fields,9-13,14-19 with the most

common chemical contaminants being within environmental and food sectors, such as

pesticides, adulterants, antibiotics and illegal drugs and illegal food dyes. The drawback

of SERS technology, disadvantages of different SERS substrate fabrication methods,

SERS substrate functionalization limitation will be discussed in the end of each section.

In this chapter, we review the main SERS substrate fabrication methods and bring a

special focus on applications for the detection of hazardous chemicals in both food and

agriculture, together with its limitations.

2, Raman spectroscopy and Surface Enhanced Raman Scattering
(SERS).
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Raman spectroscopy was first discovered in 1928 by Sir Chandrasekhara Venkata

Raman.20 It was observed that when monochromatic light excited a molecule, the

majority of light was elastically scattered - this is Rayleigh scattering where Eincident =

Escattered, but also a small fraction of photons was inelastically scattered - this

corresponds to Raman scattering where Eincident ≠ Escattered. When Escattered < Eincident, this

effect is called a Stokes shift and when Escattered > Eincident, it is an anti-Stoke shift. The

energy difference between Eincident and Escattered relates to the rotational and vibrational

mode of the molecule. As a result, a Raman spectrum provides the fingerprint of this

molecule. Figure 1.1 shows an energy diagram for the two types of scattering.21 Each

peak in a Raman spectrum corresponds to a different vibrational mode of the bonds of

the molecule under investigation. The light sources used for Raman instrument are

lasers ranging from near ultraviolet, visible, to near-infrared. 22-23 Different laser light

sources will result in different Raman spectra for the same material.24 Near-infrared

excitation wavelength (>780nm) is better for fluorescence reduction in Raman

spectroscopy.25 Raman spectroscopy is important in analytical chemistry as it allows

testing samples in water environment, where Infrared (IR) Spectroscopy is sensitive to

water and is not suitable for water sample.26 Raman technology bridges fundamental

physics and chemistry as well. Raman spectroscopy is widely used to characterize the

orientation, defects, number of layers, and doping of different materials, enabling

standardization and quality control.27 Raman spectroscopy peak features varies for

powder/thin film/thick film/solution status for the same chemical.28 Different Raman

instruments from different lab could have different spectroscopy peak features.29

However, Raman scattering efficiency is very low, with typically only 1 in 108 incident

photons being Raman scattered.30 This leads to low LOD/LOQ in analytical application,

making Raman spectroscopy suitable only for crystal/powder/high concentration
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solution.31 For example, Raman spectroscopy can only detect TNT in soil with LOD 1.9

± 0.4% by mass,32 or detect amino acids at 3 g/100 ml in H2O.33 Fortunately, the

efficiency of this scattering can be increased by using nanostructured plasmonic metals

in a technique known as Surface Enhanced Raman Spectroscopy (SERS).

Figure 1.1: Schematics of energy levels of a molecule for Rayleigh and Raman

Scattering. 34 Rayleigh scattering: Eincident = Escattered, Raman scattering: Eincident ≠ Escattered.

When Escattered < Eincident, it is called a Stokes shift and when Escattered > Eincident, it is an

anti-Stoke shift.

SERS effects were first observed by Fleischman et al. in 1974, when acquiring

Raman spectra of pyridine on electrochemically roughened silver. 35 In SERS,

monochromatic laser light sources are used to excite plasmons in nanostructured

metallic surfaces (Au, Ag, Cu, etc.). The SERS enhancement includes both

electromagnetic enhancement and chemical enhancement. The first enhancement is

based on an electromagnetic enhancement 36-37 due to localized surface plasmons, while

the second originates from chemical resonant energy charge transfer. 35, 38-40 The

enhancement factor (EF) typically reaches 106, which drastically improves the

sensitivity of the plasmonic based device.
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2.1. Localized Surface Plasmon Resonance (LSPR) - Electromagnetic
Enhancement.

When monochromatic light excites a metallic nanostructure, the free electrons on its

surface oscillate. This collective oscillation is known as Localized Surface Plasmon

Resonance (LSPR). 41 The excited LSPR makes a molecule located at the proximity of

the surface highly polarizable and forms a large electric field on the surface. This

electric field induces dipole moments in a molecule on the surface of nanostructures,

and sequentially produces Raman enhancement. These large, localised electromagnetic

fields present around the nanostructures or in nano-gaps between closely-spaced

nanostructures are known as “hot spots”,42 see Figure 1.2. The Raman signal of the

molecule is enhanced if the wavelength of the incident light is in resonance with the

plasmon mode of the nanostructure. LSPR enhancement depends on the size, shape,

composition, orientation and local electric field of the nanostructure. This will be

discussed in the next section.

Figure 1.2 : Left: Localized Surface Plasmon Resonance (LSPR). Right: Plasmonic

effects: Electric Field around two nanoparticles and the presence of a SERS “hotspot”.

(permission from the Royal Society of Chemistry.)43
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2.2. Chemical enhancement.

The chemical mechanism of SERS do not rely on the EM environment (e.g. plasmon

excitation).44 The origins of the chemical enhancement is based on the change in

polarisability of molecule adsorbed to a metal surface. Upon excitation by the incident

monochromatic laser light, charge transfer occurs between the molecule and the metal.45

In this process, some form the metal-molecule bond.44 It is generally estimated that the

chemical effect contributes to a factor of 102 of the total SERS enhancement.

A SERS spectrum will typically display different features compared to a normal

Raman spectrum.46 Usually, a normal Raman spectrum provides more peak information

as a SERS spectrum has less and broader peaks.43 As a result, SERS is less good for

identification of analytes compared to normal Raman as it provides less peak

information.

2.3. Enhancement Factor (EF).

The enhancement factor (EF) depends on molecular adsorption on plasmonic surface,

as well as the morphology, roughness and homogeneity of this surface and the laser

wavelength, etc. The calculation of the enhancement factor is EF =
�푆퐸�푆
�푆퐸�푆

·
��푆
��푆

,47

where ISERS is the SERS signal, IRS is the normal Raman signal obtained under the same

experimental conditions as the SERS signal, but without the SERS substrate, NSERS is

the number of molecules excited in SERS and NRS is the number of molecules excited

in classical Raman.

Experimental values of EFs are typically in the range of 104 to 106. However,

electromagnetic “hotspots” are claimed to have provided massive enhancements of

between 1011 to 1014 orders of magnitude of the SERS signal.48 And it is key to a single
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molecule detection, which may be achieved from selective excitation of single

molecules.49 By tuning the excitation laser wavelength, an optimized SERS signal can

be achieved. This is called surface enhanced resonance Raman spectroscopy

(SERRS),50 where the excitation wavelength matches both the plasmon and the

molecular electronic resonance.47 For example, Litti et al. used gold nanostructures

functionalized with SERRS labels and with antibodies to link the tumor cells, and in a

further step, to identify tumor cells.51 SERRS increased SERS signal intensity in this

research as it has both localized surface plasmon resonance of the plasmonic

nanostructures, and with the reporter molecules.

2.4. Limitations of SERS technology.

SERS is a non-destructive technique to identify chemicals with good sensitivity, and

is not water sensitive, thus is attractive for bio application and application in food or

environment industry. However, SERS technology itself has its own limitations. Firstly,

SERS effects are limited by the availability of plasmonic materials. Traditional SERS

effective materials are noble metal nano particles, e.g. silver nano particle, gold nano

particles, or copper nano particles. Recently, new SERS materials have emerged such as

Mxene,52 or composite materials such as noble nano particles with graphene.53 Secondly,

the Raman instrument will affect the measurement results – this includes the choice of

laser excitation wavelength and detectors. When the laser wavelength is tuned to the

peak of the Plasmon resonance, this would lead to high enhancements and has been

shown experimentally. For the detector, a long-pass or notch filter is used to absorb or

reflect any Rayleigh scattering while allowing for transmission of the Raman signal.54

Hence, it is hard to compare SERS performance for different devices across different
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laboratories.47 Finally, high-resolution handheld Raman instrument need more effort to

be developed, and this block the way for minimized SERS device development.

3, Fabrication of SERS-active substrates.

The SERS substrate plays a crucial role as the electromagnetic enhancement is related

to the material, size, shape of the nano particles, and the distance between the nano

particles. Solís et al. used 55 state-of-the-art electromagnetic computation methods to

produce predictive simulations for a variety of nanoparticle-based SERS substrates with

different shapes. SERS substrates need nanostructured metallic surfaces with well-

defined distances in the region of 10-100 nm between nano clusters.56 By decreasing the

distance between the nanostructures, while keeping the other parameters the same, the

electric field becomes more localized and concentrated, and the corresponding SERS

intensity signal increases accordingly. An example of this was discussed by Lee et al.

where the distance between metallic clusters was decreased from 30 nm to 10 nm, and

an intensity increase of over 200-fold was observed.57 Particle size and morphology will

also affect the final SERS intensity.58 Peter et al. synthesized a group of gold nano

particles with different sizes, and studied their SERS intensity towards MBA detection.

They found that the SERS intensity increased with the increase of the nano particles

size from 20-100 nm. The SERS intensity of the adsorbed MBAs is detectable for

particle sizes larger than 50 nm, and it increases with particle size, while the SERS

signal is not detectable within the detection limit for particle sizes smaller than 50 nm.

Njoki et al. studied the correlation between optical and spectroscopic properties of gold

nanoparticles and their diameters (10-100 nm) in solution. They found that that the

particle size was related to the surface Plasmon (SP) resonance band properties as well

as the surface-enhanced Raman scattering (SERS) spectroscopic properties. The
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wavelength of the SP bands λmax (519 to 569 nm ) displays a gradual increase with

gold particle size, this trend was fitted by a polynomial cubic curve. This correlation is

also compared to the simulation results based on Mie theory, the experimental results

agreed with theory studies.58 There are two fundamentally different approaches to the

development of SERS-active nanostructures with “hotspots”: bottom-up assembly and

top-down fabrication have been used.59

3.1. Bottom-up Assembly.

Bottom-up approaches refer to the fabrication of nanostructures by chemical

synthesis60-61, colloid aggregation56, 62 ， electrochemical deposition63-67, and self-

assembly.68-70 These methods have been used to fabricate a variety of nanostructures

ranging from a few nanometers to a few hundred nanometers in size. Metal

nanoparticles can be synthesised chemically at low cost with tailored geometries such as

nanoparticles,71-72 nanowires,73-74, nanospheres,71, 75-76 nanorods,77-80 nanotubes,81-82

nanotriangles,83 nano flower84, nano-urchins,85 and nanoshells,86-87 see Figure 1.3.

Besides pure metallic nanoparticles, composite materials such as bimetallic or hybrid

nanostructures88, Graphene Oxide / Au nanostars, 89, SiO2@TiO2@Ag90 etc. and other

composite material based on molecular imprint (MIP) have also attracted research

attention 84, 90-93 and have been reviewed recently.94
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Figure 1.3: TEM/SEM images of (a) Ag/ Au nanocubes, 95 (b) GO/Au nanostars, 89 (c)

Ag nanodendrides, 64 (d) Au nanocages, 96 (e) Au nanobowls with Au seed inside,97 (f)

gold nanotriangles, 98(g) Gold octahedrals, 99 (h) Au nano ring, 100 and (i) gold hollow

stars 101. Scale bar: 100 nm.

Metal NPs such as gold or silver are the most common materials used in SERS

studies.102-103 The most common fabrication of SERS substrates are gold (Au) and silver

(Ag) colloids with diameters between 10 and 100 nm, as they yield the greatest

enhancements at their “hot spots”.

For example, they can be presented in a suspension or sol-gel in the presence of the

analyte of interest.104-106 The nanostructures, together with the analyte suspension, can

then be drop-casted onto a substrate to generate enhanced Raman signal for the analytes.

The disadvantage of this method is that the nanoparticle suspensions must be mixed

with the analyte solution for SERS applications, which means it requires sample

preparation.107-108 However, this drawback was addressed by Yang et al., who grew Ag

nanoshells on thiol-modified silica NPs, and deposited them directly on apple skin for
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analysis 109. Although there is a greater enhancement observed with these substrates, it

is hard to obtain a homogeneous surface to get uniform enhancement, as it is hard to

control the size of the nano particles and the distance between them. Nano particles

could appear abnormal aggregation, during Raman measurements, nano particles could

move their positions as well. Additionally, they have limitations for field analysis due to

their complex sample preparation steps and requirement for additional drying time. In

contrast, solid based devices may be more suited for portable and remote sensing, i.e.

NPs that are immobilised on a solid substrate.110-113 For example, Fan et al. fabricated

self-assembled Ag NPs onto glass slides by using 3-mercaptopropyltrimethoxysilane (3-

MPTMS).113 This transformation stabilizes the Ag NPs, avoids the usual aggregation

process and produces reliable SERS active substrates. Yu et al. fabricated silver

colloidal nanoparticles for SERS analysis and injected them to a filter membrane, thus

entrapping them inside. The filter therefore was used as the solid portable substrate. It

demonstrated 1-2 orders of magnitude better SERS enhancement than the typical

approach.114 In addition, Shiohara et al. fabricated gold nanostars and deposited them

onto a polydimethylsiloxane (PDMS) platform for SERS evaluation. They used back

side illumination for the detection of selected pesticide on fruit skin. The transparent

substrate allows SERS detection through backside excitation and facilitating practical

implementation.115

Other supports also add additional functionalities to SERS devices. Optical fiber-

based SERS sensors have in this regard generated steady interest as a versatile means of

extending SERS for portable field applications.79 There is also a growing interest in the

fabrication of flexible SERS substrates. These substrates are ultra-low cost, disposable,

easy to use and highly suitable for on-site sensing applications. Polavarapu et al.

fabricated SERS substrates by directly writing on paper using a pen filled with
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plasmonic nanoparticle inks such as gold nanospheres, silver nanospheres and gold

nanorods to detect thiabendazole.116 These simple substrates were able to detect

pesticide down to 20 ppb. This approach shows portable, cost effective fabrication of

efficient SERS substrates at the point of care. The SERS ink cartridges fixed in a pen

might be used in the real world application. Lee et al. also fabricated SERS paper

substrates impregnated with gold nanorods by dip coating.117 This SERS substrate can

contact with 1,4-BDT directly and more efficient in sample collection comparing to

rigid substrates as paper fibrous offer a 3D structure for easy catch and transport of

targeted analytes to the electromagnetic hot spots in the paper. They demonstrated

detection limit of analyte (140 pg spread over 4 cm2) by simply swabbing the surface.

This highly efficient and cost-effective SERS substrate brings SERS-based device

closer to real-world applications. Chen et al. combined adhesive tape and SERS activity

of Au nanoparticles to fabricate a “SERS tape” substrate. The Au particles were

deposited onto the sticky side of the tape that was used to extract pesticides from

different kinds of fruit and vegetable peels.118 This proof-of-concept SERS tape has

been used for various pesticide residues such as thiram, parathion-methyl, and

chlorpyrifos on complex surfaces including cucumber, green vegetable, apple and

orange. However, the tape can easily lose its adhesion ability after the application of

colloidal gold nanoparticles. These flexible sensors fabricated by different methods

dramatically improve the portability, feasibility as well as sample collection efficiency

of SERS detection for pollutants as a promising technique for both laboratory and field-

based detection119. However, the availability of a handheld Raman instrument is a key

factor for portable SERS devices. For the application in the real world, developed SERS

sensors should have good selectivity to avoid cross contamination.
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Overall, bottom up assemblies have shown very high enhancement but they often give

inconsistent performance. This is mainly because of a lack of structural uniformity over

the entire area of the substrate, which could result in poor reproducibility and

inhomogeneity, as different size, shape, composition, orientation and local dielectric of

the plasmonic structures have different enhancement factors as mentioned before. The

arrangements of the aggregates on the nanostructured surface are also hard to control.

3.2. Top-down Synthesis.

Top-down approaches for nanofabrication are scalable and highly reproducible. Top-

down approaches include lithography techniques (electron-beam (E-beam)120-122 and

nanoimprint lithography 123-124), laser etching together with film deposition (sputtering,

metal evaporation, atomic layer deposition),125-126 templating (using anodic aluminium

oxide 81, porous polymer (Polyester(PS),127 masks or molds73), and inkjet printing.128

E-beam and nanoimprint lithography are fabrication methods used to create patterns

with dimension down to 10 nm. In E-beam lithography, the photon resist is crosslinked

after being exposed to an electron beam. The exposed resist can then be washed away,

leaving only the unexposed resist on the substrate. A noble metal layer is then

evaporated onto the whole substrate and the unexposed polymer is then removed

together with its metal over-layer, leaving only the metal pattern on the substrate. SERS

substrates with various geometries such as nanoparticle dimers have been fabricated

using E-beam lithography, see Figure 1.4 (a-e).
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Figure 1.4: TEM or SEM images of top down approaches including E-beam fabricated

(a) gold nanodisks,121 (b) Au star-like arrays,129 (c) Au diamond shaped structures,129 (d)

Ag nanocrescent structures,130 (e) Ag nano-crown arrays;131 AAO templated structures:

(f) Ag-nanorods via metal deposition,132 (g) Nano-flower like Ag/AAO, 133 (h) Au

nano-island @ Ag-frustum arrays, 134 and (i) Au nanobipyramids self-assembled onto

the AAO substrate.135Scale bars: 100 nm unless indicated otherwise.

Besides, Hu et al. fabricated polymer nanofinger structures on Si wafers using

nanoimprint lithography, and coated the nanofingers with 70 nm of gold by E-beam

evaporation, followed by exposure to solvent, inducing a leaning or self-closing of the

nanowires, creating hot spots.136 The fabricated arrays of electromagnetically coupled

Ag nanoparticles on Si, could increase Raman efficiency by controlling the inter-

particle separation between Ag nanoparticles. These substrates showed high SERS

enhancement with good control and reproducibility. However, lithography based



24

methods, although extremely tuneable and scalable, suffer from high cost, slow

throughput, and are time consuming.

Laser-induced fabrication of SERS substrates has attracted research attention as it is

scalable and cost-effective.122 See Figure 1.5. The fabrication of laser-induced SERS

substrates always involves two steps. Firstly, fabrication of a nano/micro patterned

substrate using ultra-fast laser pulses followed by physical vapor deposition (PVD) to

deposite the metal layer on the nano/micro patterned substrates in order to get

plasmonic structures. Yang et al. used a nanosecond pulsed laser (1064 nm, pulse

duration (τ) (full width at half maximum, FWHM) 5 ns, pulse repetition rate (PRR)

100 kHz, spot size ~ 20 μm and laser ablation speed (ν) 100 mm/s.) ablation system to

create micropatterns and generate different size nanoparticles.137 The ablated Si surfaces

were then deposited with Ag by electron beam evaporation. The enhancement factor of

the fabricated substrates was estimated to be ~5.5 × 106.

Diebold et al. fabricated Ag SERS substrate using a femtosecond laser (100 fs pulses

at a repetition rate of 1 kHz, 800 nm center wavelength) structuring process.125 This

pulse train was frequency-doubled to a center wavelength of 400 nm through a thin

BiBO3 crystal. They used an n-type silicon wafer as the substrate. These laser pulses

had an average fluence of 10 kJ/m2 at the surface of a silicon wafer. A thermal

deposition at a rate of 0.15 nm/s onto the structured silicon with different thicknesses of

10, 30, 60, 80, 100, and 200 nm was undertaken to get the optimized Ag nanostructure

sizes for enhanced SERS performance. Similarly, Indrė Aleknavičienė et al. fabricated

fast and scalable SERS substrates at low cost using ultrashort-pulse laser-induced

(280 fs, 100 kHz, 350-380 nJ) plasma-assisted ablation (LIPAA) of soda-lime glass.

The fabrication speed was as fast as 150 mm/s.138 After the amorphous nanostructure

formation on the glass surface, deposition of a 170 nm silver layer by vacuum
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deposition (around 100 nm in diameter, forming 1-3 μm size dendrimers) was applied to

the glass substrate. This SERS substrate achieved an average enhancement factor (EF)

of 3.0 × 105 evaluated using thiophenol.

Figure 1.5: (a) Microscope image of the microsquare array made by laser etching on Si

surface. Laser ablation at laser fluences of (b) 21.0 and (c) 14.3 J/cm2 (τ = 5 ns, PRR =

100 kHz, laser spot size ~ 20 μm, ν = 100 mm/s). (d) TEM image of the small nanogaps
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in between the nanoparticles. (e) The SERS spectra of 4-methylbenzenethiol molecules

adsorbed on flat Si surface (500x magnification), textured Si surfaces (500x

magnification) and Ag film over the textured Si.

Inkjet printing combined with electrochemical deposition is more convenient than e-

beam lithography in terms of time and cost, and allows larger area fabrication at the

same time. Inkjet printing method can be used either on solid substrate or on flexible

substrate. 47, 119, 128, 139-149 However, the choices of ink for inkjet printing are currently

limited.

SERS substrates fabricated by templating methods is another widely used approach

and has been demonstrated by a number of groups, see Figure 1.4 (f) to (i). Kleinman et

al. have studied substrates based on colloidal Polystyrene (PS) capped by silver. These

substrates showed high enhancement and have been used to demonstrate sensing of

analytes such as glucose.150 Another very popular method is to use Anodised

Aluminium Oxide (AAO) as a template to produce nanotubes.151 Aluminium foil is

anodised in acid to create nanopores which are then used as a template to fabricate

SERS substrates. Metals can be pulsed electrodeposited inside the template channels,132

or deposited via electron beam evaporation. 152-153 Alternatively, polymers can be

employed to template the AAO. Lovera et al. fabricated super hydrophobic PS

nanotubes by wetting commercial AAO filters and depositing silver onto the resulting

PS nanotube structures.81 Similarly, Wang et al. patterned polymethyl methacrylate

(PMMA) on a honeycomb-like AAO template and deposited Ag onto the polymer to

create Ag “nano-crown” arrays.131 Other templates used for the fabrication of nanowires

and nanotubes for SERS substrates include Polycarbonate membranes (PCM),154-156

Polystyrene microspheres (PSM)157-159 and nano-channel glasses. Charconnet et al.
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fabricated superlattices by templated self-assembly of gold nanoparticles on a flexible

support, with tunable lattice-plasmon resonances through macroscopic strain. They found

that the highest SERS performance was achieved by matching the lattice plasmon mode to

the excitation wavelength, by post-assembly fine-tuning of long-range structural

parameters.160 The above substrates fabricated with “top-down” methods are

manufactured reproducibly with high throughput, but often produced weaker signals

than ‘bottom-up’ method, due to larger distance between the nano structures and

smaller surface density for nanoparticles that contribute to SERS signal. It involves also

the use of expensive equipment and/or complex procedures. Combination of bottom-up

and top-down fabricate method could increase the Raman intensity by creating a

rougher and more homogeneous plasmonic surface.161

3.3. Fabrication of effective SERS substrates by electrochemical deposition.
3.3.1. Introduction to Electrochemistry.

The standard three-electrode electrochemical cell is the most used in electrochemistry

workstation. It includes a working electrode (WE), a reference electrode (RE) and a

counter electrode (CE) immersed in the same electrolytic solution. The working

electrode is where the chemical reaction occurs. The materials used for working

electrodes are typically gold, carbon, silver and platinum, etc. If the reaction is a

reduction, the electrode is cathode; if it is an oxidation reaction the electrode is called

anode.162 The counter electrode (CE) acts as a supply of electrons (source/sink of

electrons) to the working electrode for the redox reaction. Usually, the CE is at least ten

times larger than the WE so that it will not be a limiting factor in the kinetics of the

electrochemical process. The reference electrode provides a stable known potential for

the electrochemical system.162 Reliable RE include the standard hydrogen electrode,

saturated calomel electrode, the silver/ silver chloride electrode and platinum pseudo-
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reference. One of most widely used of these electrodes is the Ag/AgCl electrode.

Electrochemical methods are used to determine the redox reaction in the system. There

are four main types of electrochemical techniques: voltammetric, potentiometric,

coulometric and impedimetric techniques.

The relation between the Gibbs free energy (ΔG) and the potential applied to the

electrode can be written as:

∆� =− 푛�퐸0

where, n is the number of electrons involved in the reaction, F is Faraday’s constant

(96485 C.mol-1) and E0 is the standard cell potential. Standard thermodynamics says

that the actual free energy change is related to ΔG0, the free energy change under

standard conditions (1 atm, 298K):

∆� = ��0 +��푙푛�

where, R is the standard gas constant (8.314 J.mol-1.K-1), T is temperature (K) and Q

is the reaction quotient which is the function of the activities or concentrations of the

chemical species involved in a chemical reaction. This equation relates Gibbs free

energy to the concentration of the oxidized and reduced species and it can be combined

with:

퐸 = 퐸0 −
��
푛�

ln
���
푂�

where, Red and Ox are the concentrations (mol.cm-3) of the reduced and oxidized

forms of a redox couple, respectively. This is known as the Nernst equation.

Cyclic voltammetry is the most used electrochemical technique; the Randles-Sevcik

equation describes the effect of scan rate on the peak current ip in cyclic voltammetry:
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Where ip is the current maximum in amps, n is the number of electrons transferred in

the redox event (usually 1), A is the electrode area (cm2), F is the Faraday constant

(C/mol), D is the diffusion coefficient (cm2/s), C is the concentration (mol/cm3), v is the

scan rate (V/s), R is the gas constant (JK-1 mol-1), T is the temperature (K).

Figure 1.6 Demonstration of mass transfer, electron transfer at the electrode surface,

chemical reactions preceding or following the electron transfer process.

In the redox reaction О + ne-→ R, the current (or electrode reaction rate) is governed

by the rates of processes, mass transfer, electron transfer at the electrode surface,

chemical reactions preceding or following the electron transfer (Figure 1.6). As well as

other surface reactions, such as adsorption, desorption, or crystallization

(electrodeposition). The rate constants for some of these processes (e.g., electron

transfer at the electrode surface or adsorption) depends upon the potential. When a

steady-state current is obtained, the rates of all reaction steps in a series are the same.

3.3.2. Fabrication of SERS substrates by electrochemical methods.
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There are several methods to fabricate the SERS substrates as mentioned above,

including chemical and physical processes. Chemical methods encompass chemical

synthesis60, colloidal method56, electrodeposition63-66, etc. Physical method relate to

electron-beam lithography120-122, inkjet printing 128, 142-148, 163-164, template method73, etc.

Both methods have advantages and disadvantages. For chemical methods, synthesis

metallic nanostructures can be readily achieved, but spreading the nanocluster

homogeneously on the substrate is difficult and it is also hard to control the distance

between adjacent nano clusters. For the physical method, it is easy to get periodic

substrate with plasmonic nanostructures, but the process is complex, time-consuming

and sometimes expensive. For inkjet printing, the choices for the substrate and ink are

limited.

Amongst these different fabrication methods, electrochemical based ones are more

cost effective compared to electron-beam (E-Beam) lithography, and offer a wider

choice of substrates and plasmonic material compared to inkjet method. The

morphology and the shape of the plasmon structures can be controlled through control

of the deposition time, deposition voltage, and concentration of the precursor solvent.

For electrochemical method in SERS substrate fabrication, Wang et al. used

electrochemically roughened nano-Au film as the SERS substrate, which had high

reproducibility and good stability for the detection of organic pollutants.90 Li et al.

electrodeposited a high density of ZnO-nanorods onto polystyrene microspheres, then

Ag-nanoparticles (Ag-NPs) were formed onto the surface of each ZnO-nanorod through

electrochemical deposition, resulting in an ordered hierarchical Ag/ZnO hybrid

arrays.165 Wu et al. used ammonia reduction nitridation

and electrochemical deposition method to deposit Au nanoparticles on TiN surfaces to

form the Au/TiN composite as effective SERS substrate.166 Lu et al. reported on the
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electrochemical deposition method for fabricating super hydrophobic flexible SERS

substrates based on 3D Ag nanodendrites (Ag NDs)/carbon fiber cloth. This

micro/nanostructures substrate could easily obtain ultra-wet surfaces.167 Zavatski et al.

deposited copper on porous aluminum oxide using electrochemical method and

protected the metal nanostructure’s surface from oxidation by covering the surface with

polyethylene glycol and silver.168 Lu et al. synthesized hierarchical flower-like gold

microstructures on a flexible PET film substrate

through electrochemical deposition method.169

SERS signals will be affected by the background noise from the environment. Besides,

some pesticides do not have strong interaction with the metallic SERS substrate surface.

As in electrochemical sensing field, functionalization can overcome these shortcoming

in some SERS detection.170

3.4 Summary of advantages and disadvantages for SERS substrates
fabrication.

There are several ways to fabricate SERS substrates including bottom-up synthesis

(chemical synthesis related process) and top-down synthesis (electron-beam (E-beam)

lithography, laser etching together with film deposition), templating and inkjet printing.

Each of them has its own advantages and disadvantages. For chemical synthesis, it is

not easy to control the distance between the nano particles (especially for self-assembly

chemical method) and sometimes nano particles are easy to aggregate; most of the time,

it is needed to shift the nano particles to a supporting substrate for analytes detection

with drying process involved. If the distance in between the NPs are not controlled, the

enhancement factor (EF) from site to site will be different and this will lead to poorly

repeatable SERS signal on a single SERS substrate - the SERS device will show a big

error bar in quantification process. Apart from that, this fabrication method could show
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poor reproducibility across different SERS substrates. For E-beam lithography or

nanoimprint, the fabrication of SERS substrates is quite reproducible, however, the

nano gaps in between the nano particles are usually large compared to the other

fabrication methods. This large nano gap will lead to poor detection limit in SERS

application. For laser assisted fabrication method, the choices of supporting substrates

and SERS active materials are limited. The supporting materials are usually silicon and

glass, while the SERS active material is gold. Electrochemical synthesis or the other

fabrication method combined is a good candidate for SERS sensor/device fabrication, as

it enables to control the morphology, size, nano gap of the NPs, by controlling the

deposition parameters such as deposition time, voltage, precursor concentrations.

Besides, it does not need high temperature or high vacuum environment, which will

provide a more reproducible fabrication process.

4, Chemical functionalization of SERS substrates.

SERS substrates without functionalization have limitations when dealing with real

samples, e.g. strong background noise from the environment (i.e. Raman signals coming

from other non-targeted molecules present in the sample (contamination)); or dealing

with macro molecular such as DNA/proteins, which would block the SERS signal. For

this reason, functionalization of SERS substrates is often undertaken to improve the

selectivity or sensitivity in identifying the specific target analyte, which could lower

detection time and limit of detection (LOD).170 The most widely used functionalization

method is the attachment of self-assembled monolayer (SAM) of thiols to silver or gold

metallic nano structures. Functional groups along the thiol are used to physisorb or

chemically bind the analyte of interest to the substrate, thereby pre-concentrating the

analyte at the surface leading to a subsequent increase in sensitivity.
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The thiol attaches to the metal nano structure surface owing to the strong affinity of

sulphur with metals. However, the mechanism for the thiol group binding to the metal

surface is not totally understood yet. One theory is that the thiol moieties chemisorb to

planar gold surfaces, with the loss of hydrogen during the formation of the bond.171 In

2003, Meirav Cohen-Atiya et al. studied adsorption of thiols on different metal surfaces

by potentiometric measurements.172 This adsorption process involves several complex

steps including negative charge transfer, discharge through a reduction process. These

steps related to the metal, the surface state of the metal, and the end functional groups in

thiols. In 2014, Xue et al. used AFM to study the force between Au NPs and thiols

under different experimental condition including oxidized Au surface and reduced Au

surface with different pH effects. They stated that the bond between Au and thiol is a

covalent bond.173 In 2019, Inkpen and colleagues suggested that in gold-thiol SAMs

prepared from solution deposition of dithiols, the gold-sulfur coupling had a

physisorbed character, by both experiment and density functional theory (DFT)

calculation.174 Henrik Grönbeck et al. suggested the role of the thiol chain length must

be considered when accessing the stability of monolayer systems on surfaces and

clusters.175 The formation of the Metal-S bond was not always very strong and the

attachment of the thiol to the metal surface often happens in a few seconds. In order to

obtain a homogeneous thiol self-assembly layer, longer incubation times, typically 24

hours, are required. Thiol concentration can affect binding results. For example, Levin

et al. functionalized Au nano shell by self-assembly of pMA using different

concentrations. As the concentration increased, the intensity of the spectral features

increase rapidly and reached a asymptotically saturation coverage at high pMA

concentrations.176 The spacing between functional thiols (that attract targeted analytes)

can be adjusted by adding different kind of thiols (that do not interact with targeted
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analytes). Some bio-sensors based on thiolated single stand-DNA177 or thiolated anti-

body178 have been used to detect DNA/RNA/antigen in environment, while thiol-

aptamers are also used for DNA detection, see Figure 1.7.

Figure 1.7: Different functionalisation thiols applied to metal nanoparticles : thiol-ss-

DNA，thiol- anti-body, thiol-ds-DNA, thiol-PEG.

The interaction between antibody and antigen is considered strong due to the presence

of forces or interactions such as hydrophobic interactions, hydrogen bonds, van der

Waals forces or ionic bonds.179 Functionalization of SERS substrates with antibodies

has gained much interest in recent years because of the significant level of sensitivity

and selectivity that can be achieved with them.180 Aptamers are single stranded DNA

sequences that can be designed to capture specific chemicals. Thiolated aptamers

conjugated onto metal nano structures can capture and combine with the targeted

chemicals to get surface enhanced Raman spectra. Sensors based on aptamers and

SERS have been used for detecting pesticides, DNAs, RNAs, uranyl, biotoxin, pathogen,
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hazard foodborne etc.140, 181-185 He et al. presented an aptamer-based assay for the

determination of fumonisin B1 (FB1), this SERS platform was based on platinum-

coated gold nanorod (AuNR) and DNA sequences. In the absence of FB1, the aptamer

and its cDNA associate, SERS signal at 1366 cm-1 decreased linearly in the 10-

500 pg/mL concentration range. Besides, the assay was applied to the determination of

FB1 contents in spiked corn samples.140 He et al. fabricated aptamer-modified ZnO-Ag

hybrids arrays by colloidal crystals templating method to determine UO22+ with a LOD

of 7.2 × 10-13 M achieved, which is nearly five orders below the EPA-defined maximum

contaminant level.181 Huang et al. synthesized core-satellite surface-enhanced Raman

scattering (SERS) biosensor towards biotoxin detection with a LOD of 0.83 fg/mL.

DNA aptamer induced specific target recognition; this research method can also be used

in ultrasensitive detection of other targets, e.g., DNAs, RNAs, and other molecules that

have corresponding DNA aptamers. 182 Wang et al. used antibody-antigen-aptamer

hetero sandwich structures surface-enhanced Raman scattering (SERS) immunoassay to

detect total prostate specific antigens (tPSA) with a detection limit of 0.94 fg/mL and

have successfully tested real serum samples from clinical patients which was consistent

with clinical test results.183 Wang et al. constructed a novel SERS biosensor combining

target-responsive DNA hydrogel for sensitive detection of AFP. The aptamer in DNA

hydrogel can specifically recognize AFP and accurately control the release of

immunoglobulin G (IgG) encapsulated in hydrogel. This method has a wide detection

linear range (50 pg/mL to 0.5 μg/mL) and a detection limit down to 50 pg/mL due to the

ultrahigh sensitivity of the SERS biosensor.184 Gold/silver nanoparticles modified with

polyethylene glycol (thiol-PEG) provide a capping system that stabilizes the antibody

and avoid the reticular endothelial system. For example, Chen et al. applied self-

assembly of thiolated polyethylene glycol (PEG)-modified Au nanoparticles (NPs) into

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/raman-spectra
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/raman-spectra
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bioinstrumentation
https://www.sciencedirect.com/topics/chemistry/deoxyribonucleic-acid
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a closely packed particle film for the production of reproducible, highly active surface-

enhanced Raman scattering (SERS) substrate. This 2D particle film produces large,

reproducible SERS signal by using 4-mercaptobenzoic acid as a SERS model molecule,

reaching a detection limit of 1 × 10-11 M.186

5, Summary of advantages and disadvantages for SERS substrates
functionalization.

Surface functionalization can improve selectivity and sometimes sensitivity of a

SERS device, especially in real environment application where there are many different

chemical species. For some molecules that do not have active interaction towards SERS

substrate (i.e. noble metal nano particles), surface functionalization could help trap

targeted analytes to nano particle surface, thus, getting effective Raman signal and

detection. For example, a metal-organic frame network is widely used as a

functionalization approach.187 Benzene, nitrobenzene, toluene, or 2,6-di-tert-

butylpyridine do not have active interaction to nano particles, but metal-organic

framework (MOF) film traps targets at the nano particles surface, allowing the unique

Raman spectrum of each molecule to be recognized. The choices for SERS surface

functionalization are limited. Molecules used for SERS functionalization are SH-

functionalized molecules, 4-Mercaptobenzoic acid, Thiophenol, N, NHx functionalized

molecules (Adenine), and these molecules form an adsorbate on the metallic surface

through S or N binding. Dye molecules, such as methylene blue, crystal violet, or

rhodamine 6G have also been used, as they provide very high Raman cross-sections

because of resonant enhancement, even if with lower affinity to the surface through

electrostatic interaction.47
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SERS surface functionalization usually takes more than 24 hours to finalize.

Functional molecule orientation on SERS substrate surfaces varies and this can result in

poor repeatability of SERS signal. Another drawback of functionalization in SERS

application is that SERS signal comes from not only analytes but also functional layer

and this makes data analysis more difficult; the variation generated in functionalization

step will also lead to variation in quantification for SERS devices, e.g. the variation of

thiols bonding/chemical bonding in functionalization steps will lead to different

baseline for the developed SERS device.

6, SERS sensor application.

SERS sensors are reported to be fast, ultra-sensitive, selective and have been widely

used in agriculture and food analytical research for pesticides monitoring, ss-DNA

detection, bacteria detection, etc. in literature. A variety of SERS substrates have been

used for the detection of pesticide in fruit surface, soil and food matrix, with low LOD

reported. The detection steps typically involve the SERS substrate preparation, sample

preparation (for soil, fruit juice, food matrix, etc.), Raman measurements and data

analysis.

The final detection results of SERS signal in SERS application will be affected by

surface binding of molecule on the SERS surface, molecule orientation on surfaces,

adsorption state, etc. Also, different molecule orientation will affect the intensity or

spectrum feature of SERS signal.188-189

Marshallet al. synthesized silver nanoparticle with different nano gaps and assembled

them to an extended silver film, for single molecule Surface-Enhanced Raman

Scattering (SERS) spectroscopy. They found that the SERS signal is strongly dependent

on the particle size and the molecule orientation in between the nano gap. Finite
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Difference Time Domain (FDTD) simulations have been used to support the

experimental results as well in this research.188 Sun et al. used a molecular template (MT)

on the SERS substrates with self-assembly probe molecules on silver nano particles to

improve the detection sensitivity. This SERS platform reached a good limit of detection

(LOD) of SERS by controlling molecular orientations.189 This method is an efficient,

accurate, and simple method.

Molecular structure will also result in different EF, for example, Morton et al found

that the enhancement of SERS for does not increase pyridine ring, as more charge is

transferred from the pyridine ring to the cluster. However, the magnitude of chemical

enhancement is governed by the energy difference between the lowest unoccupied

energy level (LUMO) of the molecule and the highest occupied energy level (HOMO)

of the metal. This trend has been verified by considering substituted benzenethiols,

small molecules, and silver clusters of different sizes. The results indicate that

molecules that show significant stabilization of the HOMO-LUMO gaps (such as those

that readily accept π-backbonding) most likely to have strong chemical enhancement.

This provided theory for designing new molecules which exhibit high chemical

enhancements. However, it is still very challenge to describe the magnitude of the

Raman enhancements using electronic structure methods such as DFT accurately, as

they probably underestimate the energy gap.190

Several molecule such as SH-functionalized molecules,191-192 4-MBA,193 Rhodamine

6G,194 crystal violet195 etc. have strong Raman response and are often used as Raman

reporter. Marques et al. studied 4-Mercaptobenzoic acid (4-MBA) adsorbate by

connecting it to Ag surface through a thiolate-Ag bonding that was able to trigger a self-
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assembly process of Ag NPs. This process is driven by cooperative hydrogen bonds

between the carboxylic groups of 4-MBA located in different nanoparticles pH=4. UV-

Vis and DFT-based calculation of the model complex [AgNP-(4-MBA)2-AgNP] help to

understand the self-assembled complex formation through the comparison of calculated

and experimental SERS spectra.196 Madzharova et al. obtained surface-enhanced hyper

Raman scattering (SEHRS) spectra (excited off-resonance at a wavelength of 1064 nm)

and surface-enhanced Raman scattering (SERS) spectra excited at 785 nm or at 633 nm,

from thiophenol, benzyl mercaptan, and phenylethyl mercaptan and from the three

isomers 2-aminothiophenol (2-ATP), 3-aminothiophenol (3-ATP), and 4-

aminothiophenol (4-ATP). The SEHRS spectra show a different interaction of

thiophenol, benzyl mercaptan, and phenylethyl mercaptan with silver and gold

nanostructures, with the support of Density functional theory (DFT) calculations.

Besides, 2-ATP, 3-ATP, and 4-ATP show a different interaction with gold

nanostructures that was found to depend on pH.192 Those SERS reporter molecules

contain sulfur atom(s) or nitrogen atom(s), this will help the molecule to have better

affinity to nano metal particles and gain a better SERS signal.

Two pesticides Organophosphates (OP) and Neonicotinoids detection by SERS are

widely studied, most OP contains sulfur atoms and Neonicotinoids contains nitrogen

atom (s) or both. Silver/Au and sulfur/nitrogen atoms are larger in size. They have less

charge states and can be easily polarized. Covalent bonds form between Au/Ag and

sulfur/nitrogen atoms.

6.1. Pesticides detection.
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Organophosphates (OP) represent the largest class of pesticides, making up to 50% of

the neurotoxic agents in chemical pesticides.197 Most OP usage is agricultural, since the

Environmental Protection Agency banned their residential use in 2001.198 However,

their human and animal toxicity still make them a societal health and environmental

concern.199-201 Moreover, small amounts (in the order of ng/L for example) is detectable

in food and drinking water by gas chromatography-mass spectrometry (GC-MS).202-205

It is possible to detect OP pesticides by using SERS and most of OP pesticides contains

sulfur atoms that have good affinity to SERS metal nano particle surface. Hou et al.

showed an in situ SERS method, using commercially available gold nanoparticle

colloids, to detect organophosphates isocarbophos and phorate, and neonicotinoid

imidacloprid, on different plant surfaces.206 Similarly, Bianhua et al. reported on the

use of silver-coated gold bimetallic nanoparticles for in situ detection of a range of

pesticides on fruit peels without further sample preparation.207 In this research, different

pesticides were distinguished by their ‘fingerprint’. Both of these techniques

demonstrated limits of detection (LOD) below the required maximum residue levels

(MRL). However, these colloidal based solutions as described above are not ideal for

portable applications while solid SERS substrates that can be prepared in advance are

more suitable. For example, Chen et al. used “SERS tape” to extract OP pesticides

(thiram, chlorpyrifos, methyl parathion) from different kinds of fruit and vegetable

peels.208 The tape is placed onto the surface of the produce and peeled off for SERS

analysis. This is non-invasive and requires no sample or substrate preparation.

Additionally, Li et al. have created a ‘smart dust’ that easily spreads over a probed

surface for in-situ SERS measurements.209 This method requires no preparation or

particle aggregation/concentration on the substrate. Their shell-isolated nanoparticles

are used to analyse residues of OP pesticide parathion, on a fresh orange. They present
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comparable results between a normal Raman and a portable Raman, demonstrating the

substrates potential use in-field. Those methods were able to detect pesticides down to a

low limit, however, it is hard to quantify targeted pesticides. In real application, it is

possible to get Raman signal also from other molecule and get cross contamination.
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Table 1: Organophosphates (OP) detection by SERS in food industry and environment

monitoring.

Organophosphates (matrix) SERS substrate LOD (reported )

LOD

(convert

ed)

Phosmet

Ooling tea210 Ag NPs 0.1 mg/kg
0.3

µmol/L

fruit or

vegetable

peels140

Snowflake-like Au NPs 0.032 ng/cm-2
100

nmol/L

fruit211
multi-walled carbon

nanotubes
0.5 mg/kg

1.5

µmol/L

paddy water212 Au nanorods 0.25mg/L
7.5

µmol/L

fruit skin213 polyurethane-Ag NPs 0.6 µg/mL
1.8

µmol/L

Plant

Surfaces214

polyurethane micelle/ Ag

NP
0.08 g/mL

240

µmol/L

pesticides

residue215

Au NP coated ZrO2

nanofiber
10-8 M

10-8

mol/L

Orange216

Au NPs decorated

glycidyl methacrylate-

ethylene dimethacrylate

material

1 µg/L
3

nmol/L

https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=4&SID=D6bvKbQSCAndoFDu1Py&page=1&doc=2
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Neonicotinoids usually contains nitrogen atom(s) and are a more recent and relatively

powerful class of insecticide. Since the introduction of imidacloprid in 1991, they have

been the fastest-growing class of insecticides in modern crop protection,226 representing

almost 17% of the global market.227 Typical detection methods of neonicotinoids are

based on enzyme linked immuno-sorbent assays (ELISA),228-229 HPLC- or GC- mass

spectrometry,230-234 surface plasmon resonance,235 and fluorescence spectroscopy,236

Parathion

-

methyl

fruit or

vegetable

peels217

Snowflake-like Au NPs 0.026 ng/cm
0.099

nmol/L

peach218 Au@Ag NP 0.001 mg/kg
3.8

nmol/L

solvent219
Ag NP decorated ZnO-

nanorods
10-8 M 10-8 M

Malathion
solvent220 Au NP 1 ppm

3

µM/L

solvent221 nanoporous structure 12 ppb
36

nMol/L

solvent222 nanostructured Ag 10 nM 10 nM

Chlorpyri

fos

tomato

surface223
Ag colloid 10-9 mol/L

10-9

mol/L

soil224 Au NP 10 ppm
28.6

µMol/L

fruits225 Ag NP 10 ng/ml
28.6

nMol/L

mailto:Au@Ag%20NP
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none of which are suitable for field analysis. Neonicotinoids are extremely effective

against herbivorous insects,237 while having perceived low toxicity to mammals, birds,

and fish.238 This has led to their widespread uptake for use on a variety of crops.

However, concerns have been raised recently about environmental impact affecting the

homing capacity of honey bees, resulting in global colony collapse of the pollinator

population.2, 239 Consequently, the European Union enforced a temporary ban (Dec

2013)240 reducing the MRL of neonicotinoids to between 0.01 to 3 mg/kg for many

fruits and vegetables.230, 241

Research regarding detection of neonicotinoids by SERS thus show wide interest. Cao

et al. synthesized three types of AuNP/MOF (metal-organic framework) composite to

investigate the interaction between acetamiprid and the bridging molecules of the MOFs.

Acetamiprid in this case was used to evaluate the characteristics of the SERS substrates.

LODs of 0.02 μM, 0.009 μM, and 0.02 μM were achieved for the three composites, which

could satisfy the requirement of detection according to the MRLs of acetamiprid.242

However, these metal-organic framework SERS sensors have poor reproducibility. Yang et

al. used SERS to evaluate the penetration behaviors of 4 pesticides (acetamiprid,

thiabendazole, ferbam and phosmet) in a variety of fresh produce matrices. They used a

pesticide/ AgNP complex deposited onto the external surfaces of different fresh produce

and measured the penetration depth of the complex using SERS.243 Although the results

are promising, this method requires complex sample preparation with the pesticide and

AgNP, including washing steps, and is not ideal for farm-side analysis. On the other

hand, Wijaya et al. employed silver dendrites for SERS-based detection of acetamiprid

in apple juice and from swabs of the apple surface.244 This method does not need pre-

treatment for the apple juice samples and the use of the swab is non-invasive to the fruit.

This method therefore has the potential to be used for on-site pesticide detection.
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However, selectivity study has not been carried out in this study, it is hard to avoid

cross contaminations in real environment.

6.2. Shortcomings and challenges of SERS device development.

SERS device is used to identify or further quantify an unknown sample. All

challenges stated in section 2.4, 3.4, 4.1 for SERS are valid also for SERS device

development. First, high-resolution handheld or portable Raman instrument

development is difficult and limit SERS application in real outdoor environment, SERS

devices with good performance are only available in laboratory level. Second, SERS

substrates with good repeatability and reproducibility are made by E-beam lithography,

and such substrates have lower EF comparing to SERS substrate made by the other

approaches, e.g. chemical synthesis or electrochemical deposition, etc. While

repeatability and reproducibility are important for SERS quantification, usually, ten

measurements are recommend and taken in a single SERS substrate for quantification.

Reproducibility is essential to retain the same sensitivity/ LOD for the developed SERS

device, also, reproducibility is an important parameter for application and mass

production, though standard addition method could be used to minimize the difference

between different SERS devices. Machine learning and artificial intelligence has been

used to help increase the accuracy, reliability and sensitivity in SERS.245 In real

environment application, cross-contamination is another factor to consider, sample pre-

treatments or surface functionalization for SERS substrate can help improve selectivity

of SERS device and avoid the impact from contaminant appeared in the real sample.

Last, SERS signal reading and data analysis is important and is one of the most difficult

part for SERS study. As in most of the cases, it is hard to precisely determine the

adsorption site of analytes on nano particle surface.246 In summary, SERS devices are



46

widely studied in lab/research level, comparing to MS and HPLC technologies, there

are still problems to be solved until SERS devices can be used in industry. SERS

devices is good for tracing ultra-low concentration analyte while MS/HPLC can help

accurate quantification.

7. Scope and organization of this thesis.

This thesis used electrochemical deposition method to fabricate SERS substrate on a

micro chip platform that were fabricated through photolithography method. With

portable potentiostats, it is possible to fabricate these SERS substrates anywhere with a

PC. The SERS substrate fabrication process takes usually tens of seconds with tens of

micro liter of silver precursor. Fabrication of SERS substrate by electrochemical

deposition on the micro chip platform is fast, simple and relatively environment friendly

compared to other fabrication methods such as E-beam lithography, inkjet printing,

chemical synthesis, etc.. By controlling the electrochemical deposition parameters such

as voltage, deposition time, precursor concentrations, it is possible to tailor the

morphology of the SERS substrates. Through optimization of the electrochemical

deposition process and parameters, SERS substrates with relatively good detection

ability were chosen for further analytes detection study.

Silver nanoparticles are commonly used SERS substrate and show good SERS

performance as discussed in many research studies. In this thesis, Ag nanoparticles

based SERS sensors were used to detect different chemicals in water environment. By

using the micro sensor chip and electrochemical deposition method, it is possible to

develop Ag nanoparticles based SERS sensors using the strong electric field generated

at gold micro bands. Electrochemical deposition parameters are relatively controllable

and do not require tuning of the temperature, which is of benefit for SERS sensor mass
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production. For SERS sensor quantification, it is essential to have homogeneously

distributed nanoparticles and nanogaps to gain small standard deviation in between

different Raman measurements. SERS substrate fabrication optimization process is

necessary to reach this goal.

In Chapter 2, silver-gum Arabic (Ag-GA) substrates were synthesized and optimized

by electrochemical deposition method. Gum Arabic was used to help synthesis of the

silver nano particles, acting as a silver nano particle shape monitoring agent.

Importantly, it also helped to capture and concentrate 2,4-D pesticides.

By changing the concentration of AgNO3, Gum Arabic, the deposition time, and the

deposition voltage, the optimized deposition parameters were used for Ag-GA SERS

sensor fabrication and for 2,4-D detection. The performance of this AG-GA SERS

sensor was good and reach EU pesticides restriction limit requirement (0.1 ppb). For

Chapter 2, real river water samples were used to verify the developed sensors, the

results showed that the contamination in both river water or mineral water did not

interrupt the detection of 2,4-D by this Ag-GA substrate.

Similarly, in Chapter 3, Silver-Corn Starch (Ag-CS) SERS substrates were fabricated

and optimized. Cornstarch and gum Arabic are both polysaccharide and share similar

chemical properties, CS has more -OH group compared to GA, while CS does not

contain protein and GA contains protein. CS acted as a functional layer that helped to

capture and concentrate MCPA pesticide to the nano particles surface. With the

knowledge and conclusions gained in Chapter 2, the optimization process was easier in

Chapter 3 and the sensor performance improved, in terms of detection ability. What is

more, in Chapter 3, data analysis method changed and it turned to be more suitable for

this research, without baseline subtraction.
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In Chapter 4, functionalized Ag nanoparticles SERS substrate were used for ss-DNA

detection from bacteria STEC, two thiols including thiol-ss-probe-DNA and

HS(CH2)6OH were used for SERS sensor functionalization with HS(CH2)6OH used to

block the Ag SERS surface to avoid unwanted attachment of target-ss-DNA and Raman

reporter, methylene blue. The sensitivity of this ss-DNA SERS sensor is competitive

with existing SERS sensors, besides, this SERS sensor has good selectivity towards

different bacteria.

All in all, this thesis showed the development of three SERS substrates, which were

fast in fabrication, have relative short response time and are easy to operate. For SERS

substrates in Chapter 2 and 3, the sensitivity were not ideal and they did not have

selectivity towards different chemicals. These SERS substrates showed similar

properties as non-molecular imprint SERS substrates, and molecular imprint can help to

improve the performance of the devices. However, chemical synthesis (high

temperature) was only used in MIP for SERS research so far, it has not been used by

electrochemical deposition fabrication method for MIP SERS sensors. For sensor in

Chapter 4, the ss-DNA SERS sensor showed good sensitivity and selectivity, though

standard addition method should be used in real situation for quantification, as the

baseline for each sensor would be different.
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Chapter 2. 2,4-dichlorophenoxyacetic acid (2,4-D)

Pesticide Detection using Electrochemically

Prepared Silver-Gum Arabic Nanocluster

Substrates
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Abstract: In this work, we investigated a method to detect 2,4-D pesticide in water

environments, using Silver-Gum Arabic (Ag-GA) electrochemically co-deposited

substrates. This electrochemical synthesis yields high nanoparticle density and

homogeneous substrates (area: 40 µm x 20 µm) with as little as 2 μL of AgNO3 and

Gum Arabic mixed solution, using a portable potentiostat. Different morphologies,

including Ag-GA spherical nanoparticles and nano dendrites, were synthesized by

tuning the deposition parameters. The initial intention was to use the SERS effect to

detect 2,4-D. However, no significant change in peak intensity was observed as the

analyte concentration increased, contrary to what is typically expected with SERS.

Consequently, the sensor did not perform as designed. A change in the peak ratio was

observed over a wide range of 2,4-D concentrations, but the slope was very low. This

suggests that the detection principle might rely on the local concentration of 2,4-D

within the Gum Arabic layer, as more material accumulates with increasing

concentrations. It should be noted that the experimental method involved oversampling,

a flawed analytical practice that rendered quantification of 2,4-D impossible.

Keywords: Ag-Gum Arabic substrate, electrochemical deposition, 2,4-

dichlorophenoxyacetic acid (2,4-D) pesticide detection.

With the world population predicted to reach 9.8 billion by 2050, it is necessary to

increase food production accordingly.1 Unfortunately, crops face numerous threats from

insects, diseases, and competing weeds. Therefore, pesticides are widely used to protect

crops and increase yield simultaneously. Among these, 2,4-dichlorophenoxyacetic acid

(2,4-D, C8H6Cl2O3) is a phenoxy herbicide extensively applied in agriculture to control

weeds in corn and grain fields.2 Unfortunately, there is growing evidence that 2,4-D is

harmful to both human health and the environment.3-4 To prevent or minimize the
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negative impacts of the use of pesticides, the European Union has regulated their use

and provided strict guidelines for their application. For example, a maximum residue

limit (MRL) of 0.1 ppb (parts per billion) for individual pesticides has been

established.5 However, despite these precautions, pesticides can still leach from the

ground into water and runoff into nearby water bodies.6 2,4-D in particular has good

solubility in water and traces above the MRL have been found in rivers and drinking

water.7 To this end, it is necessary to monitor 2,4-D pesticides and possibly prevent

pollution events. The most common method currently used to detect 2,4-D in the

environment is by applying chromatography to purify the small molecule, followed by

mass spectrometry (HLC-MS) to qualitatively identify the herbicides.8 Unfortunately,

this method is time-consuming and requires high-end equipment operated by skilled

personnel in dedicated laboratories. To tackle this challenge, numerous methods have

been investigated in recent years for simpler 2,4-D detection, including platforms based

on electrochemistry,9 fluorescence,10 chemiluminescence11, etc. Among them, optical

detection based on surface-enhanced Raman spectroscopy (SERS) has shown

tremendous potential.8, 12

SERS is an ultra-sensitive technique that is capable of providing a spectral fingerprint

of the analytes under investigation. SERS is mostly based on the enhanced Raman

signal by noble metallic nano structures that can generate a strong electromagnetic field

with the excitation at a certain laser wavelength, such as Ag, Au, and Cu, which is also

named Localized Surface Plasmon Resonance (LSPR).13-14 The excited LSPR generates

a large electric field on the metal surface and this electric field induces dipole moments

in a molecule on the surface of nanostructures, and gains an enhanced Raman signal.

These strong, localized electromagnetic fields present in nano-gaps between

nanostructures are known as “hot spots”.15 The enhanced Raman signals are composed
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of an electromagnetic enhancement16 and a chemical enhancement.17 The

electromagnetic enhancement contributes to 1011-1013 the magnitude of the SERS signal

while the chemical enhancement contributes only by a factor of ~102.18 The magnitude

of the SERS enhancement depends on the morphology,19 the size of the metallic nano

particles,20 the gap size between the metallic nano particles,21 the measurement

environment, as well as the wavelength of the laser excitation source.22-25

Because of the simplicity of operation and sensitivity in detection, SERS has been

used for trace detection of 2,4-D pesticides26 including SERS substrates based on

hollow Au@Ag nano-snowflake particles functionalized with 4-MBA/2,4-D antigen,12

citrate functionalized AgNPs on cellulose paper,27 silver NPs with molecular imprint

polymers (MIP)28 and highly roughened surface flower-like Ag NPs.29 In particular,

SERS substrates based on well-ordered AuNPs inside mesostructured silica channels

have been used to detect 2,4-D, with a limit of detection (LOD) down to 0.79 ppt (parts

per trillion) achieved.30 These methods require either (i) an incubation time of more

than 1 h, (ii) a pre-treatment step by mixing the solution with ethanol, or (iii) a waiting

time to allow the 2,4-D solution to dry on the SERS substrate. To quickly determine

pesticides such as 2,4-D directly in water samples without any pre-treatment remains a

key challenge.

SERS substrates are commonly fabricated through chemical synthesis,31-32 electron

beam (E-beam) lithography,33 laser assisted fabrication, or templating method.34-36 For

chemical methods, though size and morphology controllable nano particles are available,

drop-casting of the nano particles onto a substrate, paper, glass or silica, etc. is still

required.37-47 The distance between the nano particles is hard to control. This in turn

leads to difficulties in the quantification of target analyte, as for quantification in SERS,

data points for each analytes concentration for linear calibration are the average of more
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than three measurements in more than three locations on a SERS substrate (usually ten

spectra are measured in ten different locations). Another significant issue with the use

of nanoparticles is that they could be removed or lifted after application of analyte

solution, again resulting in quantification inaccuracy. Most research papers that reported

on chemical synthesis fabrication methods for effective SERS substrates carry out

experiments in a dry environment (i.e., the solution was dropped casted and allowed to

dry) instead of a water environment, with the drying time usually lasting for 30 minutes

to one hour.38-39, 41-42, 44 Besides that, for some research using paper SERS substrates and

chemically synthesized nano particles as effective SERS substrates, the background

Raman signal from a paper substrate could affect the target analyte Raman signal

readout. Laser-assisted fabrication methods, combining laser etching on glass/silica

substrates for nano patterns and followed by metal layer deposition, have limited

choices for the morphology of the nano patterns and plasmonic materials.48-50 The

templating method entails several steps and has a higher likelihood of fabrication

failure.35, 51 These methods are either time-consuming or involve complex steps. High

throughput, low cost, and reproducible fabrication of SERS substrates are still elusive.

Electrochemical methods allow morphology, size, nano gap controllable deposition of

nano structures and can achieve a high Enhancement Factor. There are several papers

relating to the deposition of metallic materials only. For instance, Xia et al. 52

synthesized Ag nanosheets with a nanogap smaller than 10 nm by environmentally

friendly electrochemical deposition and this method achieved high reproducibility. 43

Wang et al. used electrochemically roughened nano-Au film to detect environmental

pollutant p-nitrophenol (PNP). Chen et al. 53 prepared pyramid-shaped silver

nanostructures by electrochemical deposition as an effective and reusable SERS

substrate. Zong et al.45 synthesized a gold nanostructure on microelectrodes in
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microchips by gold electroplating and used it for SERS characterization by R6G. Cheng

et al.54 electrochemically synthesized branched metallic nanostructures and evaluated

them by SERS using DTTCI as the analyte. Those researcheres demonstrated the

fabrication of effective SERS substrate by electrochemical method, but none of them

used SERS substrates as an analytical sensor, until Dao55 used electrochemical

deposition of Ag nanoparticles on Si surface to detect and quantify fungicide

difenoconazole in a dry environment, achieving a LOD = 0.023 ppm (0.56 nM). In our

work, we used electrodeposition of composite materials and showed their Raman-based

sensing abilities towards 2,4-D. As 2,4-D does not contain either N or S in its chemical

structure, its interaction with the silver surface, and consequently a SERS signal, will be

weak, as discussed in Chapter 1. In this work, the Gum Arabic coating helped

concentrate the pesticide at the surface of the nanostructure and allowed for its Raman-

based detection.

We report on the rapid and reproducible fabrication of Silver-Gum Arabic (Ag-GA)

SERS substrates by electrochemical deposition. This electrochemical deposition is

based on SiO2/Si chips that were fabricated following a standard photolithography

process. The electrochemical method produced a SERS substrate with an area of 40 µm

x 20 µm and required less than 10 s for preparation, with 2 µL of a non-toxic solvent.

This is an environment-friendly, efficient, high throughput, and scalable SERS

substrates fabrication method. The fabricated samples are used for herbicide 2,4-D

detection directly in aqueous solutions, with detection down to 1 pM reported without

the need for sample preparation.

Gum Arabic was selected as it is a branched hetero-polysaccharide containing protein

and carbohydrate groups and is a biodegradable, non-toxic, and easily available

biopolymer.56-57 Polysaccharide materials have been used for the removal of heavy
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metals,58 pesticides, and pollutants in polluted water bodies,59-60 because of their great

adsorption ability towards different chemicals.61 Gum Arabic has also been used for

green chemical synthesis of silver nano particles.62-64 During this process, Gum Arabic

acts as a reducing agent to reduce silver ions, subsequently forming Ag-GA NPs.64 In

this work, an electrochemical deposition method was used to fabricate Ag-GA SERS

substrates. Gum Arabic is a conductive biopolymer that is also widely used as a raw

material for composite conductive materials studies.65-67 Besides, its viscosity changes

significantly with the change in Gum Arabic solution concentration, and this property

allows it to act as a shape-controlling agent in Ag NPs electrochemical deposition. The

size and morphology of the silver nanoparticles were tailored by controlling

electrochemical deposition parameters such as deposition time, deposition voltage, and

precursor concentration. During the electrochemical deposition process, silver ions are

electrochemically reduced, and then combined with Gum Arabic monomers to form Ag-

GA nanoclusters, which deposit on the chip surface in the vicinity of the electrodes, see

schematic in Figure 2.1. The electrochemical approach greatly accelerated the Ag+

Ag process compared to the natural reducing process by the Gum Arabic alone.63 In

addition, tailoring deposition parameters enabled not only the formation of size and

morphology of the Ag-GA nanoclusters but also the regular distributed gap pattern in

between the nanoclusters, to be engineered.
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Figure 2.1: Schematic of Ag-GA SERS substrate deposition by electrochemistry and

detection of 2,4-D in water environment.

1. Experimental section.
1.1. Materials.

AgNO3 was purchased from Sigma-Aldrich (Ireland), CAS number: 7761-88-8,

99.99% trace metals basis. 2,4-D was purchased from Sigma-Aldrich (Ireland), CAS

number: 94-75-7, ≥95%, crystalline. Gum Arabic was purchased from both Sigma

Aldrich (CAS number: 9000-01-5) and from Amazon.co.uk (food catalog, see details in

SI section 4.). Volvic natural mineral water was purchased from a local shopping

market (its composition details are in SI). The real river sample was collected from the

local river Lee, Cork, Ireland. The analyses and data collection were carried out on the

same day as the collection. Samples were prepared using ultra-pure Mili-Q water (18.2

MΩ·cm-1, Mili-Q). Electrochemical depositions were undertaken with an Ivium

pocketSTAT handheld potentiostat (Scan range: ±30mA/±10V, size: 16x6.7x1.9 cm,

weight: 300, applicable scan rates: 1 µV/s to 10,000 V/s) operating under computer

control (software: Iviumsoft). DI water and 2,4-D analyte used in this research were

stored in new colorless Eppendorf AG PCR tubes (mL range) from Sigma-Aldrich

https://www.sigmaaldrich.com/IE/en/search/9000-01-5?focus=products&page=1&perpage=30&sort=relevance&term=9000-01-5&type=cas_number
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(Ireland), and AgNO3 solution was contained in a new centrifuge tube from Sigma-

Aldrich (Ireland).

For 2,4-D serial dilution preparation, 0.0088 g of 2,4-D powder was dissolved in 20

mL of DI water, giving a concentration of 2 mM. 100 µL of this 2mM 2,4-D solution

was then diluted in 900 µL of DI water to obtain a 0.2 mM solution. Further dilutions

were obtained by using the same approach.

Most Raman-related research typically uses acid-washed glassware to minimize risks

associated with contamination.68 In this research, the solutions were stored in

plasticware. Such materials have been used for highly sensitive detection of analytes

using LC-MS. Additionally, many publications report on the integration of SERS

substrates with PDMS fluidic cells, achieving sensitive detection of MB at nM

concentrations. For example, with the wide application of SERS in 3-D printing, new

device designs have emerged. Zhang et al. used a 3-D printed PDMS channel to contain

noble nanoparticles and analytes for SERS measurement and were able to detect MB

down to 10 nM.69 Pu et al. also reviewed SERS application combined with PDMS

microfluidic devices.70

1.2. Microelectrode Fabrication on Si/SiO2 chip.

SERS sensors were fabricated on four-inch silicon wafer substrates with a 300 nm

layer of thermally grown silicon dioxide as previously described.71 34 individual

SiO2/Si chips were produced on each silicon wafer, with a chip size of 1 cm (width) x

1.7 cm (length) x 0.1 cm (thickness). For the chip fabrication process, briefly, the

working electrodes were patterned using photolithography and physical vapor

deposition (PVD) (50 nm of Au, with 10 nm of Ti adhesion layer) followed by a lift-off

step. A second optical lithographic and metal deposition process (Au 100 nm/Ti 10 nm)
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was undertaken to define micro-SD pin-out, interconnection tracks, as well as the on-

chip counter electrode (500 μm wide × 6 mm long). A third lithographic step was

employed to define the Pt (Pt 100 nm/ Ti 10 nm) on-chip reference electrode (500 μm

wide × 6 mm long). Finally, 500 nm of Plasma-enhanced chemical vapor deposition

(PECVD) Si3N4 was blanket deposited on the whole wafer. Openings over the

working/counter/reference electrodes and the electrical contacts were defined by

lithography and dry etching process. See SI Figure S1.

1.3. Synthesis of Gum Arabic Coated Ag (Ag-GA) nanoclusters.

The SERS substrates were prepared using different concentrations ( 1pM, 0.1 nM, 10

nM, 200 nM, 600 nM, 2µM, 6µM, 0.02mM, 0.2mM) of Gum Arabic and 5 mM AgNO3

solutions after the optimization process. The Gum Arabic solutions were prepared by

dissolving Gum Arabic powder in DI water. This solution was mixed by hand with a

glass rod at ambient temperature to allow Gum Arabic to dissolve in DI water

completely. For the electrochemical deposition step, Gum Arabic and AgNO3 solutions

were mixed with a 1:1 ratio, and a small aliquot (2 μL) was dropped on a chip surface to

cover a working electrode, the on-chip pseudo reference and counter electrodes. AgNO3

and Gum Arabic solutions were mixed just before the SERS substrate fabrication, as

given enough time, AgNO3 and Gum Arabic would chemically react to form Ag-Gum

Arabic nanoparticles (See SI Figure S2). Electrochemical deposition was undertaken

with an Ivium pocketSTAT handheld potentiostat using the parameters presented in

Table 1 (below). After the application of voltage, the Ag-GA substrate is prepared by

electrochemical deposition. The sensor chip bearing Ag-GA nano particles was then

rinsed under flowing DI water several times. Lastly, the Ag-GA substrate was visually

dried under a nitrogen flow for several seconds before Raman measurements.
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For each 2,4-D Raman detection measurement, Ag-GA samples were freshly prepared

and used immediately, as Ag can easily oxidize in air (GA has a porous structure that

adsorbs water to the surface that could accelerate the oxidation process). Chapter 3

discusses a method to store this type of sensor.

1.4. Microscopic and SEM characterization.

Microscopic images of the fabricated Ag-GA substrates were acquired with a

Renishaw InVia Raman microscope with a 50 x (NA 0.75) objective. SEM

characterization was undertaken with a FEI Quanta 650, the acceleration voltage used

was 10 KV, and the spot size was 2.5 nm. Secondary electrons were used for SEM.

1.5. Raman measurements.

Raman spectra were acquired with a Renishaw InVia microscope (confocal, software:

Renishaw’s WiRE™ 3.4 (Windows®-based Raman Environment), spectral resolution:

0.3 cm-1 (FWHM), spatial resolution (lateral): 0.25 µm, spatial resolution (axial) < 1 µm)

equipped with a 514 nm Ag ion laser (model number: stellar-pro), a 2400 l/mm(vis)

grating and Renishaw CCD detector (1024 pixel × 256 pixel). For the measurements,

the SERS sensor chips were placed in a dedicated holder, as shown in SI Figure S3 (C-

D). A 10 μL aliquot of 2,4-D solution was dropped over the Ag-GA SERS substrate and

covered with a cover glass slide. All measurements were acquired using a 20x objective

(LEICA, NA 0.4, lateral resolution of ~688 nm, and an axial resolution of ~6875 nm)

with the smallest and brightest laser spot adjusted to focus on the measurement surface.

All the spectra presented herein were averaged from ten measurements obtained at

different random points on the substrate, except for the repeatability study, where 25

measurements were employed. For the first (lowest) concentration in different 2,4-D

concentration detection experiments, the 2,4-D spectrum was obtained after half an hour.
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All spectra were obtained using a laser power of 0.07 mW1 and an integration time of

10 s with one measurement/spectrum for each spot. The Ag-GA substrate area was

around 40 µm x 20 µm and the laser spot size was around 1-2 µm.

1.6. Sampling methodology.

The same substrate was used for Raman measurements of different concentrations of

2,4-D solutions. The measurement was first undertaken with a low 2,4-D concentration.

After the measurements of this low concentration were done, the analyte solution was

removed with a small piece of cleanroom wipe (SUPERIOR Polycellulose wipes

purchased from Sigma-Aldrich (Ireland) from the edge of the droplet (care was taken

not to touch the SERS substrate itself). The next concentration of 2,4-D solution were

applied (it was observed that the solution did not visually dry during our experiments).

This method ensured that the Ag-GA substrate was consistent across all 2,4-D

concentrations. This methodology was used by Sharipov et al. to detect bisphenol A and

bisphenol S, using a molecular imprint paper-based SERS sensor.72

1.7. Data Analysis.

All spectra were corrected using the baseline subtraction algorithm described by

Schulze et al.73 The false color map was generated by Matlab R2018b-academic use.

The baseline subtraction process was shown in SI Figure S5. The linear fitting was done

by Origin™ (OriginPro 2016).

2. Results and discussion.
2.1. Ag-GA substrate Fabrication.

1 The laser power was checked daily by using a reference Si calibration chip shown in
SI Figure S4.
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A microband sensor is presented in Figure 2.2. The sensor chips were originally

developed for electrochemical-based sensing applications.71, 74 The detailed chip circuit

design is presented in SI Figure S3 (E). The chips had a micro-SD pin-out for easy

electrical plug-and-play connectivity to the potentiostat (see SI Figure S3 (A-B)). Each

chip had six working electrodes that may be individually addressed. In the present work,

the electrodes employed were single Au micro bands (1 µm wide, 45 µm long, 50 nm

high). These were selected as the high current densities, observed at ultra

microelectrodes, enabled the formation of nanoclusters emanating away from the band.

A small aliquot -for example, only 2 µL- of the mixed GA/AgNO3 solution was

required for one substrate fabrication on the chip. Considering the SiO2/Si chips can be

mass-produced with high throughput and the electrodeposition process took only 10

seconds, the present approach was efficient, scalable, and environmentally friendly.

Figure 2.2 (B) shows the SEM image of a Ag-GA structure electrodeposited on a micro-

band electrode. The nanoclusters were strongly attached to the chip surface, were stable,

and allowed hundreds of Raman measurements to be undertaken without any

degradation of the substrate being observed.

Figure 2.2 (A) Microscope image showing a micro-band working electrode on the chip

(20x under a microscope); Insert: three electrodes system for electrochemical deposition
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(2.5x under a microscope). (B) SEM image of a microelectrode after Ag-GA

electrodeposition

3. Electrodeposition process and sample characterization.

Figure 2.3 (A - D) False color maps from SEM images for structure one to structure

four by Matlab 2018, scale bar: 5 µm; the color bar at 0 nm is the SiO2/Si reference

surface. (E-H) SEM images of nanostructures for structure one to structure four. Scale

bars: 500 nm.

Figure 2.3 (A-D) shows SEM images of four Ag-GA nanostructures prepared using

different experimental parameters as described in Table 1. The relationship between the

deposition current (nA) and time (s) is shown in SI Figure S6 (A). The deposition

current shows a linear relationship with deposition time, and the maximum current for

the four Ag-GA substrates were 70 nA, 60 nA, 90 nA, and 120 nA, respectively. The

false color maps in Figure 2.3 (A-D) show different Ag-GA substrate structures. False

color maps indicated the nanocluster space distribution across the chip surfaces, as well

as the 3-D nature of the deposited nanocluster structures. The color bar indicates the

distance of the nanocluster from the SiO2/Si substrate, the deep blue color (color bar
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value at 0 nm) is the SiO2/Si reference surface; the nanoclusters that present light green

color are around 50 nm in height, which is around the same height as the working

electrode. The higher the number in the color bar, the further the nanoclusters are away

from SiO2/Si substrate. The nanoclusters that showed a yellow color were ~ 100 nm

away from SiO2/Si surface while the nanoclusters that showed a red color were more

than 100 nm away from the SiO2/Si reference surface. Optical images are presented in

Figure S6 (C) and Original SEM images are presented in SI Figure S7 (A-D). Figure 2.3

(E-H) shows high-resolution SEM images of nanoclusters for the four structures. Ag-

GA nano dendrite structures formed in Figure 2.3 (E-G) labelled structure S1, S2, S3,

while round-shape Ag-GA nano particles growth was observed in Figure 2.3 (H),

labelled structure S4. The size of the Ag-GA nano particles in structure S4 was estimated

to be in the range of 50-70 nm, see SI Figure S8. For structures S1 and S3, Ag-GA nano

dendrites growth on the surface of SiO2 was observed to be orthogonal to the chip’s

surface - see also SEM image tilted at 35 ͦ in SI Figure S9 that showed the isolated

growth of the nanoclusters on SiO2. By comparison, for structure S2, the Ag-GA nano

dendrites grew along the Au electrode and stacked together perpendicularly to the chip

surface.

Nanoclusters and nanogap formation may be explained by the interplay between mass

transport (diffusion and electron migration) of Ag ions and passivation by Gum Arabic.

After mixing with Gum Arabic, the resistance of the mixed solution is higher than

AgNO3 alone. This was inferred by the recordings of the electrical current when using

solutions with and without Gum Arabic, see SI Figure S6 (A) and Figure S10 (A).

Using the same deposition parameter as S4 (-0.2 V, 2 s; -0.8 V, 8 s), the maximum

deposition current was about 2 µA without Gum Arabic, while it was around 120 nA

after mixing AgNO3 with Gum Arabic. The reduction of Ag ions to Ag atoms reaction
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happened on the substrate emanating away from the electrodes due to the strong electric

field. Ag-GA nano structure formed immediately and stacked on the SiO2/Si substrate.

The formation of Ag-GA nanoclusters further affected the electric field distribution and

helped the formation of nanogaps in between the nanoclusters.75 As different

concentrations of Gum Arabic solutions had different resistances, it was observed that

the resistance increased as the concentration of Gum Arabic increased within certain

Gum Arabic concentrations.76 According to Ohm’s law, J= σ E, where J is the current

density, σ is the electrical conductivity, and E is the electric field, different

concentrations of Gum Arabic solutions resulted in different electrical conductivity for

the mixed silver precursor solutions, which further resulted in different current densities

in the electrochemical system. Thus, there were different Ag-GA nanostructures formed

with different Gum Arabic concentrations when the other deposition parameters were

maintained (see structures 1, 3, 4 and SI Figure S11 (A-E)). The applied voltage also

affected the growth pattern and growth direction of the Ag-GA nano particles (see

structures 1, 2 and SI Figure S11 (M-O)). The detailed discussion is presented in SI. In

conclusion, by adjusting the concentration of AgNO3 and Gum Arabic in the solution as

well as the electrochemical deposition parameters such as applied voltage and

deposition time, it is possible to engineer the size and morphology of the Ag-GA nano

structures and the nano gap patterns in between the nano clusters. The homogeneously

distributed, high density of nanostructures and nano gaps made these substrates good

candidates for SERS applications.

Table 1 Electrochemical deposition parameters for the four structures.

Ag-GA
substrate [AgNO3] [Gum

Arabic]
Applied potential and
deposition time

Maximum
current (nA)
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S1 5mM 2g/L Step 1: -0.2 V, 2s;

Step 2: -0.8 V, 8s.

70

S2 5mM 2g/L Step 1: -0.2 V, 2s;

Step 2: -0.5 V, 8s;

Step 3: -0.6 V, 2s.

60

S3 5mM 1g/L Step 1: -0.2 V, 2s;

Step 2: -0.8 V, 8s.

90

S4 5mM 0.5g/L Step 1: -0.2 V, 2s;

Step 2: -0.8 V, 8s.

120

4. Raman-based detection of 2,4-D pesticide.
4.1. 2,4-D detection in DI water.

In the present work, Gum Arabic (GA) was used for the synthesis of the Ag

nanostructures, and different concentrations of GA allowed for the synthesis of various

morphologies. The fabricated samples were then tested for the detection of 2,4-D. As

previously mentioned, 2,4-D lacks Nitrogen or Sulfur atoms in its chemical structure,

and as a result, its interaction with the sensor surface is expected to be weak. This

observation was confirmed in our case, where 2,4-D did not yield a repeatable Raman

signal on a sensor bearing Ag nanostructures alone (i.e., without GA), even at a very

high concentration (1 mM), see SI Figure S12.

In this regard, GA may be capable of capturing and concentrating the target

compound at the sensor surface, enabling its detection using Raman spectroscopy.

Indeed, polysaccharides have previously been employed to interact with organic

molecules, specifically pesticides59. Gum Arabic, in particular, has been utilized as a

flavor carrier in the food industry,77 but it has also found environmental remediation
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applications due to its ability to interact with pollutants such as pesticides59, antibiotic78

or antifungal crystal violet dye79.

GA consists of polysaccharides rich in galactose and arabinose, and a small protein

fraction associated with these polysaccharides, see SI Figure S13. It contains a large

amount of -OH, -O-, and -CH bonds as well as a small portion of -NH2 and -SH groups

associated with the protein.80 Such functional groups may attract 2,4-D to the surface of

the Ag-GA nano particles. For example, in the research of Hassanzadeh-Afruzi et al.,78

the proposed interaction between levofloxacin Antibiotic and GA was through hydrogen

bonding or electrostatic interaction of the carboxylic acid functional group (-COOH, -F)

and -OH/-COOH of GA, as well as physical entrapment. Amino acid in protein can bind

to 2,4-D and this has been studied by Forgács et al. using charge-transfer

chromatography.81 Similar interaction might occur for 2,4-D as depicted below in

Figure 2.4.

Figure 2.4: Possible interaction mechanism between GA layer and 2,4-D through

amino acid, electrostatic interaction, and H-bonding.
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Figure 2.5 (A) below depicts the experimental setup used to take the Raman spectra.

Briefly, the sensor chip was placed in a designed chip holder. The size of the chip

holder is the same as a microscope slide. After the application of the analyte solution on

the sensor chip, Raman measurements were carried out after covering the sensor and

analyte solution with a coverslip.

The initial Raman spectrum of bare Ag-Gum Arabic samples, acquired in air,

exhibited peaks at 200cm-1 and two broad peaks at ~1400 cm-1 and ~1600 cm-1, as

shown in Figure 2.5. The peaks at ~200cm-1 can be assigned to silver nanoparticle.82-83

After the application of DI water, the Raman intensity (a.u.) of the overall spectrum

decreases from ~8000 to ~3000 Raman counts because of the water environment, see

Figure 2.5 (B). The Raman signal in water is usually weaker than in a dry

environment.84

The Si/SiO2 peaks are not significant in these spectra because of the coverage of the

Ag-GA nanostructures, which block the Si/SiO2 peak signal. Additionally, the SERS

signal from Ag-GA NP itself is much higher than that of the Si/SiO2 peaks, making the

Si/SiO2 peaks at 520 cm-1 and 950 cm-1 85, 86 (See SI Figure S4 for Raman spectrum of

bare Si/SiO2 chip) not shown in the spectrum.
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Figure 2.5: (A) Schematic illustration of the Raman measurement setup; (B) Raman

spectrum of Ag-GA substrate before and after DI water application (without baseline

subtraction).

Figure 2.6 (A) shows the Raman spectra of DI water and a 0.1nM 2,4-D solution after

baseline correction. There are no clear peak features in the DI water spectrum of the

Ag-GA substrate. On the contrary, after the application of the 2,4-D solution on the Ag-

GA substrate, the spectrum shown in Figure 2.6 (B) immediately appeared, and clear

peaks at 293 cm-1, ~900 cm-1, ~1098 cm-1, ~1129 cm-1, and 1400 cm-1 can be observed.

These peaks were not observed in DI water, suggesting that the signal was generated

because of the 2,4-D analyte.
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Figure 2.6: (A) Spectrum of deionized water as the reference (background corrected);

(B) Spectrum of a 0.1 nM solution of 2,4-D on a S4Ag-GA substrate.

To attempt to assign the observed peaks to molecular vibration of 2,4-D, Raman

spectra of 2,4-D powder were taken, see SI Figure S14. The solubility of 2,4-D in water

is 900 mg/L (4 mM) and no normal Raman signal could be observed at this
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concentration. However, Hua, Santos Costa, and Jia et al. reported SERS spectra of 2,4-

D solution87-89, see Table 2. For, 2,4-D powder, the Raman bands at 194, 413, 840, and

1105 cm-1 were assigned to in-plane vibrational modes involving C-Cl and C-O-C

bonds.87-88The peak at 893 cm-1 was assigned to C-COO- vibration and the peak at 1050

cm-1 to C-O vibration and Carbon ring vibration. And the peak at 1393 is CH2

vibration.89

Table 2: 2,4-D Raman peak assignment in different states according to literature.87-89

2,4-D spectrum
in this research 2,4-D powder

2,4-D Raman
peaks with Ag
NPs in literature

Vibrational modes

293 194, 413 422 δ(COC) + δ(CCl)

/ 840 800 ν(CC)ring + ν(C–O) + ν(C–Cl)

927 893 / ν(C–COO−)

1098 1050 / ν(CC)ring + ν(CO) + δ(CH)ring

1129 1105 1178 ν(CC)ring + ν(C–Cl)

There seems to be some mismatch between some of the peaks recorded in our

experiment and those of the 2,4-D powder/2,4-D SERS reported in the literature.

Possible reasons are the difference in Raman spectra for the same compounds in

different forms (i.e., crystal vs. solution), as discussed in Chapter 1, and the present

experiment might have contributions from the GA layer.

To study the detection properties of the developed sensors in more detail, Raman

spectra of diluted solutions of 2,4-D were acquired on different types of structures S1-S4.

Different structures exhibited varying response times to different concentrations of

2,4-D, as shown in Table 3 below. A change in the Raman spectrum was observed that

for structures S1-S3 and 0.1 nM (0.0221 ppb) of 2,4-D within 30 minutes, as depicted in
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SI Figure S15, while structure the spectral change occurred with a concentration as low

as 1 pM (0.221 ppt) of 2,4-D within the same time frame for S4. Structure S4 exhibited

immediate spectral changes for 0.1 nM 2,4-D as shown in Figure 2.6.

The difference in response time between lower and higher 2,4-D concentrations

suggests that the observed peaks are indeed related to 2,4-D. The enhanced sensing

capabilities of S4 could be attributed to differences in morphology and size of the Ag-

GA nanoparticles.20, 90-91 The Raman signal also depends on the adsorption ability of the

substrate and the total adsorbed amount of targeted analytes near the surface. Thus, the

density of nanoparticles in one laser spot area also contributes to the difference in

detection ability among these four structures.92 In addition to the differences in

morphology and nanoparticle size, S4 exhibits a higher density of Ag-GA NPs and a

narrower nanogap between nano clusters compared to the other three structures, as

observed from the color maps in Figure 2.3 (A-D).

For S4, it was observed that the lower the 2,4-D concentration used, the longer it took

to obtain a Raman signal. SI Figure S16 shows the spectra acquired at different

positions for S4 within the first 30 minutes, revealing that the spectral features

associated with the addition of 2,4-D only began to appear at the 13th spectrum

(indicated by arrows). After the application of 2,4-D at 1 pM on the Ag-GA substrate,

2,4-D molecules likely interacted with the Ag-GA surfaces in various orientations. Gum

Arabic, present on the surface of the sensor, possesses numerous functional groups (-

OH, -COOH, -C-O-C-, and functional groups from proteins in Gum Arabic), interacting

with water/2,4-D in diverse ways. These factors possibly collectively contributed to the

spectrum features observed in SI Figure S16, before a repeatable 2,4-D spectrum

features appeared.
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Table 3: Comparison of response time and detection ability of S1-S4.

Structure type Detection ability in 30 minutes Response time for 0.1 nM

Structure 1 0.1 nM 30 minutes

Structure 2 0.1 nM 30 minutes

Structure 3 0.1 nM 30 minutes

Structure 4 0.001 nM Immediately
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Figure 2.7.: Spectra acquired with S4 and 1pM 2,4-D after (A) 11th measurement (16.5

minutes) and (B) 13th measurement (19.5 minutes). The inset shows schematics of 2,4-

D diffusion near Ag-GA NPs surface.

Raman
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This time dependence of the signal for 1 pM 2,4-D can also be explained by the fact

that, at a low concentration of 2,4-D, it takes longer for the molecule to reach the Ag-

GA surface because of diffusion.93 Within the same time window (half an hour), at a

higher concentration of 2,4-D (0.1 nM), more molecules interacted with the sensor

surface, leading to faster acquisition of the Raman signal, as illustrated in the schematic

in Figure 2.7.

S4 was selected as the sample type for further study presented below due to its

superior detection ability. Different concentrations of 2,4-D ranging from 1 pM to 0.2

mM in DI water were utilized for the 2,4-D detection study, as depicted in the spectra in

Figure 2.8.

In the experiment involving S4, an aliquot of the lowest 2,4-D concentration (1 pM)

was applied to the sensor, and 10 spectra were acquired after the 2,4-D signal appeared,

during a 30-minute incubation period. Subsequently, the solution was removed using a

cleanroom wipe based on the capillary principle, and a solution with a higher 2,4-D

concentration was applied onto the Ag-GA substrate, followed by the acquisition of 10

spectra. These steps were repeated for the remaining concentrations. This methodology

was employed to study the concentration dependence on one substrate and thereby

eliminate possible sample-to-sample variability. However, using only one sensor for a

series of 2,4-D concentration tests is not a good analytical practice. If the 2,4-D

molecules are trapped in the GA layers, more and more molecules are effectively added

at each step, making quantification impossible. The 2,4-D concentrations used for

incubation influence the results, but the outcome also depends, to some extent, on the

previously used concentrations.
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Figure 2.8.: Spectra of different 2,4-D concentrations ranging from 1 pM to 0.2 mM in

DI water.

From the spectra in Figure 2.8, peaks of interest at ~293 cm-1, ~900 cm-1, 1400 cm-1,

and three sharp peaks at ~1130 cm-1 were observed for all the concentrations studied.

However, when plotting the intensity of these peaks against Log[2,4-D]. There was no

significant peak intensity change vs. [2,4-D], a big peak intensity changed would be

expected in most of the SERS studies, as seen in SI Figure S17.

For all the raw data used in different 2,4-D concentration detection, the noise levels

were similar for different 2,4-D concentrations, SI Figure S18. The 2,4-D concentration

increase did not seem to affect much the spectra. This can be related to the interaction

mechanism between 2,4-D and Gum Arabic. A possible mechanism is that the analyte

molecules are trapped within the GA layer and remain confined thereafter. As discussed

earlier, Gum Arabic possesses numerous functional groups (-OH, -COOH, -C-O-C-,

and functional groups from proteins in Gum Arabic) and may interact with 2,4-D

through hydrogen bonding or electrostatic interactions of the carboxylic acid functional
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group (-COOH) and -OH/-COOH of GA, as well as physical entrapment. To further

understand the interaction mechanism between 2,4-D and Gum Arabic, the Langmuir

diffusion model and Raman counts vs. time experiments at one concentration could be

further studied, but this is not within the scope of this study.94

However, while there is no definite dependence of single peak intensity vs. Log[2,4-

D], further analysis reveals slight changes in the spectra with concentration. For

example, Figure 2.9 (A) shows spectra recorded at 0.1 nM and 0.02 mM, normalized

against the peak at 1400 cm-1. Figure 2.9 (B, C) indicate changes in the normalized

intensity of the peaks at 290 cm-1 and 1130 cm-1. The broad peak near 1600 cm-1 also

decreases due to the overall coverage of 2,4-D molecules as the concentration increases,

as seen in Figure 2.9 (D).
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Figure 2.9: (A) Comparison between normalized 2,4-D spectra of structure 4 of 0.1 nM

and 0.02 mM at 1400 cm-1 in calibration section for S4; (B, C) Peak 293 cm-1 and 1130

cm-1 increased; (D) peak around 1600 cm-1 decreased.

The peak at 1400 cm-1 could be related to the characteristic peak for the Gum Arabic

layer, 95 while the peaks at 1130 cm-1 and 293 cm-1 can be related to 2,4-D (Peak 1130

cm-1 is related to ν(CC)ring + ν(C–Cl), and peak 293 cm-1 is δ(COC) + δ(CCl), see table

2). The peak ratio could thus reflect the interaction between 2,4-D and GA.

Figure 2.10 shows the trend lines for peak ratio I 927cm-1/1400 cm-1, I 298cm-1/1400 cm-1, I

1130cm-1/1400 cm-1, I 1098cm-1/1400 cm-1 vs. Log[2,4-D]. As can be seen, there is no correlation

for peak ratio I 927cm-1/1400 cm-1, I 1098cm-1/1400 cm-1 vs. Log[2,4-D]. However, the peak ratios

I 298cm-1/1400 cm-1 and I 1130cm-1/1400 cm-1 increased with Log[2,4-D]. The peak ratio I1130cm-

1/1400 cm-1 was used for further study.

Figure 2.10: peak ratio I 927cm-1/1400 cm-1, I 298cm-1/1400 cm-1, I 1130cm-1/1400 cm-1, I 1098cm-1/1400 cm-1

vs Log[2,4-D].
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Though there is time dependence for the 2,4-D signal to show up, the peak ratio I1130

cm-1 / I1400 cm-1 did not show any kinetic trend before the 2,4-D signal at low concentration

(1 pM) appeared, as shown in SI Figure S19. The value of peak ratio I1130 cm-1 / I1400 cm-1

is in the range of 0.3-1 at 1 pM 2,4-D in 30 minutes, the peak ratio is thus only valid

after the 2,4-D signal is shown for analysis.

To assess the error bar of the developed sensor, the repeatability for S4 (with 2,4-D

concentration at 2 µM) at 25 random points on a Ag-GA substrate is shown in Figure

2.11 (A), while the repeatability for S1-S3 is displayed in SI Figure S21-23. Data are

also presented in another format in SI Figure S23. The Standard Deviations (SDs) of S1-

S4 for I1130 cm-1 / I1400 cm-1 were 0.07, 0.06, 0.08, and 0.07, respectively, with an RSD

range 9-12%, as seen in SI Figure S 20-22 (B) and Figure 2.11 (B). This level of

variation is typical in nanostructure-based sensor calibration studies, where the Relative

Standard Deviation (RSD) for repeatability studies is around ~10%.96-97
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Figure 2.11 (A) Color waterfall spectra of 25 random positions for 2 µM 2,4-D on a S4

Ag-GA substrate, the color bar stands for Raman intensity (a.u.). (B) Histogram I1130

cm-1 / I1400 cm-1 at 25 different random points, the SDs were 0.07 for the peak ratio.

The peak ratio I1130 cm-1/I1400 cm-1 vs. [2,4-D] is depicted in Figure 2.12 (A). At low

concentrations (1 pM), this ratio is 0.55 and increases as the concentration rises,

reaching 0.75 at higher concentrations. Similar results for S1-S3 are illustrated in SI

Figure S24-26 (A). Similar results were also observed by using commercial GA, see SI
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section 5. This increase in the peak ratio could describe the sequential loading of the

GA layer with the 2,4-D molecules applied. Upon incubation in the lowest

concentration (1 pM), the GA layer is loaded with the target analyte, which is reflected

in the appearance of peaks in the initial Raman spectrum. Once this initial loading has

occurred, the GA layer’s functional group that can interact with 2,4-D becomes mostly

filled, and further loading becomes more challenging and slower, eventually reaching

saturation. In the range of 2,4-D concentrations studied for S4, a fit of y = 0.6296 +

0.0266log10(x), with an R2 = 0.9530 was obtained, between I1130 cm-1 / I1400 cm-1 and log10

[2,4-D] (in nM), shown in Figure 2.12 (B).

The low slope indicated a low sensitivity of the sensor and reflects the slow loading

of 2,4-D on the GA layer after the initial incubation. The RSD of error bars for I1130 cm-1 /

I1400 cm-1 against the logarithm of the concentrations of the 2,4-D ranged from 4-14%

(SDs range from 0.038 to 0.129). This, conjugated with the low slope, implies that the

sensor cannot be used for calibration or quantification. The initial peak ratio value

varies among different Ag-GA sensors at the same 2,4-D concentration due to

variability in sensor fabrication. This is the reason to use the substrate for the

concentration sequence, otherwise, it is not able to see the trend of the Raman intensity

vs. 2.4-D concentration, given that the change of the Raman intensity was not

significant with the change of 2,4-D concentration. This calibration approach, however,

is not a good analytical practice in general. In most of the situations, a single substrate

was used for a single concentration. The sampling method has been discussed also in

experimental section 1.6.
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Figure 2.12: (A) I1130 cm-1 / I1400 cm-1 vs Concentration (in nM) for a S4 substrate. (B)

Fitting line for I1130 cm-1 / I1400 cm-1 vs log(concentration (in nM)) for a S4 substrate. The

error bars were obtained from the standard deviation (SD) of ten measurements at

random points.
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For the majority of SERS-related sensors or SERS studies, the signal change (or peak

intensity change) is usually significant with changes in the concentrations of analytes as

there is a strong interaction with the SERS surface itself - especially for Raman-active

analytes such as methylene blue, crystal violet, etc., that contain -S or -N atoms. With

surface functionalization methods, it is possible to capture analytes close to the SERS

surface to benefit from enhanced signals. The binding between the functionalized SERS

substrate and analytes can occur through biochemical processes such as DNA binding

or antigen-antibody binding, as mentioned in Chapter 1. Another popular method

nowadays to detect organic molecules is to use the molecular imprint (MIP) method.28

This method uses polymer as a matrix and targeted analytes as embedded templates.

The targeted analyte is trapped inside the polymer matrix. After removing the template

by chemical washing, 'holes' in the shape of the targeted analyte are left in the matrix,

and these 'holes' can selectively host the targeted analytes again.

This allows the MIP-based SERS substrate to detect targeted analytes with better

capacity as well as better selectivity compared to the non-imprint molecular (NIP)

method, which does not create extra tailored 'holes' for detection. For example, Hua et

al. found that the adsorption capacity of the MIP SERS substrate is double that of the

NIP SERS substrate for 2,4-D detection.28 Many sensing research projects involve MIPs

using enabling technologies other than SERS, such as fluorescence or electrochemical

sensors. Elamin et al. developed a new electrochemical sensor based on a MIP

nanocomposite using overoxidized polypyrrole and copper nanoparticles for the

detection of sulfadiazine. From their experimental results, the signal change was 2.5,

from 2.5 to 5.0 for NIP, while for MIP, the range was from 7.5 to 22 with a change of

14.5 at the same concentration range of sulfadiazine.98 He et al. compared the

fluorescence spectra of SiO2@CDs&NBD@MIP and SiO2@CDs&NBD@NIP with the
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addition of the indicated concentrations of CNP. For MIP, the signal change ranged

from 1.1 to 1.5 with a change of 0.4 (slope: 0.005), while for NIP, the signal change

ranged from 1.05 to 1.10 with a change of 0.05 (slope: 0.001).99

Chemical synthesis used for MIP SERS sensors typically requires high-temperature

conditions to enable crosslinking or other binding between the polymer matrix and

targeted analyte monomers. In the study by Marti et al.28 for 2,4-D detection, the mixed

chemicals were capped and heated at 45 °C for 4 hours and then at 60 °C for 2 hours in a

water bath. Lu et al. used clean wafers and placed them in a 1% (v/v) APTES anhydrous

ethanol solution at 80 °C for 6 hours for the amination process to obtain the MIP

template,100 They further applied Ag-Au NPs on the wafer to detect colorectal cancer

biomarkers.

In this research, electrochemical co-deposition was used for Ag-GA NPs synthesis.

There was no need to use a high temperature during this process, and the fabrication

took no more than ten minutes, including preparation and electrochemical deposition

operations. However, for electrochemical deposition, high temperature is not available

in preparing the NPs, MIP is thus not available for current experimental conditions.

The experimental results in the present research are consistent with NIP sensor

research, although the result (the slope) was not as good as MIP SERS sensors. For NIP

sensors and the Ag-GA SERS sensor in this research, the slope is low. However, this is

a characteristic of this type of sensor based on NIP, as it has less hosting capacity than

MIP sensors.100-101 Furthermore, the error bar in this research is large, which, combined

with the low slope, makes the result not ideal in terms of sensor performance. Similar

results were also presented in the research of Marques et al.38, where they used a paper-

based SERS sensor to screen tetracycline (TET) in milk. From the results, the error bar

is large and the slope is small over a wide [TET] range, making this sensor not ideal for
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TET quantification in real-world applications. However, their research offers a one-step,

simple screening of TET in milk under 0.01 ppm with low cost, and the results showed

a linear trend between peak ratio and Ln [TET].

In this research, again, one SERS substrate was used for all concentrations under

study, rather than employing one SERS substrate for each 2,4-D concentration. The

advantage of this approach is that it maintained consistent experimental conditions

across all 2,4-D concentrations, thereby limiting the potential experimental errors

arising from different SERS substrates.102-103 The disadvantage of this approach

however is that the calculated detection limit will not be accurate and it prevents

quantification. In this sense, using the same substrate for calibration is a poor analytical

practice. The detection limit claimed in this research was based on experimental data

(lowest 2,4-D concentration that has a Raman signal), not calculated data.

4.2. 2,4-D detection in real samples.

The effect of different matrices on the sensor performance was studied, by spiking

both commercial mineral water and river water samples with known 2,4-D

concentrations. The mineral composition of the commercial mineral water is shown in

Table S1 in SI. As S4 was able to detect 2,4-D at 0.1 nM immediately, it was chosen for

a real sample study. Ten measurements were undertaken for each concentration on a S4

Ag-GA substrate. The experiments were repeated three times on three individual

substrates. The error bar was calculated using data from the standard deviation (SD) of

the three replicates across the three substrates and shows that the interaction of the

sensor with 2,4-D in the presence of different ions remains largely unaffected.

The reference spectrum for mineral water is shown in Figure 2.13 (A), the

interference peaks near 1000 cm-1 are probably due to the interaction between Gum
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Arabic and SO42- present in mineral water.104 From 0.15 nM to 1.5 µM of 2,4-D used,

see Figure 2.14, a plot was obtained: y = 0.5865 + 0.0329log10(x), where x is the peak

ratio I1130 cm-1 / I1400 cm-1, with a R2 = 0.9804. See Figure 2.13 (B), similar results were

obtained for river water, in the concentration range of 0.015 nM to 1.5 µM, a plot of y =

0.6456 + 0.0180log10(x), with R2 = 0.9681 was obtained. The slope of 2,4-D in mineral

water is higher than in DI water. It is possible that ions in mineral water aided the

penetration of 2,4-D into the GA layer.



111

Figure 2.13: Spectra for real sample (A) commercial mineral water; (B) river water on

S4Ag-GA substrates at concentrations 0.15 nM, 1.5 nM, 15 nM, 0.15 μM, 1.5 μM, and

the spectra for reference water samples, spectra offset for clarity.
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Figure 2.14: Linear calibration lines for 2,4-D in both river water and mineral real

samples. Each data point was from the average of three sensor chips, and the error bar

was the SD of these three data. For each sensor at a certain 2,4-D concentration for each

water sample, ten spectra were obtained.
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5. Conclusions.

In summary, proof-of-concept Ag-Gum Arabic nanocluster-based substrates were

prepared using an electrochemical deposition method. This fabrication method was

environmentally friendly, efficient, and simple. The analyte 2,4-D does not contain an -

S or -N atom and does not generate a strong SERS signal on the silver nanoparticle

surface. Instead, it interacts with the gum Arabic layer, helping to get a consistently

readable Raman signal on the Ag-GA surface.

As the concentration of 2,4-D increased, a slight enhancement in signal was observed.

However, the risk of rapid saturation became evident after multiple measurements at

different 2,4-D concentrations. It is possible that there were insufficient binding sites for

2,4-D on the Ag-GA surface, similar to NIP sensors. The experimental method, which

involved adding different 2,4-D concentrations to the same substrate, had shortcomings.

Based on the results, the detection was not sensitive to changes in 2,4-D concentration,

making quantification impossible. Nevertheless, the experimental data showed a signal

at a low concentration of 1 pM 2,4-D.

Additionally, the design and method for Ag-GA substrate fabrication and noble

nanoparticle synthesis could be completely changed, for example, by using MIP

chemical synthesis. The 2,4-D antibody functionalization approach can be utilized based

on the current silicon chip platform, although the antibody approach would increase the

sensor development cost. Although limited by this Ag-GA sensor chip platform, this

research somehow offers a simple way of fabricating Raman-based sensors. Different

Ag-GA NPs produced by electrochemical deposition can also be used in other sensing

applications, not limited to 2,4-D detection.
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Supporting Information.

1. Chip fabrication process.

Figure S1: Chip fabrication process flow. Briefly, working electrodes, a reference

electrode, a counter electrode, connecting wires, and contacting pads were patterned

using photolithography and physical vapor deposition (PVD) followed by a lift-off step.

Finally, Plasma-enhanced chemical vapor deposition (PECVD) Si3N4 was blanket

deposited on the whole wafer, the openings were over the working/counter/reference

electrodes, and the electrical contacts were defined by lithography and dry etching

process.

Figure S2: Given enough time, AgNO3 and Gum Arabic would chemically react to form

Ag-Gum Arabic nanoparticles.
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2. Electrochemical deposition setup.

Figure S3: (A) Chip connector. (B) SERS substrate fabrication setup by electrochemical

deposition. (C, D) Chip holder for Raman measurements in a water environment. (E)

Chip design layout.
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Figure S4: (A) Spectrum of Si chip used for daily laser power calibration by Raman

counts (around 20000 a.u.), Raman peak at 520 cm-1. Laser power: 0.7 mW, lens: 50x,

exposure time: 1s. For laser power calibration, a daily check of this Si chip was carried

out before experiments. The intensity should be tuned to remain around 20000 a.u and

the peak should stay near 520 cm-1. (B) Raman spectra of Si/SiO2 sensor chip. Si: 520

cm-1, 950 cm-1. Laser power: 0.07 mW, exposure time: 10s, lens: 20x.
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Figure S5: (A) bare substrate (in black) and substrate after application of DI water (in

red). (B-D) Data processing by Matlab. (B) Raw data for 1 pM 2,4-D, the clean lines are

the baseline for spectra and the background signal came from the Gum Arabic layer. (C)

Spectra after baseline subtraction. (D) Average of the ten measurements in (B) for 1 pM

2,4-D.
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Figure S6: (A) Current (nA)-deposition time (s) graph for four Ag-GA nanostructures.

On the same chip, for S1-S4, deposition current is around 70 nA, 60 nA, 90 nA, and 120

nA, respectively; (B) Corresponding SEM images for S1-S4. (C) Corresponding

microscope (x50) images for S1-S4.

3. Optimization of the Ag-GA nano structure.
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Figure S7: (A-D) SEM images of Ag-GA Nano structures S1-S4.

Figure S8: SEM image of Ag-GA SERS substrate S4. SEM: 10 KV, spot size 2.5 nm.

Particle size is indicated in the image. Scale bar: 500 nm.
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Figure S9: SEM image tilted at 35◦ that showed the isolated growth of the nanoclusters

on SiO2.

Figure S10: Current (µA)-time (s) graph for Ag deposition without Gum Arabic (5 mM

AgNO3).

To optimize the Ag-GA nano structure from an application point of view (detection

ability and response time), and electrochemical deposit Ag-GA nano structures that
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meet the requirements of a SERS device, different concentrations of AgNO3, voltage

settings, concentrations of Gum Arabic, deposition times were studied. With the sample

voltage and deposition time (step 1: -0.2 V, 2 s; step 2: -0.8 V, 12 s; step 3: -1.2 V, 2 s),

and the same concentration of AgNO3 ( 5 mM ), by tuning the concentration of Gum

Arabic solution of 1 g/L, 2 g/L, 3 g/L, 10 g/L, 100 g/L, the volume and morphologies of

the Ag NPs are different. As shown in Figure S11 (A-E). When the concentration of

Gum Arabic is larger than 3 g/L, the silver nano particles tend to aggregate with smaller

nano gaps in between, while when the concentration of Gum Arabic is below 3 g/L, the

silver nano clusters distributed separately on the SiO2/Si substrate with nano gap

forming in between the silver nano clusters. For 1 g/L Gum Arabic solvent, the silver

nanoparticles were decorated by small size nano dendrite on the top; For 2 g/L Gum

Arabic solvent, the silver nanoparticles had thicker and larger size nano dendrite

decoration on the top compared to 1 g/L Gum Arabic solvent. To study the dependence

between deposition time and morphology, 2 g/L Gum Arabic solvent and 5 mM AgNO3

solvent were used, voltage setting: setting 1: step 1: -0.2 V, 2 s; setting 2: step 1: -0.2 V,

2 s; step 2: -0.8 V, 8 s; setting 3: step 1: -0.2 V, 2 s; step 2: -0.8 V, 12 s; setting 4: step 1:

-0.2 V, 2 s; step 2: -0.8 V, 16 s; As shown in Figure S11 (F-I), the deposition time

increased, the nano dendrites grow bigger. With the same voltage setting (step1: -0.2 V,

2 s; step2: -0.5 V, 8 s; step3: -0.6 V, 2 s.) and the same Gum Arabic concentration

(1g/L), different AgNO3 concentration (1 mM, 5 mM, 0.5 M) was used to show the

effect of the concentration of AgNO3. As shown in Figure S11 (J-L), at low AgNO3

concentration (1 mM), there was a thin layer of Ag-GA nano particles grow on the

SiO2/Si substrate; at AgNO3 concentration of 5 mM, a thicker layer of Ag-GA nano

particles grew on the SiO2/Si substrate, as shown in Figure S11 (J); at high AgNO3

concentration (0.05 M), the Ag-GA dendrite tended to grow in 3D as shown in Figure
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S11 (L). AgNO3 concentration of 5 mM was the optimized parameter for this

electrochemical platform. As shown in Figure S11 (K), there was a dense coverage of

Ag-GA nano particles providing numerous hotspots and the size of the nano particles

had good resonance with the laser wavelength (514 nm). To determine the optimized

deposition voltage, we used different voltage combinations at the same concentration of

AgNO3 (5 mM) and Gum Arabic (2 g/L). Combination 1: step1: -0.2 V, 2 s; step2: -0.5

V, 8 s; step3: -0.6 V, 2 s; combination 2: step1: -0.2 V, 2 s; E2: -0.8 V, 8 s; E3: -1.2 V, 2

s; combination 3: step1: -0.2 V, 2 s; step2: -1.2 V, 8 s; step3: -1.5 V, 2 s; as shown in

Figure S11 (M-O). At lower voltage combination (combination 1: step1: -0.2 V, 2 s;

step2: -0.5 V, 8 s; step3: -0.6 V, 2 s), the Ag-Ga nano dendrites grow near the Au

electrode; at voltage combination 2 (step1: -0.2 V, 2 s; step2: -0.8 V, 8 s; step3: -1.2 V,

2 s;), the Ag-Ga nano particles grew on the SiO2/Si substrate with nano dendrites that

were decorated on the top of the nano particles; At higher voltage combination

(combination 3: step1: -0.2 V, 2 s; step2: -1.2 V, 8 s; step3: -1.5 V, 2 s), irregular

growth of the Ag-GA particles occurs, this inhomogeneous growth of Ag-GA particles

resulted in dramatically different Raman signal at different points during the 2,4-D

detection process. In this electrochemical platform, a voltage below 1.2 V was used.
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Figure S11: SEM images of different deposition parameters. (A-E): different Gum

Arabic concentration: 1 g/L, 2 g/L, 3 g/L, 10 g/L, 100 g/L; (F) deposition voltage at -0.2

V, 2 s; (G-I) E: -0.8 V, different deposition time: 8 s, 12 s, 16 s; (J-L) different AgNO3

concentrations: 1 mM, 5 mM, 0.05 M. (M-O) different voltage settings which effected

the growth pattern of the nano gaps. AgNO3: Gum Arabic=1:1 in all the experiments.

All the nanostructures have been electrochemically deposited at least 3 times.

Figure S12: Spectra for 2,4-D at 1mM on bare silver nano particle SERS substrate, at

three different locations. The silver nano particle was deposited by electrochemical

synthesis, the electrochemical deposition curve is shown in Figure S10.
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Figure S13: Chemical structures of Gum Arabic unit. Gum Arabic contains around 39-

42% of galactose units, 24-27% of arabinose units, 12-16% of rhamnose units, 15-16%

of glucuronic acid units, 1.5-2.4% of protein moieties, and 12-16% of moisture. These

percentages are different with different gums depending on the acacia trees’ ages or

locations.346
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Figure S14: (A) Raman spectrum acquired with the sensor for 0.001 nM 2,4-D. (B)

Raman spectrum for 2,4-D crystal. (laser power: 0.35 mW, exposure time: 30 s, 20x.).
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Figure S15: (A) Raman spectra for S1-S3 that were able to detect 2,4-D at 0.1 nM after

30 minutes. Peak around 520 cm-1 is from Si sensor substrate under Ag-GA nano

structures. Si peak Raman signal intensity varies because of different coverage/nano

gaps of Ag-GA nano structures at different measurement locations.
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Figure S16: (A-P) The change of spectra before 2,4-D (1 pM) Raman signal appeared

on the S4 SERS substrate. (A-L) 1st -12th spectra. (M-P) 13th -16th spectra are for 2.4-D at

1 pM after around 30 minutes. Baselines have been subtracted for all spectra. It took

around 1.5 minutes for each measurement.
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Figure S17: Singel peak intensity vs. Log[2,4-D].
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Figure S18: Raw data in Figure 2.4. The spectra were for 2,4-D at different

concentrations, and the smooth lines were subtracted from background signals in data

analysis. Ten spectra were used for each concentration. At the lowest/first 2,4-D

concentration, it took around 30 minutes to get the signal. It took 15 minutes in total to

get all the data for each concentration.

Figure S 19: (A) peak ratio I1130 cm-1/I1400 cm-1 changes with several continuous

measurements in Figure S12.
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Figure S20 (A) Color waterfall spectra of 25 random points for 2 µM 2,4-D on a S1

SERS substrate, the color bar stands for Raman intensity (a.u.). (B) Histogram of I1130

cm-1 / I1400 cm-1 at 25 different random points, the SD was 0.07 for the peak ratio.
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Figure S21 (A) Color waterfall spectra of 25 random points for 2 µM 2,4-D on a S2

SERS substrate, the color bar stands for Raman intensity (a.u.). (B) Histogram of I1130

cm-1 / I1400 cm-1 at 25 different random points, the SD was 0.06 for the peak ratio.
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Figure S22 (A) Color waterfall spectra of 25 random points for 2 µM 2,4-D on a S3

SERS substrate, the color bar stands for Raman intensity (a.u.). (B) Histogram of I1130

cm-1 / I1400 cm-1 at 25 different random points, the SD was 0.08 for the peak ratio.
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Figure S23: (A-D) Spectra of 25 random measurement points for 2 µM 2,4-D on S1-S4

SERS substrates in Figure S20-22 and Figure 2.11. (B) Mean and SD plot for peak ratio

I1130 cm-1 / I1400 cm-1 at 25 different random measurement points in (A-D).
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Figure S24: (A) Spectra of 2,4-D concentration from 1 nM to 6 mM, offset for clarity.

(B) I1130 cm-1 / I1400 cm-1 vs. Concentration (in nM) for a S1 substrate. (C) Fitting line for

I1130 cm-1 / I1400 cm-1 vs. log(concentration (in nM)) for a S1 substrate. The error bars

were obtained from the standard deviation (SD) of ten measurements at random points.
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Figure S25: (A) Spectra of 2,4-D concentration from 0.1 nM to 0.06 mM, offset for

clarity. (B) I1130 cm-1 / I1400 cm-1 vs. Concentration (in nM) for a S2 substrate. (C) Fitting

line for I1130 cm-1 / I1400 cm-1 vs. Log(concentration (in nM)) for a S2 substrate. The error

bars were obtained from the standard deviation (SD) of ten measurements at random

points.
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Figure S26: (A) Spectra of 2,4-D concentration from 0.1 nM to 0.06 mM, offset for

clarity. (B) I1130 cm-1 / I1400 cm-1 vs. Concentration (in nM) for a S3 substrate. (C) Fitting

line for I1130 cm-1 / I1400 cm-1 vs. log(concentration (in nM)) for a S3 substrate. The error

bars were obtained from the standard deviation (SD) of ten measurements at random

points.

4. Gum Arabic from Amazon: purchase information.

Gum Arabic Powder-100g

 100% Pure and Natural

 The soothing and anti-inflammatory properties of the gum from African trees,

(notably the Acacia Arabica), are extracted to provide the Gum Arabic

granules.

 These Gum Arabic granules are used as an emulsifying and thickening

ingredient in cosmetics and beauty products.
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Figure S27: (A) Raman spectrum for Gum Arabic: Mystic Moments from Amazon.

(B) Raman spectrum for Gum Arabic from Sigma Aldrich for comparison.

5. SERS substrate fabricated by commercial Gum Arabic.

The same experiment was also carried out by using the commercial Gum Arabic,

similar peaks for detecting 2,4-D: 290 cm-1, 926 cm-1, 1128 cm-1, and 1397 cm-1 show

up. The deposition parameters (-0.2 V, 2 s; -0.8 V, 8 s; -1.2 V, 2 s; 5 mM AgNO3; 20

g/L Gum Arabic) were different from the lab-used one because the type or quality of the

gum Arabic was different. The SEM image of Ag-GA NPs is shown in Figure S28 (A).

Different concentrations from 1 nM to 0.06 mM were used for calibration, and ten

spectra were taken for each concentration, the average of the ten spectra is shown in
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Figure S28 (B), and all the raw data is shown in Figure S29. The logarithm trend for

I1130 cm-1 / I1400 cm-1, I I293 cm-1 / I1400 cm-1 vs. concentration (in nM) was shown in

Figure S28 (C), The relation between I1130 cm-1 / I1400 cm-1 (y) and log10 (concentration

(in nM)) (x) was y = 0.51+ 0.04log10 (x) with R2 = 0.99. The relation between I290 cm-1

/ I1400 cm-1 (y) and log10 (concentration (in nM)) (x) and was y = 0.29+ 0.027log10 (x)

with R2 = 0.939. (See Figure S28 (D)). The lowest concentration that had been detected

by this SERS substrate was 1 nM. The repeatability of this SERS substrate for I1130 cm-1

/ I1400 cm-1 is shown in Figure S28 (E), the RSD was 5%.
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Figure S28: An Ag-GA SERS substrate that was fabricated by using commercial Gum

Arabic, for 2,4-D detection. The deposition parameters (-0.2 V, 2 s; -0.8 V, 8 s; -1.2 V,

2 s; 5 mM AgNO3; 20 g/L Gum Arabic). (A) SEM images for the Ag-GA nano structure;

(B) Spectra of 2,4-D at different concentrations on SERS substrate from 1 nM to 0.06

mM. (C) logarithm trend for I1130 cm-1 / I1400 cm-1 vs. [2,4-D] (in nM); (D) Linear fitting
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for I1130 cm-1 / I1400 cm-1 vs. Log[2,4-D] (in nM); The linear relation between I1130 cm-1 /

I1400 cm-1 (y) and log10 ([2,4-D] (in nM)) (x) was y = 0.51+ 0.04log10 (x) with R2 = 0.99.

The error bar was from the standard deviation (SD) of ten measurements at random

points on a SERS substrate. (E) The repeatability of the SERS substrate for 2,4-D at 1

µM at 20 different random points on a SERS substrate.

Figure S29: all raw data in Figure S23. The spectra were for 2,4-D at different

concentrations and the smooth lines were subtracted background signals. Ten spectra

were used for each concentration. At the lowest/first 2,4-D concentration, it took around
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30 minutes to get the signal. It took 15 minutes in total to get all data for each

concentration.

Table S1 Mineral composition of commercial mineral water.

Mineral water
composition

mg/L Mineral water
composition

mg/L

Calcium (Ca2+) 12 Potassium (Pb+) 6

Sulphates (SO42-) 9 Silica (SiO2) 32

Magnesium (Mg2+) 8 Chlorides (Cl-) 15

Sodium (Na+) 12 Nitrates (N3-) 7.3

Bicarbonates (HCO3-) 74
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Chapter 3. 2-methyl-4-chlorophenoxyacetic

acid (MCPA) herbicide detection by

electrochemically-deposited silver-cornstarch

(Ag-CS) Surface Enhanced Raman

Spectroscopy (SERS) substrate
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165

Abstract: Surface Enhanced Raman Spectroscopy (SERS) has been widely used in

the analytical sensing field in research. However, SERS substrate fabrication in a large

scale for analytical applications is still a challenge. In this chapter, the electrochemical

deposition method was used for Ag-Cornstarch substrate fabrication, which took three

seconds for each SERS substrate deposition with precursors of AgNO3 and cornstarch.

After optimization of the Ag-Cornstarch nano structure by changing electrochemical

deposition parameters, the Ag-CS structures were used for further SERS

characterization and study. It was found that this Ag-Cornstarch nano structure was still

active for Raman measurement after five weeks with a relative standard deviation RSD

= 15% in Raman signal change. The SERS substrate has been used for Raman active

molecular Methylene blue and 4-ATP test, where the Raman Enhancement Factor (EF)

of this Ag-CS SERS substrate was estimated to be at 109 by using methylene blue (MB).

For Ag-CS substrate, the RSD of 50 spectra at peak 1600 cm-1 was 6%. Detection of

herbicide MCPA was undertaken using these substrates. Similar to Chapter 2, no

change in Raman peak intensity was observed as the concentration of MCPA increased,

suggesting that its detection was not based on strong SERS effects. As with 2,4-D, a

slight increase in the peak ratio was observed with increasing concentrations. However,

the experiment faced the same shortcomings as in Chapter 2 regarding the experimental

protocol, rendering quantification impossible. Additionally, the spectra were very

similar to those recorded in Chapter 2 for 2,4-D, making it impossible to discriminate

between the two analytes due to a lack of selectivity.

Keywords: Ag-Cornstarch substrate, electrochemical deposition, MCPA pesticide

detection.

1. Introduction.
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MCPA is a phenoxy herbicide used for controlling broadleaf weeds in agriculture and

has been used in cultures of cereals, flax, potatoes, rice, vines, and peas, It works by

killing dicotyledonous but not monocotyledonous plants.1 MCPA can run off from

fields and reach nearby water bodies2-3. Its presence has even been found in drinking

water.4 Farmworker exposure has resulted in reversible anemia, digestive problems,

muscular weakness, and slight liver damage.5 It is therefore essential to monitor MCPA

herbicide in the environment to prevent such pollution. Current technologies available

for its detection are HPLC6, electrochemical sensors7, and fluorescence spectroscopy8.

Recently, Surface Enhanced Raman Spectroscopy (SERS) has been shown to have good

potential for the detection of pesticides.

Surface Enhanced Raman Spectroscopy is supported by plasmonic nanostructures that

act as Raman signal amplifiers.9 These plasmonic structures create ‘hot spots’ upon the

excitation of laser,10 which generate a strong electromagnetic field at the surface.

Analyte molecules located in these ‘hot spots’ can benefit from enhanced Raman signals.

The overall enhancement is made of an electromagnetic enhancement and a chemical

enhancement,11 where the chemical enhancement contributes to 102 of the total EF.12 It

has been reported that EF could reach 105-1012,13 depending on plasmonic structure

morphology and size,14 the gap between plasmonic structures,15 the excitation laser

wavelength,16 the adsorption state of analytes17, etc. Plasmonic structures are made of

noble metal nano particles and are usually fabricated by E-beam lithography,18

electrochemical deposition,19 chemical synthesis,20 or templating methods21. However,

mass production of the SERS structure is still challenging. E-beam lithography is time-

consuming and not suitable for mass production; nanogaps are hard to control in the

chemical synthesis method when applying nano particles on a supporting substrate;

templating method involves several steps, which may cause a high failure rate.
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Electrochemical methods allow mass production because of the easily controllable and

repeatable experimental conditions, which do not require high temperature or high

vacuum environment. As such, it has become a good candidate for SERS structure

fabrication.

In this research, electrochemical deposition techniques were used for the fabrication

of SERS substrates, with AgNO3 and cornstarch gel solution used as precursors. Corn

starch acted as a shape control and stabilization agent for silver nanoparticles.22-23 As

the MCPA molecules do not contain sulfur or nitrogen atoms they do not have strong

interactions with silver nano particles surface as discussed in Chapter 1, and as such do

not generate a SERS signal directly. The cornstarch biopolymer layer helps trap MCPA

close to the Ag-CS nano structure surface and helps its Raman-based detection.

2. Experimental section.
2.1. Materials.

AgNO3 (CAS number: 7761-88-8, 99.99% trace metals basis), 4-ATP, Methylene

Blue, and 2-methyl-4-chlorophenoxyacetic acid (MCPA) (CAS number: 94-74-6,

analytical standard) were purchased from Sigma-Aldrich, Ireland. 4-ATP was dissolved

in ethanol and then diluted in DI water in series. Sealing film (BRAND® Seal-R-film™

Sealing Film) was purchased from Sigma-Aldrich, Ireland. Cornstarch (belbake,

cornflour, 500g) was bought from the local supermarket (food standard). Deionized (DI)

water was Milli-Q level (18.2 MΩ·cm-1). The electrochemical depositions were

performed with an Ivium pocketSTAT handheld potentiostat (Scan range: ±30mA/±10V,

size: 16x6.7x1.9cm, weight: 300, applicable scan rates: 1 µV/s to 10,000 V/s) that was

connected to a laptop (software: Iviumsoft). DI water and MCPA analyte used in this

research were stored in new colorless Eppendorf AG PCR tubes (mL range) from
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Sigma-Aldrich (Ireland). TheAgNO3 solution was contained in a new centrifuge tube

from Sigma-Aldrich (Ireland). For MCPA solution preparation, 28.5 mg of MCPA

powder was dissolved in 500 mL DI water to obtain a 0.285 mM solution. 100 µL of

this 0.285 mM MCPA solution was then diluted with 900 µL of DI water to prepare a

28.5 µM MCPA solution. The other concentrations were prepared by using the same

approach.

2.2 Fabrication of microelectrode on chip.

SERS sensors were fabricated on four-inch silicon wafer substrates with a 300 nm layer

of thermally grown silicon dioxide as previously described.71 34 individual SiO2/Si

chips were produced on each silicon wafer, with a chip size of 1 cm (width) x 1.7 cm

(length) x 0.1 cm (thickness). For the chip fabrication process, briefly, the working

electrodes were patterned using photolithography and physical vapor deposition (PVD)

(50 nm of Au, with 10 nm of Ti adhesion layer) followed by a lift-off step. A second

optical lithographic and metal deposition process (Au 100 nm/Ti 10 nm) was

undertaken to define micro-SD pin-out, interconnection tracks, as well as the on-chip

counter electrode (500 μm wide × 6 mm long). A third lithographic step was employed

to define the Pt (Pt 100 nm/ Ti 10 nm) on-chip reference electrode (500 μm wide × 6

mm long). Finally, 500 nm of Plasma-enhanced chemical vapor deposition (PECVD)

Si3N4 was blanket deposited on the whole wafer. Openings over the

working/counter/reference electrodes and the electrical contacts were defined by

lithography and dry etching process.

2.3 Fabrication of Ag-CS SERS substrate.

A cornstarch gel was prepared by microwave heating. This was found to be necessary

as the untreated corn starch could not be dissolved in water. Briefly, 0.25g of cornstarch
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powder was added to 20 mL DI water in a beaker and mixed with a glass rod. This was

then heated in a microwave (900 W) for 1.5 minutes. After the microwave heating

process, the cornstarch gel was transferred to a 20 mL centrifuge tube, with the cover on

top, and this tube was placed quickly in cold water until it cooled down to ambient

temperature for future usage.

SERS substrates were fabricated using 5 mM AgNO3 solutions and the prepared

cornstarch gel at the volume ratio 5:1 and 50:1. A small aliquot (2μL) was deposited on

the chip surface to cover the three electrodes (working electrode, on-chip pseudo

reference electrode, and counter electrode). Potentials of -0.6 eV and -0.5 eV were

applied for three seconds for this sensor fabrication. The electrochemical deposition was

undertaken with an Ivium pocketSTAT handheld potentiostat. The sensor substrates

were then rinsed thoroughly in DI water and dried under a nitrogen flow for several

seconds.

For storage, the SERS sensors were covered gently with several layers of sealing film

to reduce the oxidation of Ag-CS NPs. These sealing film-covered SERS sensors were

placed in a 20 mL centrifuge tube, which was filled with nitrogen. The centrifuge tube

was sealed with sealing film to prevent the entrance of air and then stored in the fridge

for future use.

2.4 Optical and SEM Characterization.

Optical micrographs of the fabricated samples were acquired with a Renishaw Raman

system with a 20x lens (NA 0.4) objective. A FEI Quanta 650 was used for SEM

characterization. The accelerating voltage used was 10 KV with a spot size of 2.5 nm.

Secondary electrons were used for SEM.

2.5 Raman measurements.
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The Raman spectra were acquired with a Renishaw InVia confocal microscope

(software: Renishaw’s WiRE™ 3.4 (Windows®-based Raman Environment), spectral

resolution: 0.3 cm-1 (FWHM), spatial resolution (lateral): 0.25 µm, spatial resolution

(axial) < 1 µm), which is equipped with a 514 nm Ar ion laser (model number: stellar-

pro) and a 2400 l/mm(vis) grating) and Renishaw CCD detector (1024 pixels × 256

pixels). For Raman measurements, the sensors were placed in a dedicated holder that

has been described in the previous chapter.25 A 20 μL aliquot of MCPA solution was

deposited on top of the sensor and covered with a cover glass slide. All the

measurements were acquired using a 20x lens (LEICA, NA 0.4, lateral resolution of

~688 nm, and an axial resolution of ~6875 nm). All the spectra were from the average

of ten times measurement at different random points with one measurement/spectrum

for each spot (50 Raman measurements for reproducible study). The laser power was

0.07 mW2 and the integration time was ten seconds. For Raman vs MCPA concentration

experiments, different concentrations of MCPA from a lower concentration to a higher

concentration, were used on the same Ag-CS SERS sensor. Once the Raman

measurements at the lower concentration were finished, the solution was removed with

a small piece of cleanroom wipe (SUPERIOR Polycellulose wipes purchased from

Sigma-Aldrich (Ireland)) from the edge of the droplet (care was taken not touch the

substrate itself) and the next concentration of MCPA solution applied. As in Chapter 2,

this calibration method keeps the Ag-CS SERS substrate consistent across all MCPA

concentrations. However, the limitation of this method is similar to Chapter 2, and the

experimental method will affect the calculated Limit of Detection (LOD), and

quantification.

2 Laser power was calibrated by using a Si reference sample in a daily basis as described
in Chapter 2.
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2.6 Data Analysis.

The spectra for 4-ATP and MB were corrected using the baseline subtraction

algorithm by Schulze et al. 26 using Matlab R2018b-academic. Origin™ (OriginPro

2016) was used for linear fitting.

3. Results and discussion.
3.1 Ag-CS SERS sensor fabrication, optimization, and SEM characterization.

During the electrochemical deposition process, the Ag+ + e- Ag reaction occurred

immediately, leading to the formation of Ag-CS nanoparticles. These Ag-CS nano

particles then assemble near to the electrode on the silicon substrate. As the reaction

occurs, the Ag-CS nano particles will further affect the electric field distribution.27 This

process helps with the formation of the nano gap in between the nano clusters. SEM

images for Ag-CS SERS sensors are shown in Figure 3.1 together with the

corresponding optical images at 50x (NA 0.75). Deposition parameters of -0.5V and 3

seconds were used for Figure 3.1 (A, B). Figure 3.1 (C, D) shows structures obtained

with deposition parameters of -0.6 V for 3 seconds. For Figure 3.1 (A, C), a precursor

ratio VAgNO3:VCS of 50:1 was used whereas a precursor ratio VAgNO3:VCS of 5:1 was used

for Figure 3.1 (B, D). The current level is at hundreds of nA as shown in SI Figure S1.

Comparing Figure 3.1 (A, B) and Figure 3.1 (C, D), one can see that, for the same

deposition potential, the Ag-CS nano structure grew bigger with a higher precursor ratio

VAgNO3:VCS. Because the total resistance for the precursor solution is smaller at a higher

precursor ratio VAgNO3: VCS, the current density was higher for the same applied potential.

Similarly, keeping the precursor ratio the same but increasing the deposition potential

(Figure 3.1 (A, C) vs Figure 3.1 (B, D), results in higher current densities, and the Ag-

CS nano structure spreads better in a bigger area.
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Both parameters (deposition potential and precursor ratio) can be varied to synthesize

Ag-CS nanoparticles. However, by looking at the optical images, localized aggregation

of Ag-CS nano particles was observed in Figure 3.1 (A, B, D), which appeared black. In

Figure 3.1 (A, B), the Ag-CS nano particle deposited mostly on the Au microelectrode,

which means that these depositions depended on the electrode surface state, and were

less controllable than the structures shown in Figure 3.1 (C) that grew on the silicon

substrate. In addition, the structures shown in Figure 3.1 (C) were less likely to get

interference from the Au electrodes (Au catalyst effect for example)28, when doing

SERS measurements. Considering both morphology homogeneity and surface area, the

parameters used for structures shown in Figure 3.1 (C) were chosen for the SERS study,

as it yielded a dense coverage of Ag-CS nanoparticles distributed on SiO2/Si substrate

with nano gaps. This optical image indicates that a thin layer of Ag-CS nano particles

grew on each side of the Au electrode, and had a Khaki color under the microscope. For

Raman measurements, the laser was focused on the SiO2/Si substrate instead of the Au

electrode.



173

Figure 3.1: Optical and SEM images for different Ag-CS structures depending on

different deposition parameters. (A) VAgNO3:VCS= 50:1, -0.5 V, 3 s; (B) VAgNO3:VCS= 5:1,

-0.5 V, 3 s; (C) VAgNO3:VCS= 50:1, -0.6 V, 3 s; (D) VAgNO3:VCS= 5:1, -0.6 V, 3 s. All the

depositions have been repeated at least 3 times.

3.2 SERS sensor characterization with 4-ATP and Methylene Blue (MB).
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To evaluate the enhancement factor (EF) of this Ag-CS SERS sensor, 4-ATP and

Methylene Blue (MB) were used for characterization. MB and 4-ATP are both widely

used Raman reporters, with strong Raman responses. For instance, 4-ATP contains a

thiol group that directly binds to the silver surface, resulting in a strong SERS signal.

Figure 3.2 (A, C) show the spectra for 4-ATP and Methylene Blue at different

concentrations. Regarding MB, the peak at 1625 cm-1 is attributed to the ring stretching

C-C29. For 4-ATP, the peaks at 1075 and 1575 cm-1 are the vibrations of C-S and C-C,

and the other three characteristic peaks at 1140, 1390, and 1435 cm-1 are assigned to the

b2 modes of 4-ATP.30 As can be seen in Figure 3.2, the peak intensities increase with

the increase of analyte concentration. The corresponding linear fitting results are shown

in Figure 3.2 (B, D). For 4-ATP, the linear relation between Raman counts (a.u.) and

log10 [4-ATP (μM)] was y = 4358.454 + 3375.131log(x), with R2 = 0.9966. The LOD

was calculated to be 0.05 nM by the 3σ/M method, where σ is the standard deviation

and M is the slope of the linear calibration. For MB, the linear relation between log10

(Raman counts (a.u.)) and log10[MB (μM)] was Log10(y) = 4.350 + 0.460log10(x), with

R2 = 0.9747, and the LOD was calculated to be 0.39 μM. The enhancement factor was

calculated based on the formula:

EF = ISERS· Nbulk/NSERS·I bulk (Eq. 1)

Where ISERS is the SERS intensity; Ibulk is the Raman intensity; and Nbulk is the number

of probed molecules contributing to normal Raman signals and determined under the

same experimental conditions as in SERS measurements, but without SERS substrates.

NSERS is the number of targeted molecules adsorbed on SERS substrates and is related

only to the molecular interaction with the SERS substrate surface.

The EF was calculated to be around 0.2 x1010 for MB (0.05 μM). For 0.05 µM MB by

SERS: ISERS = 5234, NSERS = VMB effective for SERS· [MB], VMB effective for SERS = π·r2·10-7,
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where r is the laser spot radius (in µm); 10-7 is the estimated SERS effective height for

MB solution (100 nm, assumed to be the SERS effective range, even if the total amount

of MB that interact with Ag NPs surface could be smaller). For normal Raman at 1 mM

MB concentration: Ibulk= 517, Nbulk = VMB effective for Raman· [MB], VMB effective for Raman =

π·r2·heffective, where heffective is the effective height for MB drop on a SERS sensor for

Raman measurement and was estimated to be 1 mm. EF = 5234·π·r2·10-3 m·10-3

M/517· π·r2·10-7m·0.05·10-6 M = 0.2 x1010. The spectra of MB at 1 mM without SERS

substrate and MB at 0.05 μM with SERS substrate are shown in SI Figure S2.

Figure 3.2: Ag-CS SERS sensor characterization by Raman reporter 4-ATP and

Methylene Blue (MB). (A) Spectra for 4-ATP at different concentrations: 0.05 μM, 0.5

μM, 5μM, 50 μM; (B) Linear calibration for 4-ATP for the highest peak at 1440 cm-1;
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(C) Spectra for Methylene Blue (MB) at different concentrations: 0.05 μM, 0.1 μM, 0.2

μM, 0.5 μM; (D) Linear calibration for 4-ATP for the highest peak at 1625 cm-1.

3.3 Stability for the Ag-CS SERS substrate.

Starch is a polysaccharide composed of both amylose, a mostly linear polymer, and

amylopectin, a highly branched polymer, see Figure 3.3. Both polymers are comprised

of D-glucose with the primary difference between them being their linkages.31

Amylose’s subunits are linked mostly by ɑ-(1→4). Amylopectin has subunits linked

both by ɑ-(1→4) and by ɑ-(1→6), with about 95% of the glycosidic bonds being ɑ-

(1→4) linkages and roughly 5% being ɑ-(1→6).32 Corn Starch ( (C6H10O5)n) contains -

OH group, as well as -C-O-C-, -CH2- groups.33

Figure 3.3: General structure of amylose and amylopectin.31

Ag-GA substrates were fabricated using electrodeposition of AgNO3/corn starch

solutions. The Raman spectra for these substrates on different chips are shown in Figure

3.4 and SI Figure S3. The spectra indicate that the fabrication method and peak feature

for this Ag-CS substrate are repeatable, even if the intensity varies. There are currently
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in the literature no reports focusing on Raman characterization of cooked corn starch (to

interpret the spectrum). However, according to the peak assignment for corn starch

powder, the peaks at ~800 and 1003 cm-1 could be assigned to C-O-C, C-O-H bending

and -CO stretching, the peak at 1163 cm-1 could be assigned to C-O, C-C stretching and

C-O-H bending, the peak at 1244 cm-1 could be assigned to C-C-H, O-C-H, C-O-H

bending, the peak at 1379 cm-1 could be C-O-H bending, and the peak at 1600 cm-1

could be assigned to CH, CH2, C-O-H bending.34-35 See Table 1. After the application

of DI water, the -OH bonds have a good affinity to water35. This, combined with the

weaker signal typically observed in the water environment, resulted in the spectrum in

blue in Figure 3.4. Only two broad peaks at ~1400 cm-1 and ~1600 cm-1 can be seen

with the peaks at ~800 and 1003 cm-1 disappearing and the peaks at 1163, and 1244 cm-

1 decreasing.

Figure 3.4: Raman spectra for Ag-CS SERS substrate in air (in orange) and after

application of DI water (in blue).

Table 1: Corn Starch peak assignment.34-35
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Raman Peak Vibration

~800 and 1003 cm-1 C-O-C, C-O-H bending and -CO
stretching

1163 cm-1 C-O, C-C stretching, and C-O-H bending

1244 cm-1 C-C-H, O-C-H, C-O-H bending

1379 cm-1 C-O-H bending

1600 cm-1 CH, CH2, C-O-H bending

To study the stability of fabricated sensors that were stored in the fridge, Raman

spectra were acquired in the air over five weeks, see Figure 3.5. The relative standard

deviation (RSD) for the highest feature peak at 1600 cm-1 of the Ag-CS substrate is 15%

during five weeks. Figure 3.5 (A) shows 40 spectra of bare Ag-CS substrate after

0/2/4/5 weeks (ten spectra for each experiment). The corresponding bar plot for the

highest peak at 1600 cm-1 is shown in Figure 3.5 (B). All raw data are shown in SI

Figure S4. The 5th spectrum for week 0/2/4/5 is shown in SI Figure S5 (A). The peak

features did not change after five weeks. The Raman counts of the highest peak at 1600

cm-1 for the ten measurements is shown in SI Figure S5 (B). There was only a slight

decrease in the Raman signal after weeks and the peak features for Ag-CS remained. It

is widely reported that Ag nanostructures can easily oxidize in air,36-38 and the Ag-CS

substrate storage method used here could overcome or limit this drawback, from the

experimental data in this section. A small decrease in the Raman signal over the five

weeks can be observed also in Figure 3.5 (B) and this might be due to the slight

oxidation of the substrate every time a new measurement is undertaken (opening the

sealing film and exposing it to air).
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Figure 3.5: Stability study of the SERS substrate after zero days, two weeks, four weeks,

and five weeks. (A) 40 spectra of bare Ag-CS SERS sensor after 0/2/4/5 weeks. See

also SI Figure S4. (B) Corresponding bar plot of the peak at 1600 cm-1, the overall RSD

of these data was 15%. Ten spectra were taken for each experiment.
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3.4 MCPA detection with Ag-CS substrate.

To see if the fabricated substrates could be used for the detection of MCPA, Raman

spectra were recorded after incubation in 0.0285 nM MCPA solution, see Figure 3.6.

The Raman spectrum after the application of DI water is also shown in Figure 3.6 for

reference. For the spectrum acquired in the MCPA solution, new peaks at ~291 cm-1 and

sharp peaks around ~928 cm-1, ~1129 cm-1, and 1400 cm-1 show up after the 2nd Raman

measurement. In DI water, these peaks did not show, suggesting they were related to

MCPA.

Figure 3.6: Raman spectra of Ag-CS substrate after application of DI water (bottom)

and (top) after application of MCPA (0.0285 nM) solution.

The Raman spectrum of MCPA powder is shown in SI Figure S6. No peak

assignment could be found in the literature for MCPA. Generally speaking, Raman

spectra of a particular compound is sensitive to its state (e.g., powder or solution) as
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well as the experimental conditions such as pH, etc. So for precise Raman peak

assignment, it is necessary to use theoretical studies such as DFT (density functional

theory) modeling to help the analysis.39 Also, there are differences between SERS and

Raman spectra for the same chemical, as discussed in Chapter 1. In the present study,

we have tentatively assigned the observed peaks by comparing the spectrum with the

one obtained with 2,4-D which has a very similar chemical structure, see Table 2. The

peak at 291 cm-1 can be assigned to C-Cl and C-O-C bonds, the peak at 1129 cm-1 can

be related to C-Hring scissoring, and the peak at 927 cm-1 related to C-COO- vibration.

As discussed in the introduction, MCPA does not have a strong affinity with the silver

surface, and as a result, it is unlikely that the recorded spectra correspond to direct

SERS of the molecule. However, it is possible that MCPA molecules enter the corn

starch porous structure40-41 and interact with its functional groups. For example, corn

starch has -OH, -O-, and -CH bonds33, and the -OH groups could interact with the -

COOH group of MCPA through hydrogen bonding,42 see schematics in Figure 3.7.

This way, the CS layer can trap and concentrate the MCPA analyte close to the surface

of the silver nanostructure. The measured signal is then a result of the local

concentration of the target analyte at the surface of the Ag nanostructure. may benefit

from enhanced Raman signal through electromagnetic enhancement.

Table 2: MCPA crystal Raman peak, and MCPA solution on Ag-CS substrate peak

assignment, according to 2,4-D crystal vibration modes.

Peaks
measured with
MCPA
solution in this
research

MCPA
powder

2,4-D SERS with
Ag NPs peaks from
literature Tentative vibration modes (from

2,4-D molecule in solution)

291 cm-1 205 422 δ(COC) + δ(CCl)
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Figure 3.7: Possible interaction between MCPA and CS through hydrogen bond.

It can be observed that the spectra are similar to the ones obtained for 2,4-D in

Chapter 2. SI Figure S7 in SI shows the spectra overlapped for MCPA and 2,4-D. A

drawback of the present method is therefore that it is not possible to distinguish between

the two molecules. The chemical structures of 2,4-D and MCPA are similar - they both

have a benzene ring, -Cl atoms, and a side chain -O-CH2-COOH. The only difference is

that 2,4-D has one more -Cl in the benzene ring and MCPA has -CH3 in the same

position. Molecules with similar chemical structures often share the same Raman peak

features in SERS studies, this has been approved by other research. For example, Zhou

et al., observed that the SERS spectra of three antibiotics with similar chemical

structures NFX, CIP, and OFX obtained with bare Ag NPs exhibited the same Raman

spectra with peaks located in the region of 1394 ± 10 cm-1.43 Interestingly, they were

\ 798 800 ν(CC)ring + ν(C–O) + ν(C–Cl)

927 cm-1 927 / ν(C–COO−)

1099 cm-1 1083 / ν(CC)ring + ν(CO) + δ(CH)ring

1129 cm-1 1116 1178 ν(CC)ring + ν(C–Cl)
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able to distinguish these chemicals structure by using 1-Mercapto-1-undecanol (MUO)

modified Ag NPs (MUO @Ag NPs) SERS substrates.

Similarly, Lv et al. studied SERS spectra of the main fatty acid (FAs) in vegetable oils,

oleic acid (OA), linoleic acid (LA), α -linolenic acid (ALA), all of them are simple

molecules containing only -CH3, -CH2, and -COOH as functional groups and C=C, -C-

C-, -C-H, O=C-, -OH, and C-O as chemical bonds. OA, LA, and ALA are fatty acids

with 1, 2, and 3 C=C bonds, respectively. Their molecular formulas include the same

number of carbon atoms and the same type of functional groups but different numbers

of C=C bonds. Their SERS spectra were found to be similar.44

3.4.1 Evaluation of the repeatability of Ag-CS substrate towards MCPA
detection.

To evaluate the repeatability of these substrates, a 0.285 nM MCPA solution was used

and 50 Raman measurements were acquired at different random points on a sensor, see

Figure 3.8 (A) with, and (B) without baseline subtraction. Some variations in terms of

absolute intensities could be observed for the different peaks. For this reason, and

similarly to Chapter 2, peak ratios were studied instead of single peaks.
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Figure 3.8: Repeatability study of the SERS substrate with 0.285nM MCPA at 50

different random points. Raman color maps and spectra (A) with baseline subtraction,

(B) without baseline subtraction;

Figure 3.9 (A-B) shows data without baseline subtraction. The RSD of peak ratio I291

cm-1 / I1400 cm-1 and I1129 cm-1 / I1400 cm-1 of 50 measurements were 9% and 6% (the SD were

0.05 and 0.04), respectively. The same measurements with baseline subtraction are

shown in SI Figure S8 and the RSD of peak ratio I291 cm-1 / I1400 cm-1 and I1129 cm-1 / I1400 cm-1

of 50 measurements were calculated to be 18% and 13% (the SD is 0.07 and 0.08),

respectively.
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Figure 3.9: (A-D) Bar plot of 50 Raman measurements. The RSD at peak ratio I291 cm-1 /

I1400 cm-1 and I1129 cm-1 / I1400 cm-1 of 50 measurements without baseline subtraction was 9%

and 6% (the SD is 0.05 and 0.04), respectively.

3.4.2 Data analysis for different MCPA concentrations on an Ag-CS substrate,
without baseline subtraction.

For data analysis in SERS, most research used Raman intensity vs. Log [analyte] for

calibration45-48. Liu et al. used Raman intensity vs. [R6G] for linear calibration;49 Meng

et al. used sigmoid function to fit Log [BZA] vs. peak ratio.50 Wang et al. used non-

linear fitting for Raman intensity vs. Log[H1N1] and Log [HAdV].51 These fittings

were based on the data feature and the trend. Other advanced math models such as

UVE-PLS52-53 need specific requirements and modelling for SERS data and are out of

the scope of this research. Besides, Xu et al. also did not subtract the baseline of Raman

spectra for data analysis, for the detection of 2.4-D by using hollow Au and Ag-

nanoflower.54

Upon the application of 28.5 fM MCPA on Ag-CS substrate, a similar spectrum as the

one obtained for 0.285 nM appeared after the 2nd measurement, see SI Figure S9. The

experiment for the detection of 28.5 fM MCPA on an Ag-CS substrate has been
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repeated three more times, refer to SI Figure S10. The feature peak at 1600 cm-1 was not

always sharp as depicted in SI Figure S10 and was not considered in the data analysis

study. It is probably related to -CH2-OH for CS, 34-35 the orientation of the interaction

between MCPA with -CH2-OH in CS surface varies in different detection locations.

The other peaks such as 291 cm-1, 1129 cm-1, and 1400 cm-1, kept the same feature in

the repeated experiments and further studied in the following data analysis section.

In Chapter 2, the Raman spectrum changed with 2,4-D down to 1 pM in 30 minutes.

The superior detection ability of the Ag-CS substrate towards MCPA in this chapter,

compared to 2,4-D in Chapter 2, could be attributed to (i) the structure of CS vs. GA, as

CS contains more -OH groups, which interact with more MCPA molecular close to the

surface. (ii) It is also possible that the Ag-CS substrate has a thinner polymer layer than

Ag-GA and that saturation is obtained faster.

Various concentrations ranging from 28.5 fM to 0.285 mM of MCPA (28.5 fM, 2.85

pM, 28.5 pM, 2.85 nM, 285 nM, 2.85 µM, 0.285 mM.) in DI water, were tested for the

MCPA detection study, using the Ag-CS NPs substrate, see Figure 3.10. Each spectrum

was calculated based on the average of ten spectra acquired from different spots on the

substrate. The raw data are presented in SI Figure S11. The overall peak intensity

decreased with the increase in MCPA concentration.

In this experiment, different MCPA concentrations were added to the same substrate.

This made it impossible to quantify MCPA directly, as MCPA interacted with CS

through hydrogen bonding. Besides, this was not good analytical practice. A single

sensor should be used for a single MCPA concentration. However, this approach

reduced the variation arising from different Ag-CS substrates. The same experiment was

repeated, and the spectra are presented in SI section 1 Figure S12. The spectra without

baseline subtraction are shown in Figure 3.10. The trend lines for Raman counts at
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single peak 293 cm-1,1129 cm-1 and 1400 cm-1 Raman are shown in SI Figure S13(A).

Combining this observation with the repeated experimental results shown in SI Figure

S13 (B), it was noted that the trend lines for single peaks did not consistently follow the

same pattern, and therefore, these single peaks could not be used directly for data

analysis.

From the spectra in Figure 3.10, the recorded signal included both the Raman signal

and background signal, the background signal could include background fluorescence.55-

56 Following the application of the analyte MCPA, the interaction between MCPA and

CS, or the coverage of MCPA on the CS surface, could lead to a reduction in the

background fluorescence signal from CS.

Data processing with baseline subtraction is shown in SI section 2.

Figure 3.10: Spectra of different MCPA concentrations from 28.5 fM to 0.285 mM

(28.5 fM, 2.85 pM, 28.5 pM, 2.85 nM, 285 nM, 2.85 µM, 0.285 mM.) without baseline

subtraction.

Similar to Chapter 2, analysis using the peak ratios approach was undertaken. Figure

3.11 shows the plot of peak ratios I291 cm-1/1400cm-1 and I1129 cm-1/1400cm-1 against the
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logarithm of the concentrations of the MCPA solution. The peak ratios I291 cm-1/1400cm-1

and I1129 cm-1/1400cm-1 increased with log [MCPA]. For I1129 cm-1/1400cm-1, the value changed

from 0.68 to 0.88, and for I291 cm-1/1400cm-1, the value changed from 0.43 to 0.56. A

repeated experiment and the peak ratio vs. log[MCPA] trend line are shown in SI Figure

S14(A).
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Figure 3.11: peak ratios vs. log[MCPA] from 28.5 fM to 0.285 mM.

The peak ratio I1129 cm-1/1400cm-1was further studied for fitting, see Figure 3.12. A linear

plot was obtained for I1129 cm-1/1400cm-1: y = 0.789 + 0.018log(x), R2 = 0.90. Fitting for

peak ratio I291 cm-1/1400cm-1 is shown in SI Figure S15 with R2=0.748. A Raman signal was

obtained for a concentration as low as 28.5 fM. However, quantification is not possible

as the starting values are different for the same MCPA concentration on different Ag-

CS substrates, this is related to fabrication variation. Also, adding more MCPA on the

Ag-CS substrate will make the Raman signal increase regardless of the concentration. A

similar fitting result is shown in SI Figure S14 (B) in the repeated experiment.

Figure 3.12: Fitting for peak ratios I1129 cm-1/1400cm-1vs. log [MCPA].

According to the fitting results, the peak ratio increased with log[MCPA]. The peaks

at 293 cm-1 and 1129 cm-1 can be related to MCPA, where 293 cm-1 is δ(COC) and δ(C-

Cl) vibration, and 1129 cm-1 is ν(CC)ring and ν(C-Cl) of MCPA as discussed in Table 1.

The peak at 1400 cm-1 is attributed to the C-O-H bending in the carbon ring of CS. The

peak ratio reflects the interaction between MCPA and CS. Each -OH site in the carbon
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ring of CS can interact with more than one MCPA molecule, and the signal increases

with the addition of MCPA to the substrate.

Without baseline subtraction, the error bar/RSD was smaller compared to the ones in

Chapter 2, this could be related to the detection principle. The overall signal is

generated after the interaction between MCPA and Ag-CS SERS substrate. In particular,

the background signal was related to Ag-CS NPs as well as the coverage of MCPA. It is

thus reasonable to consider MCPA/Ag-CS as a whole in the data analysis section.

Similar to Chapter 2, this research used Ag-CS to attract MCPA to close to the silver

surface and it constituted an indirect detection of MCPA where the CS layer helped

capture and concentrate MCPA to gain an increased Raman signal. This approach can

be viewed as non-imprinted polymer (NIP) and not molecular imprint (MIP), the latter

method helps to gain better sensitivity and selectivity as discussed in Chapter 2.

4. Conclusion.

This research used the electrochemical deposition method for SERS sensor

fabrication and this sensor was used to detect herbicides MCPA. These SERS sensors

showed good performance towards 4-ATP and methylene blue detection and were able

to detect concentrations down to 0.05 nM for 4-ATP and 0.39 μM for methylene blue.

The EF was calculated to be at least 109 for 0.05 μM MB. This Ag-CS substrate showed

a good SERS signal after five weeks with RSD = 15 %, after sealing with sealing film

and storage in the fridge.

MCPA does not contain a -S or -N atom and as such does not have strong interaction

with silver nanoparticles. Cornstarch on the other side may assist in attracting and

concentrating MCPA closing to the Ag-CS surface. The detection principle is based on
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the interaction between MCPA and the cornstarch function layer, similar to non-

molecular imprint method. This Ag-CS sensor cannot quantify MCPA due to the sensor

surface’s low capacity to host MCPA and the experimental approach. Unlike the

previous research in Chapter 2, no baseline subtraction was used for data analysis. This

provided smaller error bars and better fitting results.

Nevertheless, this Ag-CS substrate does not exhibit selectivity towards any analyte in

real-world applications, and not possible to use it for MCPA quantification. Although

some analytes such as MB or 4-ATP have their characteristic peaks, there are other

contaminants in the real world, resulting in the SERS signal originating from other

chemicals. This sensor does not have selectivity. A possible way to overcome this

problem is to use MIP functional layers.
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Supporting Information.

Figure S1: Current (nA)-time (s) plot for electrochemical deposition at -0.6 V voltage.

Figure S2: The spectra of MB at 1 mM without SERS substrate and MB at 0.05 μM

with SERS substrate.
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Figure S3: Ag-CS Raman spectra from five different chips.

Figure S4: Raw data for stability study in Figure 3.3. 10 spectra were taken each week

over five weeks.
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Figure S5: (A) spectrum of Ag-CS bare substrate in week 0/2/4/5 at 5th measurement. (B)

a peak at 1600 cm-1 of ten spectra in week 0/2/4/5.

Figure S6: MCPA crystal Raman Spectrum (laser power: 0.35 mW, exposure time: 30 s,

lens: 20x.).
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Figure S7: Comparison of the spectra of 2,4-D and MCPA.

Figure S8: (A, B) shows data of peak ratio I291 cm-1 / I1400 cm-1, I1129 cm-1 / I1400 cm-1 after

baseline subtraction. The RSD at peak ratio I291 cm-1 / I1400 cm-1, I1129 cm-1 / I1400 cm-1 of 50

measurements without baseline subtraction was 18%, 13% (the SD is 0.07 and 0.08).



202

Figure S9: After the application of MCPA at 28.5 fM.

Figure S9 (A-D) shows data after baseline subtraction. The RSD at peak ratio I291 cm-1 /

I1400 cm-1, I291 cm-1 / I1600 cm-1, I1129 cm-1 / I1400 cm-1, I1129 cm-1 / I1600 cm-1 of 50 measurements

without baseline subtraction was 18%, 13%, 29%, 29% as shown in the bar plot Figure

S9. Without baseline subtraction, the peak ratios showed better RSD values than with

baseline subtraction for this research.
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Figure S10: Three repeated experiments for 28.5 fM MCPA detection.
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Figure S11: Raw data in Figure S5. (A-G) Raman spectra for different concentrations of

MCPA from 28.5 fM to 0.285 mM ((28.5 fM, 2.85 pM, 28.5 pM, 2.85 nM, 0.285 µm,

2.85 µm, 0.285 mM). Ten spectra were taken for each concentration without baseline

subtraction.

1, Repeat the experiment.

Figure S12: Repeated experiment as in section 3.4.2：Spectrum of different MCPA

concentrations from 28.5 fM to 28.5 µM (28.5fM, 2.85 pM, 0.285 nM, 2.85 nM, 28.5

nM, 0.285µM, 28.5 µM.) without baseline subtraction.
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Figure S13: Trend line of Raman counts (a.u.) changes for single peaks 293 cm-1, 1129

cm-1, and 1400 cm-1without baseline subtraction for spectra in (A) Figure 3.10 and (B)

Figure S11.

Figure S14: (A) peak ratios vs [MCPA] from 28.5 fM to 28.5 µM (28.5fM, 2.85 pM,

0.285 nM, 2.85 nM, 28.5 nM, 0.285µM, 28.5 µM.). (B) Fitting for peak ratio I1129 cm-

1/1400cm-1: y=0.7+0.032log(x), R2= 0.98.
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Figure S15: fitting for peak ratio I291 cm-1/1400cm-1 in section 3.4.2 without baseline

subtraction: y = 0.508 + 0.01log(x), R2 = 0.748.

2, Data analysis with baseline subtraction for different MCPA on an Ag-CS
substrate.

As seen in Figure S16, different concentrations from 28.5 fM to 0.285 mM of MCPA

in DI water were used for MCPA detection study by Ag-CS NPs substrate. Each

spectrum was calculated based on the average of ten spectra acquired from different

spots on the substrate. Raw data were shown in SI Figure S19. Similar to Chapter 2 in

2,4-D detection, the peaks of interest were peaks at 293 cm-1, 1129 cm-1, and 1400 cm-1.

They did not show dramatic change with the change of Log[MCPA].
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Figure S16: (A) Spectra after baseline subtraction for MCPA at different concentrations

from 28.5 fM to 0.285 mM in DI water. (B) Single peak intensity changes with the

change of log[MCPA].

See Figure S17 (A), when it comes to peak ratio, I291 cm-1/1400cm-1, I1129 cm-1/1400cm-1. The

data points for peak ratios showed increasing trends with log [MCPA]. According to the

fitting for I1129 cm-1/1400cm-1, y=0.6626+0.3372log(x), R2=0.7995. See Figure S17 (B).;

fitting for I291 cm-1/1400cm-1: y = 0.403 + 0.015log(x), R2 = 0.826, see Figure S 18, where x

is [MCPA] in nM, y is peak ratio I1129cm-1/1400cm-1.The error bar for this fitting is large, as

expected, and has been already discussed in in section 3.4.1.
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Figure S17: (A) Peak ratios vs Log [MCPA] from 28.5 fM to 0.285 mM; (B) fitting for

peak ratio I1129cm-1/1400cm-1 vs log [MCPA].

Figure S18: fitting for peak ratio I291 cm-1/1400cm-1 with baseline subtraction: y = 0.403 +

0.015log(x), R2 = 0.826.



210



211

Figure S19: Raw data in Figure S5. (A-G) Raman spectra for different concentrations of

MCPA from 28.5 fM to 0.285 mM ((28.5 fM, 2.85 pM, 28.5 pM, 2.85 nM, 0.285 µm,

2.85 µm, 0.285 mM). Ten spectra were taken for each concentration after baseline

subtraction.
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Chapter 4. Detection of str2 from Shiga toxin-

producing Escherichia coli (STEC) by a Surface

Enhanced Raman Spectroscopy (SERS) sensor

using recycled silicon chips

This work has been published in Sensor and Actuator Volume 373, 15 December
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Abstract: In this research, a selective, cost-efficient, highly sensitive Ag

nanostructure Surface Enhanced Raman Spectroscopy (SERS) sensor was developed as

a methodological approach to rapidly detect a targeted-ss-DNA (stx2) in STEC (Shiga

toxin-producing Escherichia coli). The Ag nanostructure-based SERS substrate was

functionalized by two type of thiols: thiol-ss-DNA for bonding targeted-ss-DNA and 6-

Mercapto-1-hexanol (HS(CH2)6OH) for blocking the Ag nanostructure surface.

Methylene Blue (MB) was used as a Raman marker to quantify targeted-ss-DNA, as

well as a model molecule to characterize the electrodeposited Ag nanostructure SERS

substrate. Ag nanostructure SERS substrates showed good sensitivity and repeatability

towards MB detection, with an experimental detection limit of 0.01 μM, RSD = 12.48%

(at 45 different random points). More importantly, the Ag nanostructure/ss-DNA SERS

substrate showed good selectivity towards STEC O157 stx2 targeted DNA, as well as

good linearity and sensitivity towards its detection in a buffer solution, range from 1 aM

to 100 pM. The SERS sensors were able to identify target DNA ( stx2) in an STEC

strain and the study showed proof of principle that SERS substrate has potential as a

cost effective, highly selective, highly sensitive DNA and bacteria sensor without the

aid of DNA amplification. With further development and validation, this

methodological approach has the potential for use in the point-of-use detection for

instance on a farm or in the food industry.

Key words: Shiga toxin-producing Escherichia coli (E. coli), DNA detection, SERS,

surface enhanced Raman spectroscopy, thiol functionalized Ag nanostructure SERS

substrate.
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1. Introduction.

Shiga toxin-producing Escherichia coli (STEC) is a food-borne pathogen of

significant public health concern because of the severity of illness it can cause. Infection

with STEC can causes a spectrum of symptoms, ranging from diarrhea, bloody diarrhea,

hemolytic uremic syndrome (HUS) to hemorrhagic colitis, and can even lead to death.1.

The main source of STEC is animal fecal material, especially from ruminant animals,

which then contaminates the food or water chain. The profile of STEC strains causing

human illness has continued to evolve since it first emerged as a cause of human illness.

This has included changes in understanding the role of serogroup and the

presence/absence of particular genes (stx and eae) as indicators of STEC virulence

potential. E. coli O157:H7 was the first serogroup implicated in STEC human infections

(1980s). In the 2000s, further serogroups (E. coli O26, O103, O111 and O145) were

linked to serious illness and became known as the ‘top five’ STEC serogroups. In 2011,

the serogroup O104 was added to this group following a European outbreak linked to

sprouted fenugreek seeds, becoming the ‘top six’. Recent international epidemiological

data has shown the profile of STEC strains associated with human illness, now includes

many serogroups outside the traditional ‘top six’. Thus, STEC detection methods are

now moving from serogroup to virulence gene based detection methods as the most

specific way to detect and identify STEC. A key virulence trait is the shiga toxin-

producing gene(s) (stx) encoded by stx1 and stx2 with stx2 often reported in seriously

ill patients.2

The most common ways to determine STEC are now based on PCR/ Real Time

approaches3-4 but emerging approaches include inductively coupled plasma mass

spectrometry (ICP-MS),5 solid phase cytometry (SPC) in conjunction with fluorescent

https://www.sciencedirect.com/topics/chemistry/haemolytic
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viability staining and culture methods.6 For PCR and ICP-MS, the advantages are that

the assays are extremely specific, sensitive, and cost-effective for each operation.

However, ICP-MS equipment is expensive, time-consuming and they require trained

personnel with years of experience. For SPC method, the assay is able to detect viable

organisms but it consists of a multi-step process; it is limited to the ability to detect the

fluorescent signal; in addition, additional steps are required for confirmation of E. coli.

Surface Enhanced Raman Spectroscopy (SERS) is emerging as a fast, ultra-sensitive,

cost-effective, easy-operation technique,7 used in a variety of sensing fields,8 including

DNA/bacterial sensors.9-10 SERS is mostly based on Ag/Au/Cu noble nano structures as

an effective SERS substrate.11 The enhanced Raman signal originates from plasmonic

phenomena at noble metal nano structures, and can be evaluated through the

Enhancement Factor (EF). It is widely accepted that the overall enhancement is a

combination of the so called chemical and electromagnetic enhancements.12 For DNA

or bacterial detection, SERS substrates need further functionalization steps to achieve

selectivity.13-14

SERS substrates have been used for E. coli detection using Zn2GeO4 as the active

material.15 Srivastava, S. K. et al. used a nano biosensor chip,16 with plasmonic nano

sculptured thin films of silver on a silicon platform, functionalized with adsorbed 4-

aminothiophenol molecules, then glutaraldehyde, to detect E. coli down to a

concentration level of a single bacterium with an incubation time of four hours, but this

approach lacks selectivity. Zhou, H. et al. reported on the detection of living bacteria in

drinking water by SERS by coating the cell wall of the microorganisms with silver

nanoparticles.17 The total assay time was only 10 min with a reported limit of detection

(LOD) of 2.5 × 102 cells mL-1 on a glass slide by using SERS mapping. Those methods
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lacked a linear calibration between the bacterial concentration in buffer solution and

Raman intensity, thus it is hard to define the bacterial concentration for an unknown

sample. To solve this problem, Bi, L. et al. synthesized Au@Ag core-shell nanorod

(Au@AgNR) tag SERS platform for ultrasensitive bacteria detection and antibiotic-

susceptibility testing (AST),18 with logarithm of E. coli concentration in a range of 107–

102 CFU (colony forming unit) mL-1 with a LOD as low 102 CFU mL-1. However, the

incubation time for bacteria was three hours to gain readable Raman signals, which

limited its application. Díaz-Amaya, S. et al. used aptameric DNA sequences

conjugated to 4-aminothiophenol-gold nanoparticle complexes (4-ATP/Au) for the

sensitive and highly specific detection of E. coli O157:H7 via SERS within 20 min.19

Low concentrations of E. coli O157:H7 were detected (102 CFU mL-1) with a linear

range from 102-106 CFU mL-1 in both pure culture (∼101 CFU mL-1) and ground beef

samples (∼102 CFU mL-1). However, in this research example, the Raman signal gained

from Au NPs may have large standard deviation values in intensity, as this SERS

substrate is inhomogeneous, especially after binding to E. coli.

Direct detection of bacteria via SERS suffers from either long incubation time,

quantification difficulties, or lack of selectivity because of cell culture contamination.

Another way is to detect the single stand DNA (ss-DNA) from STEC with the help of

DNA amplification method such as PCR20 or reporter/capture DNA.21-25 This research

demonstrates the use of SERS as an analytical approach for indirect detection of stx2

gene from STEC without the need for PCR amplification; by using thiol functionalized

SERS substrates and Methylene Blue as a Raman marker. This analytical method is

shown to be ultra-sensitive, highly selective towards targeted DNA, and could also be

used for other ss-DNA relevant to cancer or infectious diseases.26

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-sequence
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/colony-forming-unit-s
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2. Materials and methods.
2.1. Chemicals.

AgNO3, 6-Mercapto-1-hexanol (HS(CH2)6OH), Methylene Blue (MB), HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) solution, KCl, NaCl were purchased

from Sigma-Aldrich, Ireland. All solutions were prepared by diluting with ultra-pure

Milli-Q water (18.2 MΩ·cm-1). 1 mM stock solution of Methylene Blue (MB) was

prepared by diluting with DI water in brown glass bottle, the bottle was stored in the

fridge for further use (MB solution can usually be stored in the fridge for months).

Buffers used for DNA dilutions was 0.1 M PBS, pH = 7.2 while MB for DNA detection

was diluted in 0.2 M HEPES and 0.1 M KCl, pH = 7. 6-Mercapto-1-hexanol

(HS(CH2)6OH) solution was prepared by diluting 100 mM to 10 mM in ethanol

(EMSURE grade for analysis), then dilute to 5 mM through adding the same volume of

DI water. Containers used for dilution are new colorless Eppendorf AG PCR tubes (mL

range) from Sigma-Aldrich (Ireland).

All synthetic oligonucleotides were obtained from Sigma Aldrich Ireland in dried

form. Upon arrival, they were diluted with sterile DI water to 100 µM and stored at -

20°C in new PCR tubes. Targeted-ss-DNA was prepared by diluting targeted-ss-DNA

solution (100 μM, 10 µL) in PBS buffer (990 µL) to 1 μM, and these steps were

repeated to obtain different concentrations.

The probe sequence for stx2 detection was selected based on ISO/TS 13136:2012

standard. The probe was modified with thiols at the 5’ end, enabling covalent

attachment to the nanoparticles. Sequences used in this work are detailed below:

Table 2 DNA sequences used in this work.
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Name Sequence

stx2 probe 5’ [ThiC6] TCG TCA GGC ACT GTC TGA AAC TGC TCC 3’

stx2 target 5’ GGA GCA GTT TCA GAC AGT GCC TGA CGA 3’

Non-target 5’ TTAC ATA AGA ACG CCC ACT GAG ATC ATC CAG 3’

2.2. Equipment.

Electrochemical depositions were performed with an Ivium pocketSTAT handheld

potentiostat connected to a computer. Raman spectra were acquired with a Renishaw

InVia microscope equipped with a 514 nm Ar ion laser and CCD detector (1024 pixel ×

256 pixel). All measurements were acquired using a 20x lens (NA 0.4, axial resolution:

0.58 µm).3 Optical images were acquired with a Leica Mikroskopie & Systeme GmbH.

SEM characterization was undertaken with a FEI Quanta 650 (the acceleration voltage

= 10 KV, the spot size = 2.5 nm). Bransonic sonicator (Model M1800H-E) and

thermocycles from applied biosystems by Thermo Fisher Scientific were used to treat

the DNA extracted from bacterial sample before the measurement. For Raman

measurements, the SERS sensor was placed in a chip holder.

2.3. Silicon chips fabrication.

The Au microelectrode Si/SiO2 micro chip fabrication process has been shown in the

other paper publish by our group.27-28 Briefly, photoresist was deposited on SiO2/Si

substrate by spin coating. Then metal layers (Pt/Au) were deposited on the

SiO2/Si/photon resist layer by physical vapor deposition followed by a lift-off. Finally, a

layer of Si3N4 was deposited to protect the conductive electrode, with the contact pads,

3 Laser energy/Raman intensity was calibrated by using Si reference sample in a daily
bases.
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working electrodes, reference electrode, and counter electrode exposed using etching.

The size for reference and counter electrodes are 500 μm wide × 6 mm long.

2.4. Ag nanostructure SERS substrate electrochemical synthesis on recycled
chips.

In this research, we recycled chips previously used for electrochemical sensing as

SERS substrates.27, 29-30 The main advantages of using recycled chips is to reduce cost

and increase sustainability. For the pre-used chips, the designed micro-band working

electrodes were previously functionalized with a variety of materials for different

sensing applications in the group, while counter and the reference electrodes were

usually not functionalized and kept as pristine surfaces. These pristine electrodes were

subsequently used as working electrodes for SERS substrate fabrication. In order to use

recycled chips, several cleaning procedures were carried out prior to electrochemical

deposition of Ag. First, the recycled chips were pre-treated by soaking in H2O2 (H2O2:

DI water = 1: 20, overnight.); followed by thorough rinsing with DI water and drying

them under nitrogen. This deposition for Ag nanostructure was undertaken by applying

-0.1 V at 0.5 mM AgNO3 solution (5 μL) for 10 seconds, the corresponding current

(μA)-time (s) curve is shown in SI Figure S1 (C).

2.5. DNA sensor development.

DNA sensors were prepared by incubating in 1μM solution (0.1 M PBS buffer) of

thiol modified probe DNA (50 μL) for 24 hours (Figure 4.1 (A, B)). Subsequently, the

sensors were incubated in 50 μL of a 6-Mercapto-1-hexanol solution (5 mM) overnight

to block unmodified surfaces and avoid non-specific binding ( Figure 4.1 (C)). Sensor

chips were rinsed with DI water and dried with nitrogen after thiol application. DNA

detection was performed by incubating functionalized Raman substrates in 50 μM MB
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that was diluted in 0.2 M HEPES buffer and 0.1 M KCl, pH = 7 for 10 minutes, prior to

and after incubation with target DNA for 20 minutes. (Figure 4.1 (D, F)). After MB

solution application (10 minutes), the solution was removed and Raman measurements

were undertaken in a dry environment. After the application of thiol ss-DNA, the SERS

surface was covered and only Si peak at 520 cm-1 was shown. Peaks at 707 cm-1 (O-H

out of plane bending), 1011 cm-1 (C-C-C stretching) and 1086 cm-1 (C-O stretching) for

6-Mercapto-1-hexanol31 appeared, see Figure 4.1 (C) after the second thiol application.

There is no peak at 1625 cm-1 in Figure 4.1 (C), while the peak emerged after MB

application in Figure 4.1 (D). In Figure 4.1 (F), after applying targeted ss-DNA, MB

signal increased.
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Figure 4.1: Illustration of the DNA sensor development process and the corresponding

Raman spectra. (A) Ag nanostructure electrodeposition on SiO2/Si substrate; (B)
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Immobilisation of thiol modified probe DNA (50µL, 1µM) onto a SERS substrate and

incubating for 24 hours. (C) Immobilisation of 6-Mercapto-1-hexanol (50µL, 5mM) in

the free spaces between probe DNA; (D) MB binding ss-DNA on a functionalized

SERS substrate (incubation time: 10 minutes); (E) Hybridization of target DNA to the

ss-DNA modified SERS substrate for 20 minutes; (F) MB intercalation between the

dsDNA (incubation time: 10 minutes). The integration time was 10s. The total time

used for the first two spectra was 1.5 minutes, and the total time used for the last three

spectra was 0.2 minutes.

2.6. Bacterial DNA extraction.

DNA was extracted from STEC O157 (ATCC35150), Salmonella spp. (SARB65) and

Staphylococcus aureus (NCTC 8178). STEC O157 contained the stx2 gene while the

other bacteria were used as negative samples to confirm the selectivity of the SERS

sensor. The cultures were grown from culture collection stocks, which were stored on

protective beads at -80°C. A single bead of each isolate was streaked on Tryptone Soy

Agar (Oxoid, Fisher Scientific Ireland) and incubated overnight at 37 °C. An isolated

colony was then placed in Tryptone Soy Broth and again incubated at 37 °C overnight.

DNA was extracted from the resulting culture using a Qiagen DNeasy Blood and Tissue

kit (Qiagen, Manchester, UK), and following the manufacturer’s instructions. The DNA

concentration was measured using a Qubit dsDNA BR Assay Kit (Thermo Fisher

Scientific, Ireland) on a Qubit 4.0 fluorometer.

DNA samples were diluted five times in 0.1 M PBS buffer, pH = 7.2, sonicated for

five minutes to break the long DNA strand and heated to 95 °C for two minutes to

denature ds-DNA. Afterwards, the samples were rapidly cooled down on ice. 50 µL of
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bacteria DNA were incubated on a prepared SERS sensor for 20 minutes at room

temperature. After incubation, the sensor was washed with DI water (DI water was

stored in a large polypropylene bottle (25L) for lab use and polypropylene bottle for

daily use), followed by MB (50 μM) application for ten minutes, whereon Raman

detection was performed.

2.7. Raman Measurements and Data Analysis.

All Raman measurements were acquired using a 20x lens (NA 0.4, lateral resolution

of ~688 nm and an axial resolution of ~6875 nm). The test area was confined to a small

localized area (60 x 60 μm approximately ), as this deposited Ag nanostructure showed

different SERS signal in different localized areas of the Pt/Au electrode as shown in SI

Figure S1 (A, B). All the spectra presented herein were an averaged value of ten

measurements obtained at different random points on a SERS substrate. For the

repeatability study, 45 measurements were taken at different random points on a SERS

substrate in a localized area. All Raman spectra were taken using a laser power of 0.07

mW with an integration time of ten seconds. In order to confine Raman measurements

in the same area (60 μm x 60 μm), set up of the original point as (0, 0) at one end of Au

macro electrode and the ruler window in the Renishaw system was used to mark the

area, as shown in SI Figure S1 (A). The targeted ss-DNA detection was carried out in

dry environment, while MB detection to characterize Ag nanostructure SERS substrate

in section 3.1 was carried out in water environment. All spectra were corrected by

subtracting the baseline using Matlab R2018b-academic use, which is shown in SI

Figure S2 (A-C). The linear fitting was done by Origin™ (OriginPro 2016).
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3. Results and discussion.

In this research, an electrode originally designed as a counter electrode (6 mm long)

on a SiO2/Si chip was used as a working electrode, see Figure 4.2 (A), and was used to

electrochemically deposit Ag nanostructure. During electrochemical deposition (the

electrochemical deposition set up is shown in Figure 4.2 (B), Ag nanostructure were

formed on the SiO2/Si substrate based on the edge effects of the strong electric field

generated by edge discontinuities of the large Au electrode.32 (Figure 4.2 (C)). In this

electrochemical deposition process, a two electrodes system (working and counter

electrode) was used (shown in Figure 4.2 (A)). In this electrochemical reaction, silver

was reduced to Ag nanostructure through chemical reaction:

��+ + �− →��

, also forming regular distributed nano gaps between Ag nanostructure during this

process. Those Ag nanostructure grew on the SiO2/Si substrates adjacent to the

electrode, because of the strong electrical field distribution near the electrode edge.

Figure 4.2 (D) shows the Raman measurement set-up with a chip holder.
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Figure 4.2: (A) Recycled chips and chip design for electrochemical deposition (chip size:

1.0 x 1.7 cm; and 0.1 cm in thickness, more information about this chip platform has

been included in Chapter 2). In this research, six designed Au working electrode (micro

band electrode) were not used, only designed Au reference and Au counter electrode

(big electrode) were used for electrochemical deposition, designed reference electrode

acted as counter electrode and designed counter electrode acted as working electrode.

(B) Electrochemical deposition set up, only two big electrodes were used for

electrochemical deposition; (C) Demonstration of Ag nanostructure deposition by

electrochemical method along a Au counter electrode as designed; (D) Raman test

platform with a chip holder for both dry and aqueous environments. Raman

measurement were carried out on top of Ag nano structures shown in Figure (C).

3.1, Ag nanostructure SERS substrate characterization.

Optical micrographs of the fabricated samples acquired with a 20x objective are

shown in SI Figure S1 (A). Ag nanostructure grew and spread on SiO2/Si substrate
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along the Pt/Au macro electrode (mm2), presenting a flat thin Ag nanostructure layer.

SEM images are shown in Figure 4.3 (A-B), the substrate exhibited a dense coverage of

Ag nanostructures. The SERS signals at different locations within a localized area were

found to be repeatable which is essential for DNA quantification, the repeatability has

been proved by using MB as a Raman active analyte in section 3.2. For the

quantification process, ten spectra from MB labelled hybridized DNA were taken and

the average value was used for linear fitting; the error bars for quantification were from

the standard deviation (SD) of those ten measurements.

Figure 4.3: (A) SEM image for an Ag nanostructure SERS substrate (scale bar; five μm);

(B) SEM image for an Ag nanostructure SERS substrate at a higher magnitude (scale

bar; 500 nm).

3.2, Ag nanostructure SERS substrate characterized by Methylene Blue (MB).

To characterize the deposited Ag nanostructure SERS substrate, Methylene Blue (MB)

was used as a model molecule as reported in previous research.33 Figure 4.4 (A)

presents the characteristic peak for MB located at 1625 cm-1, associated with the
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vibration mode of C-C ring stretching and C-N ring stretching.34 10 μL of MB solution

at different concentrations was dropped on a SERS substrate, and then covered with a

cover glass. The peak intensity increased with increased concentrations between 0.05

μM and 1 μM, as expected. The linear fitting is shown in Figure 4.4 (B), and exhibited a

linear relation between logarithmic of Raman counts (y) and logarithmic of MB

concentration (x, in μM): y = 3.777+0.437log10x, with an R2 = 0.9932. The

experimental LOD was 0.01 μM.

The enhancement factor was calculated to be around 1010 for 0.01 µM MB by using:

EF = ISERS· Nbulk/NSERS·I bulk (Eq. 1)

where ISERS is SERS intensity; Ibulk is Raman intensity; Nbulk is determined under the

same experimental conditions as in SERS measurements, but without SERS substrates;

NSERS is the number of targeted molecules adsorbed on SERS substrates, and it is related

only to the molecular interaction with the SERS substrate surface. The detailed

calculation is shown in SI.

Figure 4.4: (A) Spectra of different concentrations of Methylene Blue (MB): 0.01 μM,

0.05 μM, 0.1 μM, 0.2 μM, 0.5 μM; from 1550 cm-1 to 1700 cm-1, the characteristic is
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located in 1625 cm-1 and a reference spectrum without MB. (B) Linear fitting for Log10

(Raman Counts) (y) VS Log10 ([MB] (x, in μM)) at different MB concentrations: y =

3.777+0.437log10x, where R2 = 0.9932. The measurements for each MB concentration

were taken at ten different random points on a Ag SERS substrate, the error bars were

one SD (standard deviation) of these ten measurements.

The repeatability of this Ag SERS substrate was characterized by testing MB (0.1 μM)

at 45 different points on a SERS substrate. The spectra are shown in Figure 4.5 (A), and

the peak intensities at 1625 cm-1 for 45 points as a bar plot are shown in Figure 4.5 (B),

with a SD=149.58. The sensitivity and reproducibility of SERS detection towards MB

was attributed to the uniform distribution of the Ag nanostructure on the surface of

SiO2/Si substrate in a micrometer (μm) range.
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Figure 4.5: Repeatability study of an Ag nanostructure SERS substrate. (A) Spectra of

MB at 0.1 μM from 45 different random points on a Ag nanostructure SERS substrate

after baseline subtraction. (B) Bar plot of Raman intensity of the characteristic peak of
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MB at 1625 cm-1 in (A) after baseline subtraction, with SD=149.58 for 45 different

random points on an Ag nanostructure SERS substrate.

3.3, Detection of targeted DNA using SERS.

After two-step thiol functionalization, the corresponding Raman spectra are shown in

SI Figure S3 (A), peak around 520 cm-1 showed Raman peak of Si, the overall Raman

intensity for two thiols were weaker than Si and indicated good coverage of two thiols

over Ag NPs surface. For thiol-ss-DNA, no obvious Raman peak showed from 300 cm-

1-1650 cm-1. After application of HS(CH2)6OH, extra peaks appear at 706 cm-1, 875 cm-

1, 1009 cm-1, 1085 cm-1. The peak at 706 cm-1 is assigned to O-H out of plane bending,

the peaks at 875 cm-1 and 1009 cm-1 are assigned to C-C-C stretching, and the peak at

1100 cm-1 relates to C-O stretching of HS(CH2)6OH.35

MB was used as a Raman marker to provide stronger SERS signals in DNA detection,

as shown in Figure 4.1 (D, F). MB can attach to DNA through electrostatic interaction

where the negatively charged phosphate backbone of DNA (weak binding),36 bind with

guanine on single strand DNA37 or intercalate between the double strand DNA (strong

binding).38 The higher the targeted ss-DNA concentration, the higher concentration of

MB that is attached to DNA through electrostatic force; Also, MB shows different

binding affinities towards ss-DNA and ds-DNA, as MB binds to ss-DNA by

electrostatic force while it binds to ds-DNA by both intercalations and electrostatic

interactions.39-40 Thus, MB can be used to quantify targeted ss-DNA upon DNA

hybridization. The ionic strength of the solution that would affect MB to ds-DNA

binding efficiency.41 Based on Kara et al., the MB intercalation mechanism between ds-

DNA was preferred over the electrostatic interaction or binding with guanine on single
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strand DNA at 10 mM NaCl.42 In this research, DNA detection was undertaken by using

50 µM MB dissolved in 0.02 M HEPES buffer with 10 mM KCl to achieve a higher

efficiency of intercalation.

To process SERS quantification of targeted DNA, MB (50 μM, 20 μL) was applied to

the functionalized SERS substrate (Ag nanostructure/ss-DNA), and the initial MB

Raman peak at 1625 cm-1 was shown due to MB interaction with ss-DNA. After the

hybridization of the target DNA for 20 minutes (Figure 4.1 (E)), the MB was applied

again and the peak was higher compared to ss-DNA due to intercalation between the ds-

DNA (ds-DNAs).

To establish a linear calibration, different concentrations of target DNA were

incubated on top of sensors for 20 minutes, followed by 10 minutes of incubation with

MB and then Raman measurement. Linear quantification of this STEC bacteria DNA

was based on MB signal difference (I1-I2/I1) between the functionalized substrate (Ag

nanostructure/thiol-ss-DNA) and the SERS substrate after binding of the target DNA,

where the MB signal difference change reflect the concentration of target DNA

hybridization in that 20 minutes incubation times. Using the initial signal (I1) from

functionalized SERS substrate as a reference resulted in a better linear fitting result, see

SI Figure S4 (A-B). However, using peak intensity change (I1-I2/I1) (with error bar

calculated by coefficient of variation) resulted in smaller error bars in the linear fitting

compared to using I1 (error bar were from standard deviations),

This SERS sensor requires dense thiols coverage; otherwise, the Raman intensity

changes, after the binding of targeted DNA, will not be obvious (MB signal difference

(I1-I2/I1) would be too small to see the difference between different targeted-ss-DNA

concentrations). A way to check the successful binding of the thiols is through checking
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initial Raman intensity of the functionalized SERS substrate (Ag nanostructure/ss-

DNA). In our work, this usually ranges from several hundreds to a few thousands

(500<I<2000, I is Raman counts (a.u.)); otherwise, we attribute values outside of this

range to indicate unsuccessful thiols bonding (I>2000) or unsuccessful Ag

nanostructure deposition (I<500). As bare Ag nanostructure surface is still exposed to

air and contributes to higher Raman intensity (I>2000), or not enough Ag nanostructure

contributed to enhanced Raman signal (I<500). The success rate of SERS sensor

fabrication was 84.21% out of 19 sensors as shown in SI bar plot Figure S5. In real

applications, SERS sensor calibration was undertaken using a standard addition method

for unknown DNA samples, which is essential to get reliable results because of the

initial Raman signal differences.

The SERS spectra at different concentrations of the target DNA are presented in

Figure 4.6 (A), the intensity of the 1625 cm-1 peak increased with the increased

concentrations of target DNA.

Figure 4.6 (B) shows the same experiment using non-target DNA, where little change

in the intensity was observed. The spectra is shown in SI Figure S3 (C). For target DNA,

the intensity change (before and after applying the targeted-DNA, I2-I1/I1) ranged from

50 % to 350 %. The linear relation of the intensity change (before and after applying the

targeted-DNA, I1-I2/I1) and the logarithmic concentration of targeted DNA is shown in

Figure 4.6 (B): y = 0.3394log10x + 0.7530, with R2 = 0.9972, the LOD was calculated to

be 0.4900 aM through 3σ/m method. For non-targeted DNA, the intensity change stayed

around 0 % demonstrating the selectivity of this SERS sensor.

The explanation of this ultra-low detection ability for this SERS sensor is in section

3.4. Results from literature also proved the possibility of zmol or amol DNA detection.
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For example, Li et al. synthesized DNA-functionalized single walled carbon nanotube

(SWCNT)-Au platform where gold-coated SWCNT acts as an isolated micro electrode,

this platform was able to detect lower than 10 zmol complimentary 10-base DNA, this

is corresponded to having 6 DNA molecules in a 1 mL sample solution.43 Shi et al. used

two-dimensional carbon-coated molybdenum disulfide (2-D MoS2@C) hollow nano

rods combining with nucleic acid signal amplification strategies and DNA hexahedral

nano framework to fabricate a novel self-powered biosensing platform for microRNA-

199a detection. The nanomaterial is then applied on carbon cloth. This assay shows an

extensive linear range of 0.0001-100 pM with a low detection limit of 4.94 amol/L.

Comparison between Ag-MB and Ag-ss-DNA/ds-DNA-MB was also discussed in

section 3.4 and demonstrated in Figure 4.11. Figure 4.7-4.10 show four repeat

experiments on four different chips for both higher concentrations and lower

concentrations (Newly made targeted ss-DNA solutions for each experiments). For

higher concentrations of targeted ss-DNA, I1-I2/I1 vs Log10 ([t-DNA] (in pM)) showed

linear trend (Figure 4.7). For lower concentration (Figure 4.8), there was no signal

change for targeted ss-DNA at 0.1 aM and at 1 aM, MB SERS signal increased. Repeat

experiments proved the possibility of this ultra-low (1 aM) target ss-DNA detection

(Figure 4.8-4.10).

https://www.sciencedirect.com/topics/chemistry/molybdenum-disulfide
https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/chemistry/nucleic-acid
https://www.sciencedirect.com/topics/chemistry/deoxyribonucleic-acid
https://www.sciencedirect.com/topics/chemistry/nanomaterial
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Figure 4.6: Targeted DNA (stx2) detection and linear calibration. (A) MB spectra

after hybridization with different target DNA concentrations (i) 1 aM, (ii) 0.1 fM, (iii)

10 fM, (iv) 1 pM, and (v) 100 pM. And reference spectra of Ag-ss-DNA SERS

substrate with and without MB. (B) Linear fitting for I1-I2/I1 VS Log10 ([t-DNA] (in aM))

at different target DNA concentrations: y = 0.3394log10x + 0.7530, with R2 = 0.9972.

Data points in the box is non-targeted DNA, which do not show Raman intensity change

with the change of non-targeted DNA concentrations. The measurements for each

targeted/non-targeted DNA concentration were taken in ten different random points on

the functionalized Ag nanostructure SERS substrate, the error bars were the SD

(standard deviation) of these ten measurements. All raw data are shown in Figure S6.



236

On chip 1 (higher concentrations):

Figure 4.7: Targeted DNA (stx2) detection by SERS sensor at higher concentrations

(A) MB spectra after hybridization with different target DNA concentrations (i) 0.1 pM,

(ii) 1 pM, (iii) 100 pM, (iv) 10 µM. And reference spectra of Ag-ss-DNA SERS

substrate with MB (in green). (B) Linear trend for I1-I2/I1 VS Log10 ([t-DNA] (in pM)) at

different target DNA concentrations for eye guide only. Ten different spectra, taken in

ten different random points on the functionalized Ag-ss-DNA SERS substrate are

presented for each concentration of targeted ss-DNA, the error bars were the RSD

(relative standard deviation) of these ten measurements.

On chip 2 (lower concentrations, 1st repeat experiment for 1 aM ss-DNA
detection):
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Figure 4.8: Targeted DNA (stx2) detection at lower concentrations. (Newly made

targeted ss-DNA solutions). (A) MB spectra after hybridization with different target

DNA concentrations (i) 0.1 aM, (ii) 1 aM, (iii) 0.1 fM. And reference spectra of Ag-ss-

DNA SERS substrate with MB. (B) Linear trend for I1-I2/I1 vs Log10 ([t-DNA] (in pM))

at different target DNA concentrations for eye guide only. Ten different spectra, taken

in ten different random points on the functionalized Ag-ss-DNA SERS substrate are
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presented for each concentration of targeted ss-DNA, the error bars were the RSD

(relative standard deviation) of these ten measurements. (C-F) All raw data in (A).

On chip 3 (2nd repeat experiment for 1 aM ss-DNA detection):

Figure 4.9: Targeted DNA (stx2) detection at lower concentrations (Newly made

targeted ss-DNA solutions). (A) Reference spectra of Ag-ss-DNA SERS substrate with

MB. (B-C) MB spectra after hybridization with different target DNA concentrations (i)

1 aM, (ii) 0.1 fM. (D) MB spectra after hybridization with different target DNA

concentrations (i) 1 aM, (ii) 0.1 fM. And reference spectra of Ag-ss-DNA SERS

substrate with MB. Ten different spectra, taken in ten different random points on the

functionalized Ag-ss-DNA SERS substrate are presented for each concentration of

targeted ss-DNA.
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On chip 4 (3rd repeat experiment for 1 aM ss-DNA detection):

Figure 4.10: Targeted DNA (stx2) detection at lower concentrations (Newly made

targeted ss-DNA solutions). (A) Reference spectra of substrate with MB. (B-C) MB

spectra after hybridization with different target DNA concentrations (i) 1 aM, (ii) 0.1

fM. Ten different spectra, taken in ten different random points on the functionalized Ag-

ss-DNA SERS substrate are presented for each concentration of targeted ss-DNA. (D)

MB spectra after hybridization with different target DNA concentrations (i) 1 aM, (ii)

0.1 fM. And reference spectra of Ag-ss-DNA SERS substrate with MB. Ten different

spectra, taken in ten different random points on the functionalized Ag-ss-DNA SERS

substrate are presented for each concentration of targeted ss-DNA.
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3.4, Comparison between Ag-MB and Ag-ss-DNA/ds-DNA-MB.

In section 3.2, the experimental LOD for MB, obtained on an Ag SERS substrate, was

0.01 μM (Raman count is around 900 a.u.). With the Ag-thiol-ss-DNA SERS substrate,

the Raman count was 600 a.u., but it is important to point out that this was obtained to a

different (DNA modified) surface compared to the initial MB experiments. The

effective SERS height was around 100 nm, the laser spot size was 1-2 µm. Total MB

volume (0.01 µM) that was needed to reach this Raman account was π x (1)2 µm2 x 100

x 10-6 µm= 3 x 10-4 µL. In the real situation, the length of this thiol-ss-DNA was around

several nm,44 this would help to bring more MB molecules closer to SERS substrate

surface with a higher EF (Enhancement Factor) as described by Sharma et al (several

orders of magnitude).45 See Figure 4.11.

After binding with targeted ss-DNA (1 aM), Raman count increased from 600 to 1000

a.u., this arises from both electrostatic attraction and intercalation of MB to ds-DNA

(several times more MB molecules bonded to ds-DNA comparing to bond to ss-DNA).

ds-DNA folding in space compared to ss-DNA alone after MB application,46-47 The EF

can increase by several orders of magnitude nearer to the Ag surface.48 Besides, for

DNA detection, the experiment was carried out in a dry environment. In theory, only a

few targeted ss-DNA needed to hybridize to ss-DNA SERS substrate at 1 aM on a laser

spot (30 DNA molecules in 50µL DNA solution) and align with experimental results. In

my experiments, Raman measurements and calibrations, the spectra were measured at

ten different locations; the final spectrum presented is an average of these ten spectra.

This means that in these ten locations, targeted DNAs were able to hybridize and

interact with the MB and offer a readable SERS signal increase. See all the raw data in

Figures 4.8-4.10 for reference.
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In summary, Ag-MB interaction and Ag-ss-DNA/ds-DNA-Ag interaction were two

different systems, and the experiments were carried out in different conditions. For Ag-

MB, Raman detection happened immediately without incubation (see Figure 4.11 (B)),

the distance between the MB molecule and the Ag nano structure surface was limited by

the diffusion limit at certain concentrations and surface energies of Ag and MB in a

aqueous environment.49 For MB as a Raman marker in DNA detection, Raman

detection happened after 10 minutes of incubation in MB (10 µL, 50 µM) and was

carried out in a dry environment. (Figure 4.11 (A, C)). MB binds to ss-DNA through

electrostatic force and is bound to ds-DNA by both electrostatic and intercalation. DNA

could also change its orientation and space arrangement during hybrization, thus,

changing the distance the towards the Ag nano structure surface. The Enhancement

Factor of SERS related to the distance between the metal nano structure surface and the

molecule. With different bonding mechanisms for these two system, their EF could be

several orders of magnitude different. On top of that, ss-DNA can host large numbers of

MB molecules after incubation at 50 µM MB and help its SERS signal reading. The

Raman signal is usually much higher in a dry detection environment than in a water

environment, and this has been demonstrated experimentally in chapters 2 and 3. All

statements above explain the LOD differences in sections 3.2 and 3.3., as well as the

ultra-low detection ability. On top of this, the repeat experiment for target ss-DNA also

confirmed the result. See Figure 4.8-4.10.
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Figure 4.11: Illustration of (A) Ag-ss-DNA/ds-DNA-MB : 50 µL, 50 µM MB applied

to SERS sensor (Ag-ss-DNA/ds-DNA) and incubate for 10 minutes. (B) Ag-MB: MB

solution (µM) directly contacts with silver surface and gets SERS signal. (C) After 10

minutes of incubation, removing MB solution, Raman measurements were carried out in

dry environment.

3.5, Real sample detection by Ag nanostructure SERS substrates.

Chromosomal DNA from different bacterial strains (STEC O157, Salmonella spp.,

and Staphylococcus aureus) extracted from the overnight cultures were used to confirm

the selectivity of developed sensors. DNA was first sonicated to break the DNA into
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smaller strands and heated to denaturate the double strand. After that, the samples were

cooled down immediately and incubated on top of the sensor for 20 minutes and the

detection with MB (50 mM, 20 µL, 10 minutes) was performed. Three replicate

experiments were done for each bacterial species on three individual SERS sensors. For

each experiment, the spectra were normalized at initial Raman peak after MB

application to ss-DNA SERS sensor for better data comparison and visualization.

The results showed, for targeted-ss-DNA from STEC containing stx2 gene, the

Raman intensity changes dramatically, with the intensity increase comparing to ss-DNA.

When non-target bacteria were used, such as Salmonella spp. and Staphylococcus

aureus, no obvious change in Raman intensity was observed, as shown in Figure 4.12

(A). The Raman intensities change (I2-I1/I1) for these three bacteria are shown in Figure

4.12 (B), each with three replicates. For STEC O157, the Raman intensity changes in

the range from 125% to 274%, with an average intensity of 192%. By contrast, for

Salmonella and Staphylococcus, the average Raman intensity changes stayed within

11%. These results strongly suggest that the two thiols functionalized Ag nanostructure

SERS substrate developed in this work is suitable for highly selective and highly

sensitive DNA/ bacteria sensor without DNA amplification.
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Figure 4.12: Real DNA samples study from different bacteria (STEC O157, Salmonella

spp. and Staphylococcus aureus) on functionalized Ag nanostructure SERS sensors. (A)

DNA from different bacteria samples on different SERS substrates (Incubation time: 20

minutes), after binding with 50 μM MB (20 μL) for 10 minutes. Only targeted bacteria

STEC O157 showed significant changes in Raman intensity (274%). (B) Bar plot of

intensity change for different bacteria DNA extraction, error bars were from three

replications; where DNA from STEC O157 shows significant Raman intensity change

(average 192%), the other two bacteria DNA do not show that much difference in

Raman intensity change (within 11% Raman intensity change in average).
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4. Conclusions.

In this research, Ag nanostructure with regularly distributed nano gaps were

successfully synthesized through an electrochemical deposition method on a recycled

SiO2/Si chip with a large Pt/Au electrode. Those Ag nanostructures stacked on the

SiO2/Si chip well without lifting off after functionalization steps and DNA detection

steps, following two functionalization steps with thiol-ss-DNA and 6-Mercapto-1-

hexanol on the Ag nanostructure SERS substrate. This SERS substrate showed good

linearity with R2 = 0.997 in a 1 aM to 100 pM dynamic concentration range, the

detection ability was 1 aM from the experimental result. In real sample verification, this

SERS substrate showed good selectivity towards target DNA (stx2) in STEC O157,

while it did not show much Raman intensity change towards other bacteria such as

Salmonella and Staphylococcus. Overall, this study showed proof of principle that the

SERS substrate has potential as a cost effective, high selective, high sensitive DNA and

bacteria sensor without the aid of PCR DNA amplification. With further development

and validation, this methodological approach has the potential for use in the point-of-

use detection for instance on a farm or in the food industry.
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Supporting Information.

Figure S1 (A) Confined Raman measurement areas on chip and ruler window (x, y) to

mark the test area for Raman measurements. (B) Different Raman intensity at different

locations (area1 and area2 in (A)). (C) Electrochemical deposition current (μA) VS time

(s) plot.



253

Figure S2 (A-B) catch two point for baseline subtraction for this spectrum range from

1500 cm-1 to 1700 cm-1; (C) spectra after the baseline subtraction, the straight lines were

the baselines.

Figure S3 (A) Spectra for Ag NPs SERS substrate functionalization: with thiol-DNA

and with two thiols (thiol-DNA+ thiol-OH). Spectra offset for clarity, peak around 520

cm-1 is SiO2. (C) Spectra for non-targeted DNA at different concentrations and spectrum

for the functionalized substrate as a reference
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Figure S4 Comparison of two linear fitting method: (A) I1 VS log 10 (t-DNA (aM));(B)

I2-I1/I1 VS log 10 (t-DNA (aM)).

Figure S5 Bar plot of initial Raman counts of 19 SERS sensors after MB application,

the success rate is evaluated by Raman counts (a.u.), Raman counts range from 500-

2000 are good for DNA detection. The success rate is 16/19 (84.21%).
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Figure S6: All raw data in Figure 4.7: targeted DNA (stx2) detection. (A) Reference

spectra of Ag-ss-DNA SERS substrate with MB. (B-F) MB spectra after hybridization

with different target DNA concentrations (i) 1 aM, (ii) 0.1 fM, (iii) 10 fM, (iv) 1 pM,

and (v) 100 pM. Ten different spectra, taken at ten different random points on the
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functionalized Ag-ss-DNA SERS substrate are presented for each concentration of

targeted ss-DNA.

EF= ISERS·Nbulk/NSERS·Ibulk

For 0.01 µM MB by SERS:

ISERS = 868.332, NSERS = VMB effective for SERS· [MB], VMB effective for SERS = π·r2·10-7, where

r is the laser spot radius (in µm) (total surface area of Ag nano structure was estimated

to be equal to laser spot area); 10-7 is the estimated SERS effective height for MB

solution (100 nm, which is the SERS effective range), even if the total amount of MB

that interact with Ag NPs surface could be much smaller;

For normal Raman at 1 mM MB concentration:

Ibulk= 517, Nbulk = VMB effective for Raman· [MB], VMB effective for Raman = π·r2·heffective, where r

is the laser spot radius (in µm); heffective is the effective height for MB for Raman

measurement and is estimated to be 1 mm.

EF = 868.332·π·r2·10-3m·10-3M/517· π·r2·10-7m·0.01·10-6 M = 0.169 x1010
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Appendix 1

A.1. Publications:
1, Yuqing Yang, Niamh Creedon, Alan O’Riordan, Pierre Lovera. Surface Enhanced

Raman Spectroscopy: Applications in Agriculture and Food Safety.

Photonics 2021, 8(12), 568;

2, Yuqing Yang, Alan O’Riordan, Pierre Lovera. Highly sensitive pesticide detection

using electrochemically prepared Silver-Gum Arabic nanocluster SERS substrates.

Sensors and Actuators B: Chemical. Volume 364, 1 August 2022, 131851.

3, Yuqing Yang, Luiza Adela Wasiewska, Catherine M Burgess, Geraldine Duffy,

Pierre Lovera, Alan O’Riordan. Detection of str2 from Shiga toxin-producing

Escherichia coli (STEC) by a Surface Enhanced Raman Spectroscopy (SERS) sensor

using recycled silicon chips. Sensors and Actuators B: Chemical: Volume 373, 15

December 2022, 132618.

4, Yuqing Yang, et al. Sensing Technologies for Real Time Monitoring of Water

Quality, Chapter 4,Wiley.

A.2. Conferences and Conference papers:
1, Yuqing Yang, Alan O’Riordan, Pierre Lovera. Quantitative Detection of

Dopamine by SERS in Water Environment. Oral presentation. 21st AISEM (The Italian

Association of Sensors and Microsystems) online Conference, 2022, Rome, Italy.

http://www.aisem.eu/. This work has submitted to AISEM conference proceeding:

SENSORS and MICROSYSTEMS.

2, Yuqing Yang, Luiza Adela Wasiewska, Pierre Lovera, Alan O’Riordan. Shiga

toxin-producing E.coli (STEC) str2 ss-DNA detection by Surface Enhanced Raman

https://www.mdpi.com/2304-6732/8/12/568
https://www.mdpi.com/2304-6732/8/12/568
https://www.sciencedirect.com/science/article/pii/S0925400522004932
https://www.sciencedirect.com/science/article/pii/S0925400522004932
https://www.sciencedirect.com/journal/sensors-and-actuators-b-chemical
https://www.sciencedirect.com/journal/sensors-and-actuators-b-chemical/vol/364/suppl/C
https://chemrxiv.org/engage/chemrxiv/article-details/628ba212f053dfdad1260be3
https://chemrxiv.org/engage/chemrxiv/article-details/628ba212f053dfdad1260be3
https://chemrxiv.org/engage/chemrxiv/article-details/628ba212f053dfdad1260be3
https://www.sciencedirect.com/journal/sensors-and-actuators-b-chemical
https://www.sciencedirect.com/journal/sensors-and-actuators-b-chemical/vol/373/suppl/C
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Spectroscopy (SERS). Oral presentation. 19th ECASIA (European Association on

Applications of Surface and Interface Analisis) conference, 2022, Limerick, Ireland.



259

Appendix 2
Answers to reviewer’s question for chapter 2 publication.

Reviewers' comments:

Reviewer #1: This manuscript describes the fabrication of Silver-Gum Arabic (Ag-GA)

SERS substrates by electrochemical deposition for herbicide 2,4-D detection. In this

study, Gum Arabic was used to reduce silver ions for substrates fabrication as well as to

attract an analyate in the surface of Ag nanostructures for high sensitivity. Authors

explained well the control of size and morphology of Ag nanparticles by changing

several electrochemical deposition parameters. The data presented in the context are

convincing. However, some major issues should be explained for publication.

1. Authors assert a rapid fabrication of Ag-GA SERS substrates where it require less

than 10s. However, they must prepare the microelectrode on Si/SiO2 chip via complex

and time-consuming steps such as photolithograpy, PVD, metal deposition, and CVD to

start electrochemical depostion with Ag precursor and Gum Arabic. Can the authors

provide the detailed advantages of their SERS substrates in the aspect of cost and

fabrication processes compared to other reliable, simple and cheap SERS substrates

such as nanocellulose-based SERS substrates with high performance (Sensors and

Actuators B: Chemical 2018, 274, 30-36, Carbohydrate Polymers 2020, 235, 115956)?

We thank the reviewer for the comments.

Regarding the comment on the fabrication time, we understand the point of view of the

reviewer. We described our fabrication method as ‘ fast ’ because we considered the
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chips are consumables as they can be fabricated using mass production processes – and

therefore only the time for the electrodeposition process was taken in consideration. To

avoid any confusion, we have removed ‘rapid’ and replaced it by ‘efficient’: ‘This

electrochemical deposition is based on SiO2/Si chips that were fabricated following

standard photolithography process and can be mass produced in typical microelectronic

foundries. Electrochemical method produces large area SERS substrate (40 µm x 20 µm)

and requires less than 10 s for electrochemical deposition.......This is an environment

friendly, efficient, high throughput and scalable method in comparison to other ways of

fabricating SERS substrates.’

We addressed ‘SERS sensors were fabricated on four-inch silicon wafer substrates

with a 300 nm layer of thermally grown silicon dioxide as previously described.1 34

individual SiO2/Si chips were produced on each silicon wafer, with a chip size 1 cm

(width) x 1.7 cm (length) x 0.1 cm (thickness).’ in experimental section in

Microelectrode Fabrication on Si/SiO2 chip part. And ‘Considering SiO2/Si chip

fabrication allows mass production with high throughput, this electrodeposition process

took only 10 seconds, the present approach was efficient, low cost, scalable and

environmentally friendly.’ in the result and discussion part.

We have added the comparison between different fabrication methods in the

introduction part : ‘SERS substrates are commonly fabricated through chemical

synthesis,2-3 electron beam (E-beam) lithography,4 laser assisted fabrication or

templating method.5-7 For chemical methods, though size and morphology controllable

nano particles are available, drop casting of the nano particles onto a substrate, paper,

glass or silica, etc. is still required.8-18 So that the distance between the nano particles is

hard to control. This in turn leads to difficulties in quantification of target analytes, as
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for quantification in SERS, data points for each analytes concentration for linear

calibration are the sum average of more than three measurements in more than three

locations on a SERS substrate. Another significant issue with the use of nanoparticles is

that they are likely to be lifting or moving after application of analytes solvent, again

resulting in quantification inaccuracy. Most research papers that reported on chemical

synthesis fabrication methods for effective SERS substrates carry out experiments in a

dry environment (i.e., the solution was dropped casted and allowed to dry) instead of in

a water environment, with the drying time usually lasting for 30 minutes to one hour.9-10,

12-13, 15 Besides of that, for some research using paper SERS substrate and chemical

synthesized nano particles as effective SERS substrates, the background Raman signal

from a paper substrate could affect the target analyte Raman signal readout. Laser

assisted fabrication methods combining laser etching on glass/ silica substrate for nano

pattern and followed by metal layer deposition, it has limited choices for the

morphology nano patterns and plasmonic materials.19-21 Templating method involves

several steps and has higher fabrication failure possibility.6, 22 These methods are either

time consuming or involve complex steps. High throughput, low cost and reproducible

fabrication of SERS substrates is still elusive.’

Specifically, for cheap paper based SERS substrate, as mentioned above, most of the

papers published that are able to quantify analytes carry Raman experiments in a dry

environment instead of in aqueous environment, see Table 1 below. Also, the LOD for

paper based SERS substrates are usually at the µM level, as the nano gaps in between

nano clusters is less controllable compared to electrochemical deposition method, and it

is hard to achieve homogeneously distributed nm gaps. In terms of fabrication process,

electrochemical deposition method has higher success rate comparing to chemical
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synthesis methods, as it involves less chemical reactions, and does not required control

over temperature.

Table 3 Paper SERS substrates performance in analytes quantification.

Paper SERS
substrates

Analytes LODs Linear range Testing
Environment

Ag NPs on paper Tetracycline in
milk9

0.2 µM 0-2.25 M Dry at room
temperature

Ag
NCs@SiO2/PMHS
modified paper

Adenine13 1 nM 10-8 M-10-4 M Dry naturally

Au NPs on paper Thiram12 1 µM 10-6 M-10-4 M Dry

Au NPs on paper Methyl
parathion15

0.011 μg/cm2 0.018 μg/cm2 to
0.354 μg/cm2

Dry

Ag NPs on paper Adenine11 0.160 µM 0.5-20 μM dried for
20 min at
80 °C

Ag NPs on
biodegradable
bacterial
nanocellulose
paper

Methomyl
pesticide10

36 µM 10-2 to 5 × 10-
7 M

complete
evaporation
of solvent

This work 2,4-D
pesticides

1 pM 0.2 mM down
to 1 pM

Test in 2,4-D
solution
directly

2. Authors should study the detection of other pesticides and compare the results of

2,4-D and others.

We thank the reviewer for this comment.

We focused our research on 2,4-D as there are few reports in the literature regarding

its detection by SERS methods. These Ag-Gum Arabic (Ag-GA) SERS substrates were

https://www-sciencedirect-com.ucc.idm.oclc.org/topics/chemistry/parathion-methyl
https://www-sciencedirect-com.ucc.idm.oclc.org/topics/chemistry/parathion-methyl
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designed for 2,4-D herbicides detection specifically. It is hard to detect 2,4-D directly

using only Ag NPs (There is no adsorption between 2,4-D and silver). Unlike other

SERS active molecules such as Methylene Blue23 or 4-ATP,24 the interaction between

Ag NPs and 2,4-D are random physical contact and rather weak, which is challenging

for quantification study - See Figure (A) below where three Raman measurements for

2,4-D detection on a Ag NPs SERS substrate at three different locations showed

different spectra. A few research papers regarding 2,4-D detection by SERS were based

on functionalized SERS substrate instead of detecting it directly by Ag NPs SERS

substrates, (SERS substrates based on hollow Au@Ag nano-snowflake particles

functionalized with 4-MBA/2,4-D antigen,25 citrate functionalized AgNPs on cellulose

paper,26 silver NPs with molecular imprint polymers (MIP).27 Particularly, SERS

substrates based on well-ordered AuNPs inside mesostructured silica channels28 have

been used to detect 2,4-D, with the limit of detection (LOD) down to 0.79 ppt (parts per

trillion) achieved.28), with an equilibrate time for 1 h and further centrifugation time

needed. One research paper was published using rough Ag NPs SERS substrate (highly

roughened surface flower-like Ag NPs.29), but this research detected 2,4-D in a dry

environment with a drying time needed.

Rapid detection of 2,4-D is still a challenge without complex functionalization steps,

and our research developed a SERS sensor that was able to detect 2,4-D down to 0.001

nM immediately in water environment.

Other pesticides have already been detected at trace level using a variety of

functionalized and non-functionalized SERS substrates 30-32 and we do not believe we

would advance on the current state of the art with the present methods.
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Figure A Spectra of uncoated Ag NPs SERS substrates at three locations for 2,4-D

detection (1 pM).

3. How is the stability of the Ag-GA SERS substrate? Could the Ag-GA SERS substrate

maintain the high sensitivity several months (days) after fabrication? Fabrication other

environment? Isn't there the oxidation of Ag nanoparticles?

Ag NPs can be oxidized to Ag2O because of oxygen and water in air.33 One can

initially think that a gum Arabic layer acts as a protective layer preventing oxidation.

However, Gum Arabic is a micro porous polysaccharides layer that allows air to enter34-

35 and can also absorb water from the air36. This aqueous environment and porous

structure can accelerate the oxidation of Ag NPs. Therefore, Ag-GA SERS substrate

might not be stable without extra protection.

In this work, SERS substrates were freshly deposited prior to undertaking the Raman

measurement for 2,4-D study. This was possible because of the short time it takes to

prepare the SERS substrates.
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Reviewer #3: The authors fabricated a Ag-Gum Arabic nanocluster-based SERS

substrates using an electrochemical deposition method. The substrates could detect 2,4-

D pesticide in water directly without sample pre-treatment with a detection limit of 1

pM. The detection in mineral or river water was also achieved. Before publication, the

following concerns are needed to address.

(1) It is highly suggested to reconsider and highlight the advances of this work. In the

introduction section, the authors concluded that the challenges or problems of the

previous works included (i) an incubation time of more than 1 h, (ii) a pre-treatment

step by mixing the solution with ethanol, or (iii) waiting time to allow 2,4-D solution to

dry on the SERS substrate. The authors claimed "This is a time-saving, environment

friendly, high throughput and scalable method in comparison to the other ways" based

on the "fabrication method produces large area SERS substrate (40 μm x 20 μm) and

requires less than 10 s, with 2 μL of a non-toxic solvent." However, the used

photolithography and physical vapor deposition process for the substrate fabrication are

time-consuming. Additionally, the achieved signal response needs 30 min for sample

incubation before spectroscopy measurement.

We thank the reviewer for the comment. Regarding the comment on the fabrication

time, we understand the point of view of the reviewer. We described our fabrication

method as ‘ fast ’ because we considered the chips are consumables as they can be

fabricated using mass production processes – and therefore only the time for the

electrodeposition process was taken in consideration. To avoid any confusion, we have

removed the mention of ‘rapid’ and replaced it by ‘efficient’.
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We have also added the comparison between different SERS fabrication methods in

the introduction part and highlighted the advantages of electrochemical deposition

methods.

It should be noted that 30 minutes were needed for detection of very low

concentration of 1 pM while 2,4-D at 0.1 nM concentration could be detected

immediately - 0.1 nM is already below the Maximum Residue Limit for the EU

legislation (which is 0.1 ppb).

(2) Figure 4 (A) is not clear to show the change of intensity. Moreover, based on the

wide and nonuniform distribution of nanostructures shown in SME images, it's

challenge to achieve a RSD about 10%.

We thank the reviewer for this comment. We have changed Figure 4 (A) from a black

& white waterfall spectrum to a color waterfall spectra. So that the Raman intensity for

each spectrum can be showed clearly.
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Figure 4 (A) Color waterfall spectra of 25 random points for 2 µM 2,4-D on a S4 SERS

substrate, the color bar stands for Raman intensity (a.u.). (B) Histogram of I293 cm-1 /

I1400 cm-1, I1130 cm-1 / I1400 cm-1 at 25 different random points; (C) Spectra of 2,4-D

concentration from 1 pM to 0.2 mM, offset for clarity. (D) Linear fitting line for I1130

cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1 VS log10 (concentration) (in nM) for a S4 substrate.

The error bars were obtained from the standard deviation (SD) of ten measurements at

random points.

For RSD value and linear calibration,

(1). Peak ratios (I1130 cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1) were used rather than

single peaks. With single peaks, RSD values were a bit higher than peak ratio values -
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13%, 10%, 14% for I1130 cm-1, I1400 cm-1, and I293 cm-1 , respectively and 11% and 9 %

for I1130 cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1, respectively.

(2). As shown in Figure 2 (D), a false color map from SEM image for a structure 4

Ag-GA SERS substrate, with a scale bar five µm, the laser spot size is estimated to be

one µm range and is marked in the false color map with a back circle and a ‘√’ mark.

Within this one µm area range, Ag NPs distribution is regarded as homogeneous, and

the Raman signal is a statistic results gained from Ag NPs in this laser spot area. In

conclusion, for each measurement at different SERS substrate locations within the laser

spot size range (µm), the areas are homogeneous. Of course, we tried to avoid carrying

out Raman measurements at the points where there was an obvious micro gap in

between those nano clusters (one example of the obvious gaps are shown in deep blue

color in false color map, with a circle and a ‘X’ mark).

Figure 0.1 (D) False colour map from SEM image for structure four by Matlab, scale

bar 5 µm; the color bar at 0 nm is the SiO2/Si reference surface.

(3) More and clear discussion about the reason for the low slope in linear calibration is



270

suggested, especially considering the large error bars (it is not about error bar but the

slope makes it looks big ).

We thank the reviewer for this comment. We added the following discussion about

the low slope: ‘The error bars for I1130 cm-1 / I1400 cm-1 against the logarithm of the

concentrations of the 2,4-D solutions linear fitting range from 4-14%, while the linear

fitting for I293 cm-1 / I1400 cm-1 against the logarithm of the concentrations of the 2,4-D

solutions linear fitting range from 2-6%. The adsorption of 2,4-D on the Gum Arabic

surface is based on π-π interaction. According to the fitting results, 2,4-D concentration

difference does not affect much this adsorption behavior in a time frame of 10 to 20

minutes. Standard addition methods could be used to determine the 2,4-D concentration

in unknown samples.’

(4) Why used 3 steps of electrodeposition with different applied potentials?

We thank the reviewer for the comment. In this research, three steps were used

mainly for structure 2 Ag-GA SERS substrate, while for structure 1, 3, 4, only two steps

electrochemical deposition were used.

(1) First, two seconds at -0.2 V was used to initiate the mass transport boundary layer

formation and for Ag-GA core formation.37 (2) The second stage was for the growth of

Ag-GA NPs, because of edge effect and large electric field, Ag-GA NPs formed on

SiO2/Si substrate; (this is the main step for Ag-GA SERS substrate growth as this step

lasts longer (8 s) than the other steps (2 s)). And (3) the third stage with a larger voltage

applied was intended to be used for changing Ag-GA NPs morphology and decorate

Ag-GA NPs that has grown in step two.38
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What we want to point out is that there are many possibilities to gain different Ag-GA

NPs morphologies by applying different deposition parameters and the examples shown

in this research paper were sufficient to realize 2,4-D detection reaching the EU

restriction requirement.

Figure 1: Different voltage combinations at the same concentration of AgNO3 (5 mM)

and Gum Arabic (2 g/L). (M) Combination 1: step1: -0.2 V, 2 s; step2: -0.5 V, 8 s;

step3: -0.6 V, 2 s; (N) combination 2: step1: -0.2 V, 2 s; E2: -0.8 V, 8 s; E3: -1.2 V, 2 s;

(O) combination 3: step1: -0.2 V, 2 s; step2: -1.2 V, 8 s; step3: -1.5 V, 2 s. AgNO3:

Gum Arabic=1:1 in all the experiments. All the nanostructures had been

electrochemical deposited at least 3 times.

(5) Why deposition current went up with the time (under same applied potential)?

Especially, the concentration of the Ag ions would decrease with the deposition,

resulting in low and less growth of Ag nanostructures.

We thank reviewer for this comments. We agree that in a typical deposition

experiment, the current should decrease due to mass transport limitations. However, in

the present case, the Ag-GA NPs grows laterally over time under the strong electric

field, towards region where there is no depletion of Ag ions. So that the current goes up

with time (larger electrode and no diffusion limitation).
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Besides, Gum Arabic is a conductive biopolymer.39 This current increase also related

to Ag-GA NPs nucleation and growth on Au electrode surface.40 There were also Ag-

GA nano branches grew on Au electrodes and they connected to the Au electrodes (as

shown in Figure 2 (A-D) colored red). Those Ag-GA nano branches enlarged the Au

electrode surface so that the total resistance of the electrode decreased, with the same

voltage, the current increased.

Figure 2 (A - D) False colour map from SEM image for structure one to structure four

by Matlab, scale bar 5 µm; the color bar at 0 nm is the SiO2/Si reference surface.

(6) It is highly suggested to check through the whole manuscript, for there are a lot of

typo and format problems. For example, "514 nm Ag ion laser" on page 6; smaller font

size for "Step 3: -0.6 V, 2s." in table 1 on page 11; "The mineral composition for the

commercial mineral water is shown in table S3 in SI" on page 17 should be "…table

S1"; "A direct comparison of the sensor developed herein with those reported in the

literature is provided in SI Table 2 and Table 3" on page should be "…Table S2 and

Table S3". In supporting information ,"Figure S3" should be "Figure S9" on Page 5 and

6; "Figure 12" should be "Figure S12"; "Table 1", "Table 2" and "Table 3" should be

"Table S1", "Table S2" and "Table S3", respectively. Additionally, it is also need to

modify and polish the format of the references and supporting information section.



273

We thank reviewer for this comments. We have gone through the whole manuscript and

fixed the typo/format problems, and checked and polished the references

Reviewer #4: Authors prepared a large-area Ag-Gum Arabic nanocluster-based SERS

substrates using electrochemical deposition method. The fabricated SERS substrates

exhibit a limit of detection as low as 1pM for 2,4-D pesticide detection. However, the

novelty and scientific discussion (such as SERS mechanism) of this manuscript is

limited, and the review comments are as following:

1. Table 1, Table 2, Table 3 in supplement materials should be Table S1, Table S2,

Table S3. And the caption for Figure S11 and Figure S12 could be revised with more

detailed information.

We thank reviewer for this comments. We have changed the table label and added

detailed information for Figure S11 and Figure S12.
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Figure S11 Spectra for the bare SERS substrate in air and the SERS substrate after

applying DI water. For Ag-GA substrate, two broad peaks around 1400 cm-1 and 1600

cm-1 were showed. After application of DI water, Raman intensity (a.u.) of spectrum

decrease from around 8000 to around 3000 because of water envoriment and the

interaction between Gum Arabic and water.
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Figure S12 An Ag-GA SERS substrate that was deposited from commercial Gum

Arabic for 2,4-D detection. The deposition parameters (-0.2 V, 2 s; -0.8 V, 8 s; -1.2 V, 2

s; 5 mM AgNO3; 20 g/L Gum Arabic). (A) A SEM image for the Ag - GA nano

structure; (B) Spectra of 2,4-D at different concentrations on SERS substrate from 1 nM

to 0.06 mM. (C) logarithm trend for I1130 cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1 vs

concentration (in nM); (D) Linear fitting for I1130 cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1 vs

log10(concentration) (in nM); The linear relation between I1130 cm-1 / I1400 cm-1 (y) and

log10 (concentration (in nM)) (x) was y = 0.51+ 0.04*log10 (x) with R2 = 0.99. The

linear relation between I290 cm-1 / I1400 cm-1 (y) and log10 (concentration (in nM)) (x) and

was y = 0.29+ 0.027*log10 (x) with R2 = 0.939. The error bar was from the standard

deviation (SD) of ten measurements at random points on a SERS substrate. (E) The
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reproducibility of the SERS substrate for 2,4-D at 1 µM at 20 different random points

on a SERS substrate.

2. Electrochemical deposition method has been widely applied in SERS substrates

fabrication, recent references could be introduced in the manuscripts. The novelty and

scientific issues of this work should be further highlighted.

We thank reviewer for this comments, we have added other papers that also used

electrochemical deposition method for SERS substrate fabrication, and we further

highlighted the novelty and scientific issues.

Electrochemical methods allow morphology, size, nano gap controllable deposition of

nano structures and are able to achieve high Enhancement Factor, a number of papers

relate to deposition of metallic materials only. For instance, Xia, Y. et al. 41 synthesised

Ag nanosheets with a nanogap smaller than 10 nm by environmentally friendly

electrochemical deposition and this method achieved high reproducibility; 14 Wang, J.

et al. used electrochemically roughened nano-Au film to detect environmental pollutant

p-nitrophenol (PNP). Chen, S. et al. 42 prepared pyramid-shape silver nanostructures by

electrochemical deposition as an effective and reusable SERS substrate. Zong, X. et al.16

synthesized a gold nanostructure on microelectrodes in micro-chip by gold

electroplating and used for SERS characterization by R6G. Cheng, ZQ.et al.43

electrochemically synthesized branched metallic nanostructures and evaluated them by

SERS using DTTCI as the analyte. Those researches demonstrated fabrication of

effective SERS substrate by electrochemical method, but none of them used SERS

substrates as an analytical sensor, until Dao, T. C. 44 used electrochemical
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deposition of Ag nanoparticles on the Si surface to detect and quantify

fungicide difenoconazole in dry environment with a LOD = 0.023 ppm (0.56

nM). In our work, we used electrodeposition of composite materials and

show their SERS based sensing abilities towards 2,4-D.

3. In "Raman measurements" of "Experimental Section", the preparation process of

SERS samples with probe molecules could be added.

Thank reviewer for the comments. The preparation of SERS samples with probe

molecules refers to electrochemical deposition of Ag-GA NPs SERS substrate in this

research paper; this has been discussed in ‘Synthesis of Gum Arabic Coated Ag

(Ag-GA) nanoclusters’ in ‘Experimental section’. Moreover, operation for 2,4-D

detection for Raman measurements has been described in ‘Raman

measurements’ also in ‘Experiment Section’.

4. The advantages of Gum Arabic on SERS enhancement and 2,4-D pesticide detection

is less discussed in the manuscript, compared with other synthesis or substrates. In

addition, more detailed discussions on SERS mechanism are suggested.

Thank reviewer for the comments. This SERS sensor is designed for 2,4-D detection,

comparing to other SERS platforms for 2,4-D detection, there is a discussion in

Introduction part: ‘Because of the simplicity of operation and sensitivity in detection,

SERS has been used for trace detection of 2,4-D pesticides45 including: SERS substrates

based on hollow Au@Ag nano-snowflake particles functionalized with 4-MBA/2,4-D
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antigen,25 citrate functionalized AgNPs on cellulose paper,26 silver NPs with molecular

imprint polymers (MIP),27 highly roughened surface flower-like Ag NPs.29 Particularly,

SERS substrates based on well-ordered AuNPs inside mesostructured silica channels28

have been used to detect 2,4-D, with the limit of detection (LOD) down to 0.79 ppt

(parts per trillion) achieved.28 These methods require either (i) an incubation time of

more than 1 h, (ii) a pre-treatment step by mixing the solution with ethanol, or (iii)

waiting time to allow 2,4-D solution to dry on the SERS substrate. To rapid determine

pesticides such as 2,4-D directly in water samples without any pre-treatment remains a

key challenge. ’

We added more detailed discussion for the reason of using Gum Arabic in the

Introduction part: ‘Gum Arabic was selected as it is a branched hetero-polysaccharide

containing protein and carbohydrate groups, which is a biodegradable, nontoxic, and

easily available biopolymer.46-47 It has been used to act as a biopolymer for removal of

heavy metal,48 pesticides and pollutants in polluted water bodies,49-50 because of its great

adsoption ability towards different chemicals.51……Gum Arabic is a conductive

biopolymer which is also widely used as raw material for composite conductive

materials studies.39, 52 Besides, its viscosity changes significantly as the change of Gum

Arabic solution concentration, this property allow it act as an shape monitoring agent in

Ag NPs electrochemical deposition.’

We also added more detailed discussion about SERS mechanism in introduction part:

‘Surface Enhanced Raman Spectroscopy is an ultra-sensitive technology that is capable

of providing a spectral fingerprint of the analytes under investigation. SERS is mostly

based on the enhanced Raman signal by noble metallic nano structures that can generate

strong electromagnetic field with the excitation at certain laser wavelength, such as Ag,
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Au and Cu, which also named as Localized Surface Plasmon Resonance (LSPR).53-54

The excited LSPR generates a large electric field on the surface and this electric field

induces dipole moments in a molecule on the surface of nanostructures, and gains an

enhanced Raman signal. This strong, localized electromagnetic fields present in nano-

gaps between nanostructures are known as “hot spots”.55 The enhanced Raman signal

are from electromagnetic enhancement56 and chemical enhancement,57

electromagnetcial enhancement contributes to 1011-1013 magnitude of SERS signal

while chemical enhancement contributes only a factor of 102 for Raman enhancement.58

The magnitude of the SERS enhancement depends on the morphology,59 the size of the

metallic nano particles,60 the gap size between the metallic nano particles,61 the

measurement environment, as well as the wavelength of the laser excitation source.62-65’

5. It is mentioned in Page 10 that "by adjusting the concentration of AgNO3 and Gum

Arabic in the solution as well as the electrochemical deposition parameters such as

applied voltage and deposition time, it is possible to engineer the size and morphology

of the Ag-GA nano structures and the nano gap patterns in between the nano clusters."

Optimization details are in supplement materials. But how to select the optimized SERS

substrate for 2,4-D pesticide detection via morphology manipulation? Since size, gap

and density might influence the SERS enhancement in complicate way. Corresponding

SERS measurements are suggested to support the conclusion.

We thank the reviewer for the comment. As stated in the SERS mechanism

introduction section: ‘The magnitude of the SERS enhancement depends on the

morphology,59 the size of the metallic nano particles,60 the gap size between the metallic

nano particles,61 the measurement environment, as well as the wavelength of the laser
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excitation source.62-65’ Having nano particle and nano gap, is enough to gain enhanced

signal. However, when it comes to quantification, SERS substrates have to be

homogeneous in a µm range both for nano particles and nano gaps. Because: ‘as in

quantification steps, data points for each analytes concentration for linear calibration are

the sum average of more than three measurements in more than three different SERS

substrate locations’. We have added ‘homogeneously distributed’ in the manuscript:

‘The homogeneously distributed, high density of nanostructures and nano gaps made

these substrates good candidates for SERS applications’ in Electrodeposition process

and sample characterization part.

We show in this research in SI Figure S9 and Figure 1 below, how AgNO3

concentration, Gum Arabic concentration, and deposition time and voltage affect the

deposition results: ‘When the concentration of Gum Arabic larger than 3 g/L, the silver

nano particles tend to aggregate, while when the concentration of Gum Arabic was

below 3 g/L, the silver nano clusters distributed separately on the SiO2/Si substrate with

nano gap forming in between the silver nano clusters’. ‘the deposition time increased,

the nano dendrites grow bigger’, ‘At higher voltage combination (combination 3: step1:

-0.2 V, 2 s; step2: -1.2 V, 8 s; step3: -1.5 V, 2 s), irregular growth of the Ag-GA

particles occurs, this inhomogeneous growth of Ag-GA particles resulted in

dramatically different Raman signal at different points during the 2,4-D detection

process. In this electrochemical platform, a voltage below 1.2 V was used.’ The trend

for how those deposition parameters could affect Ag-GA NP formation is show in

Figure 2 below. Based on those trends, we could carefully chose parameters that allow

‘the homogeneously distributed, high density of nanostructures and nano gaps’
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formation. At the same time, we avoided parameters that lead to irregular aggregation of

Ag NPs, which are not suitable for SERS quantification.

Four structures S1, S2, S3, S4 were chosen and the detection results are compared in

table 2 below. The selection of Ag-GA nano structure was based on: response time at

certain 2,4-D concentration and the lowest concentration the SERS substrate can detect.

In the end., Structure 4 was chosen for more detailed study in the manuscript as it had

faster response time.
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Figure 1: SEM images of different deposition parameters. (A)(B)(C)(D)(E): different

Gum Arabic concentration: 1 g/L, 2 g/L, 3 g/L, 10 g/L, 100 g/L; (F) deposition voltage

at -0.2 V, 2 s; (G)(H)(I) E: -0.8 V, different deposition time: 8 s, 12 s, 16 s; (J)(K)(L)

different AgNO3 concentrations: 1 mM, 5 mM, 0.05 M. (M)(N)(O) different voltage

settings which effected the growth pattern of the nano gaps. AgNO3: Gum Arabic=1:1

in all the experiments. All the nanostructures had been electrochemical deposited at

least 3 times.

Figure 2 The trend for how those deposition parameters could affect Ag-GA NP

deposition.

Table 4 Comparison between the four SERS substrates for 2,4-D detection.

Comparisons LOD in 30
minutes
response time

Response time
for 0.1 nM

Structure 1 0.1 nM 30 minutes
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Structure 2 0.1 nM 30 minutes

Structure 3 0.1 nM 30 minutes

Structure 4 0.001 nM Immediately

6. In Page 12 "Gum Arabic polymer layers helped to provide stable SERS signal and

facilitated 2,4-D detection using Raman spectroscopy", experimental evidences should

be provided.

‘Stable’ means ‘repeatable’. In order not to confuse readers, we changed the word

‘stable’ to ‘repeatable’ in the manuscript, and added ‘helped to capture 2,4-D’ in that

sentence. The repeatability study for 2,4-D study using Ag-GA SERS substrate on 20

different random points at concentration of 2 µM actually showed that this SERS

substrate provide repeatable SERS signal for 2,4-D detection. See Figure 4 (A-B) in

manuscript or Figure blow. In addition, we explained in that paragraph in page 14-15

that : It consists of polysaccharides rich in galactose and arabinose, and a small protein

fraction associated with these polysaccharides, see SI Figure S10, and contains a large

amount of -OH, -O-, and -CH bonds as well as a small portion of –NH2 and –SH group

associated with the protein.66 Such functional groups may attract 2,4-D to the surface of

the Ag-GA nano particles, through hydrogen bonding between -OH / -O- group on Ag-

GA surface and the halogen (-Cl) group in 2,4-D moleculars, or π-π interactions

between –CH and the benzene ring of 2,4-D.67, which is why ‘Gum Arabic polymer

layers helped to capture 2,4-D to provide repeatable SERS signal and facilitated 2,4-

D detection using Raman spectroscopy.’

Combining the data shown in question 9, Ag NPs SERS substrates were not able to

provide stable SERS signal as 2,4-D does not have stable interaction with Ag surface.
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Instead, Gum Arabic layer is able to capture 2,4-D through π-π interaction and provide

repeatable SERS signal, this ‘facilitated’ 2,4-D detection.

Furthermore, research papers published about quantitatively detecting 2,4-D mostly

used functionalized Ag NPs SERS substrates instead of using Ag NPs directly, except

one paper used highly roughed Ag NPs to detect 2,4-D in a dry environment. We also

discussed about the drawback of those methods. This has been introduced in the

Introduction part: ‘Because of the simplicity of operation and sensitivity in detection,

SERS has been used for trace detection of 2,4-D pesticides45 including: SERS substrates

based on hollow Au@Ag nano-snowflake particles functionalized with 4-MBA/2,4-D

antigen,25 citrate functionalized AgNPs on cellulose paper,26 silver NPs with molecular

imprint polymers (MIP),27 highly roughened surface flower-like Ag NPs.29 Particularly,

SERS substrates based on well-ordered AuNPs inside mesostructured silica channels28

have been used to detect 2,4-D, with the limit of detection (LOD) down to 0.79 ppt

(parts per trillion) achieved.28 These methods require either (i) an incubation time of

more than 1 h, (ii) a pre-treatment step by mixing the solution with ethanol, or (iii)

waiting time to allow 2,4-D solution to dry on the SERS substrate. To quickly

determine pesticides such as 2,4-D directly in water samples without any pre-treatment

remains a key challenge.’ This further proves the Ag-GA SERS substrate presented in

this research paper ‘facilitated’ 2,4-D detection.
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Figure 0.2 (A) Color waterfall spectra of 25 random points for 2 µM 2,4-D on S4 SERS

substrate, the color bar stands for Raman intensity. (B) Histogram of I293 cm-1 / I1400 cm-1,

I1130 cm-1 / I1400 cm-1 at 25 different random points;

7. In Page 14, it is mentioned that "it was observed that structures S1, S2, S3 were able

to detect 0.1 nM (0.0221 ppb) 2,4-D in 30 min; while structure S4 was able to detect as

low as 1 pM (0.221 ppt) 2,4-D in the same time frame", corresponding spectra data are

not found? Also, a brief explanation on the differences is needed.

We thank the reviewer for the comments. We added spectra for S1, S2 and S3 for 2,4-

D detection at 0.1 nM after 30 minutes in SI Figure S12 (reproduced below) to support

this statement. While for S4, the spectrum is shown in Figure 3 (B).

There was a brief explanation in the manuscript on the difference: ‘The better sensing

capabilities of S4 could be attributed to the morphology and size difference of the Ag-

GA nano particles.60, 68-69’. We added a few more sentences to explained this: ‘As SERS

enhancement factor depends on the morphology, size of plasmonic structures, as well as

the gap in between those plasmonic structures. Also it depends on the adsorption ability

and total adsorption amount towards targeted analytes from SERS substrates. Thus, the

nano particles density in one laser spot area also contribute to this detection ability
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difference for these four structures.70 Apart from the morphology and nano particles size

difference, S4 has higher Ag-GA NPs density and narrower nano gap in between nano

clusters comparing to the other three, observing from color maps in Error! Reference

source not found. (A-D).’

Figure S12 Structure 1, 2 and 3 were able to detect 2,4-D at 0.1 nM after 30 minutes.

8. In "Linear calibration for 2,4-D detection in DI water" section, "The peak ratio I293

cm-1 / I1400 cm-1, I1130 cm-1 / I1400 cm-1 were studied as those peak ratios exhibited

a good linear response towards different concentration of 2,4-D." What is the theoretical

reason or basis for choosing these peak ratios for linear calibration, except for their

linear response?

We thank the reviewer for the comment. We added this discussion in the manuscript :

‘While the single peaks intensity I293 cm-1, I1130 cm-1, I1400 cm-1 change with the change of



288

2,4-D concentrations are show in SI Figure S13, peak 1400 cm-1 kept constant with the

2,4-D concentration change, and the R2 value of the fitting results for I293 cm-1 and I1130 cm-

1 against the logarithm of the concentrations of the 2, 4-D solutions were 0.5977 and

0.7366, which is not as good as using peak ratio I293 cm-1 / I1400 cm-1, I1130 cm-1 / I1400 cm-1.

Peak 1400 cm-1 could be a characteristic peak for Gum Arabic layer,71 while peaks at

1130 cm-1 and 293 cm-1 are for 2,4-D, using peak at 1400 cm-1 as a reference peak gain

a better fitting results.’ as shown in Figure 4 (D). This method has also been used in

other papers.72-73

Figure S13: the single Raman peak intensity change (A) I1400 cm-1, (B) I1130 cm-1, (C) I293

cm-1with the change of the logarithm of the concentrations of the 2, 4-D solutions.

9. "The adsorption of 2,4-D on the gum Arabic surface based on π-π interaction during

measurements" is mentioned in Page 17, is there any adsorption or interaction between

2,4-D and Ag?

Additional experiments using pure Ag NPs SERS substrate were undertaken. Figure

(A) below shows the Raman spectra after applying 2,4-D solution at 0.6 mM, at three

different location. As can be seen, three different spectra were obtained, which makes
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2,4-D quantification impractical. For quantification, the SERS signal should be

repeatable at different locations on a SERS substrate. This is probably because the

surface energy of Ag NPs and 2,4-D do not match with each other to have active

physical contact. While one research paper used non functionalised Ag nano structure to

detect 2,4-D,29 they measurement was carried out in the dry and therefore adsorption

happened upon solvent evaporation.

To conclude, from this experiment demonstration, there is no adsorption between 2,4-

D and silver. Unlike other SERS active molecules such as Methylene Blue23 or 4-ATP,24

the interaction between Ag NPs and 2,4-D are random physical contact and rather weak.

Figure (A) Raman spectra after applying 2,4-D solution at 0.6 mM on a Ag NPs SERS

substrate, at three different locations.
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Appendix 3
Answers to reviewer’s question for chapter 3 publication.
Reviewer #1:

1. The use of recycled silicon chips in this study can effectively save cost, so is this

sensor reusable in this paper?

In this work, we used recycled chips which were previously used for electrochemical

experiments. This drastically reduced the cost of undertaking this research and reduce

the time for new chip fabrication. We also postponed the need for discarding the old

chips.

In this work, we did not do experiments regarding reusing the developed DNA Raman

sensors. This is typically done by breaking the hydrogen bond of dsDNA using either

NaOH or high temperature, those process would also change or destroy the Ag nano

particles on SERS sensors. For this reason, we do not reuse the DNA SERS sensor.

2. The author used Methylene Blue (MB) as a Raman marker to quantify targeted-ss-

DNA, and hybridization of target DNA. Is any difference about reaction rate between

MB-ssDNA and MB-dsDNA.

As state in the paper:

‘MB can attach to DNA through electrostatic interaction where the negatively charged

phosphate backbone of DNA (weak binding),35 bind with guanine on single strand

DNA36 or intercalate between the double strand DNA (strong binding).37 The higher the

targeted ss-DNA concentration, the higher concentration of MB that is attached to DNA

through electrostatic force; Also, MB shows different binding affinities towards ss-

DNA and ds-DNA, as MB binds to ss-DNA by electrostatic force while it binds to ds-
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DNA by both intercalations and electrostatic interactions.38-39 Thus, MB can be used to

quantify targeted ss-DNA upon DNA hybridization.’

The amount of MB bonded to ss-DNA or ds-DNA depends on the amount of guanine

on ss-DNA, the length of ds-DNA, etc. Hence, it is hard to define the reaction rate

between MB-ssDNA and MB-dsDNS as it varies from case to case.

3. The real sample detection part, the author may give some hits about this sensor

applying in the food contamination.

Some information has beed added to give some hits about SERS sensor applying in

the food contamination:

This SERS sensor has the potential to monitoring STEC in food industry for

raw/undercooked meat products,43 unpasteurized milk44, fruit juice,45 and fresh

vegetables.46 In the future, more complex samples, such as naturally contaminated or

spiked with bacteria food samples should be tested to confirm a real-life application of

the developed sensor.

4. There is some errors and typos in the manuscript, such as Figure 1, the description

part should be consistent, and more clear.

The description of Figure 1 was rewritten and the whole manuscript was reviewed to

correct all grammar and spelling mistakes.
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Appendix 4 1st Revision according to the report
Introduction:

1, Explanation of the Raman effect is weak and needs revising…it’s surprising that

the word monochromatic does not appear in the thesis anywhere…. Also, some of the

other statements about the Raman method are very misleading…this section should be

revised and corrected. The annotated thesis contains many individual comments that

need to be addressed.

 Raman effect and theory has been revised in Chapter 1, section 2.

 Monochromatic has been added to the introduction.

 Individual comments has been corrected and addressed in the thesis.

2, The introduction fails to adequately discuss or address the shortcomings of the

SERS methods.

Shortcomings of SERS including the technology, substrate fabrication,

functionalization and application were added in Chapter 1, section 2.4, 3.4, 4.1, 5.2:

2.4 Limitation of SERS technology.

SERS is a non-destructive technique to identify chemicals with good sensitivity and

does not have strong a signal for water, so is good for bio applications and applications

in the food or environment industries. However, SERS technology itself has its own

limitations. Firstly, there are limited SERS-effective materials available. Traditional

SERS-effective materials that are noble metal nano particles, e.g. silver nano particle,

gold nano particles, or copper nano particles. New SERS effective materials emerged

are Mxene,1 and composite materials such as noble nano particles with graphene.2

Secondly, Raman instrument will affect the measurement results, including the choice
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of laser excitation wavelength and detectors. When the laser wavelength is tuned to the

peak of the Plasmon resonance, this would lead to high enhancements and has been

approved experimentally. For the detector, a long-pass or notch filter is used to absorb

or reflect any Rayleigh scattering while allowing for the transmission of the Raman

signal.3 Hence, it is hard to compare SERS performance for different devices across

different laboratories.4 Finally, high-resolution handheld Raman instruments need more

effort to be developed, and this blocks the way for minimized SERS device

development.

3.4 Summary of advantages and disadvantages for SERS substrate fabrication.

There are several ways to fabricate SERS substrates, including bottom-up synthesis (a

chemical-synthesis related process) and top-down synthesis (electron-beam (E-beam)

lithography, laser etching together with film deposition, templating, and inkjet printing).

Each of them has its own advantages and disadvantages. For chemical synthesis, it is

not easy to control the distance between the nano particles (especially for the self-

assembly chemical method), and sometimes nano particles are easy to aggregate. Most

of the time, it is needed to shift the nano particles to a supporting substrate for analyte

detection with a visual drying process involved. If the distance between the NPs is not

controlled, the enhancement factor (EF) from site to site will be different, and this will

lead to poor repeatability of SERS signal on a single SERS substrate. The SERS device

will show a big error bar in the quantification process. Apart from that, this fabrication

method could show poor reproducibility across different SERS substrates. For E-beam

lithography or nanoimprint, the fabrication of SERS substrates is quite reproducible;

however, the nano gap in between the nano particles is usually large compared to the



303

other fabrication methods. This large nano gap will lead to a bad detection limit in

SERS applications. For the laser-assisted fabrication method, the choices of supporting

substrate and SERS active materials are limited. The supporting materials are usually

silicon and glass, while the SERS active material is gold. Electrochemical synthesis is a

good candidate for SERS sensor and device fabrication, as it enables control of the

morphology, size, nano gap of the NPs, by controlling the deposition parameters such as

deposition time, voltage, and precursor concentrations. Besides, it does not need a high

temperature or high vacuum environment, which will provide a more reproducible

fabrication process.

4.1 Summary of advantages and disadvantages for SERS substrate functionalization.

Surface functionalization can improve the selectivity and sometimes sensitivity of a

SERS device, especially in real-world application where there are many different

chemical species. For some molecules that do not have active interaction with the SERS

substrate (noble metal nano particles), surface functionalization could help trap targeted

analytes on nano particle surface, thus getting an effective Raman signal and detecting

them. For example, a metal-organic frame network is widely used as a functionalization

approach.5 Benzene, nitrobenzene, toluene, or 2,6-di-tert-butylpyridine do

not have active interactions with nano particles, but metal-organic

framework (MOF) films trap targets at the nano particles surface, allowing

the unique Raman spectrum of each molecule to be recognized. The

choices for SERS surface functionalization are limited. Molecules used for
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SERS functionalization are SH-functionalized molecules, 4-Mercaptobenzoic acid,

Thiophenol, N, NHx functionalized molecules (Adenine), and these molecules form an

adsorbate on the metallic surface through S or N binding. Dye molecules, such as

methylene blue, crystal violet, or rhodamine 6G have also been used, as they provide

very high Raman cross-sections because of resonant enhancement, even if with lower

affinity to the surface through electrostatic interaction.4

SERS surface functionalization usually takes more than 24 hours to finalize.

Functional molecules orientation on SERS substrate surfaces varies and this results in

poor repeatability of the SERS signal. Another drawback of functionalization in SERS

applications is that SERS signals come from not only analytes but also functional layer,

this makes data analysis more difficult. The variation generated in functionalization

steps on a SERS device will also lead to variation in quantification for this SERS device,

e.g., the variation of thiol bonding or chemical bonding in functionalization steps will

lead to different baseline for the developed SERS device.

5.2 Shortcomings and challenges of SERS device development.

SERS device is used to identify or further quantify an unknown sample. All

challenges stated in sections 2.4, 3.4, 4.1 for SERS are valid for SERS device

development. First, high-resolution handheld or portable Raman instrument

development is difficult and limits SERS application in a real outdoor environment;

SERS devices with good performance are only available at the laboratory level. Second,

SERS substrates with good repeatability and reproducibility are made by E-beam

lithography, and such substrates have a lower EF compared to SERS substrates made by

other approaches, e.g., chemical synthesis, electrochemical deposition, etc. While
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repeatability and reproducibility are important for SERS quantification, usually, ten

measurements are recommended and taken on a single SERS substrate for

quantification. Reproducibility is essential to retain the same sensitivity/ LOD for the

developed SERS device. Reproducibility is an important parameter for application and

mass production, though a standard addition method could be used to minimize the

difference between different SERS devices. Machine learning and artificial intelligence

have been used to help increase the accuracy, reliability, and sensitivity of SERS.6 In

real-world application, cross-contamination is another factor to consider, sample pre-

treatments or surface functionalization for SERS substrate can help improve the

selectivity of SERS device and avoid the impact of contaminants that appear in the real

sample. Last, SERS signal reading and data analysis are important and are one of the

most difficult parts of SERS study. As in most the cases, it is hard to precisely

determine the adsorption site of analytes on nano particle surface.7 In summary,

although SERS devices are widely studied at lab/research level, compared to MS and

HPLC technologies, there are still problems to be solved until SERS devices can be

used in industry. SERS devices are good for tracing ultra-low concentration analytes

while MS/HPLC can help with accurate quantification.

3, There is a lack of information about how the chemical structure of molecules

affects SERS spectra and in particular a lack of discussion about why Nitrogen and

Sulfur containing species work well….this explains why the data in Chapter 2 and 3 are

unreliable and why their SERS spectra are anomalous.

Chapter 1:
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Surface binding of molecule on the SERS surface, molecule orientation on surfaces,

adsorption state, etc. will affect the final detection results in SERS application. Different

molecule orientation will affect the intensity or spectrum feature of SERS signal.8-9

Marshall et al. synthesized silver nano particles with different nano gaps and

assembled them into an extended silver film, for single-molecule Surface-

Enhanced Raman Scattering (SERS) spectroscopy. They found that the

SERS signal is strongly dependent on the particle size and the molecule

orientation in the nano gap. Finite Difference Time Domain (FDTD)

simulations have also been used to support the experimental results in this

research.
8 Sun et al. used a molecular template (MT) on the SERS substrates with

self-assembly probe molecules on silver nano particles to improve the detection

sensitivity. This SERS platform reaches a good limit of detection (LOD) of SERS by

controlling molecular orientations.9 This method is efficient, accurate, and simple.

Molecular structure will also result in different EF, for example, Morton et al. found

that the enhancement of SERS for the pyridine ring does not increase as more charge is

transferred from the pyridine ring to the cluster. However, the magnitude of chemical

enhancement is governed by the energy difference between the lowest unoccupied

energy level (LUMO) of the molecule and the highest occupied energy level (HOMO)

of the metal. This trend has been verified by considering substituted benzenethiols,
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small molecules, and silver clusters of different sizes. The results indicate that

molecules that show significant stabilization of the HOMO-LUMO gaps (such as those

that readily accept π-backbonding) most likely to have strong chemical enhancement.

This provided the theory for designing new molecules that exhibit high chemical

enhancements. However, it is still very challenging to describe the magnitude of the

Raman enhancements using electronic structure methods such as DFT accurately, as

they probably underestimate the energy gap.10 Several molecule such as SH-

functionalized molecules,11-12 4-MBA,13 Rhodamine 6G,14 crystal violet15 etc. have

strong Raman response and are often used as Raman reporter. Marques et al. studied 4-

Mercaptobenzoic acid (4-MBA) adsorbate by connecting it to Ag surface through

thiolate-Ag bonding and were to trigger a self-assembly process of AgNP. This process

is driven by cooperative hydrogen bonds between the carboxylic groups of 4-MBA

located in different nanoparticles at pH=4. UV-Vis and DFT-based calculations of the

model complex [AgNP-(4-MBA)2-AgNP] help to understand the self-assembled

complex formation through the comparison of calculated and experimental SERS

spectra.16 Madzharova et al. obtained surface-enhanced hyper Raman scattering

(SEHRS) spectra (excited off-resonance at a wavelength of 1064 nm) and surface-

enhanced Raman scattering (SERS) spectra excited at 785 nm or at 633 nm, from

thiophenol, benzyl mercaptan, and phenylethyl mercaptan and from the three isomers 2-

aminothiophenol (2-ATP), 3-aminothiophenol (3-ATP), and 4-aminothiophenol (4-

ATP). The SEHRS spectra show different interactions of thiophenol, benzyl mercaptan,

and phenylethyl mercaptan with silver and gold nanostructures with the support of

Density functional theory (DFT) calculations. Besides, 2-ATP, 3-ATP, and 4-ATP show
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a different interaction with gold nanostructures that were found to depend on pH.12

Those SERS reporter molecules contain sulfur atom(s) or nitrogen atom(s), this will

help the molecule have better affinity for nano metal particles and gain a better SERS

signal. Organophosphates (OP) and neonicotinoids detected by SERS are widely studied,

most OP contains sulfur atoms and neonicotinoids contain nitrogen atom (s) or both.

Silver/Au and sulfur/nitrogen atoms are larger in size. They have lower charge states

and can be easily polarized. Covalent bonds form between Au/Ag and sulfur/nitrogen

atoms.

Chemical structures for analytes in Chapter 1 has been addressed in Chapter 1, table 1.

Organophosphates (matrix) SERS substrate LOD (reported )

LOD

(convert

ed)

Phosmet

Ooling tea17 Ag NPs 0.1 mg/kg
0.3

µmol/L

fruit or

vegetable

peels18

Snowflake-like Au NPs 0.032 ng/cm2 \

fruit19
multi-walled carbon

nanotubes
0.5 mg/kg

1.5

µmol/L

paddy water20 Au nanorods 0.25mg/L
7.5

µmol/L

fruit skin21 polyurethane-Ag NPs 0.6 µg/mL 1.8

https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=4&SID=D6bvKbQSCAndoFDu1Py&page=1&doc=2
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µmol/L

Plant

Surfaces22

polyurethane micelle/ Ag

NP
0.08 g/mL

240

µmol/L

pesticides

residue23

Au NP coated ZrO2

nanofiber
10-8 M

10-8

mol/L

Orange24

Au NPs decorated

glycidyl methacrylate-

ethylene dimethacrylate

material

1 µg/L
3

nmol/L

Parathion

-

methyl

fruit or

vegetable

peels25

Snowflake-like Au NPs 0.026 ng/cm2 \

peach26 Au@Ag NP 0.001 mg/kg
3.8

nmol/L

solvent27
Ag NP decorated ZnO-

nanorods
10-8 M 10-8 M

Malathion
solvent28 Au NP 1 ppm

3

µM/L

solvent29 nanoporous structure 12 ppb
36

nMol/L

solvent30 nanostructured Ag 10 nM 10 nM

Chlorpyri

fos

tomato

surface31
Ag colloid 10-9 mol/L

10-9

mol/L

mailto:Au@Ag%20NP
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4, Experimental details in the thesis are extremely lacking and need to be expanded.

These should provide all the necessary information to allow someone to repeat the

work..this does not seem to be the case here. The experimental work has been edited

down to fit the needs of the papers however, it became very apparent that many critical

factors.

Experimental details were included and expanded in each chapter.

5, Thesis claims of very low limits of quantification are questionable in chapters 2, 3,

and 4, and should be carefully re-examined. I know that some of this work has been

published, but, the authors may want to reconsider carefully what was published in

these papers….as the evidence provided in the thesis (and during the viva voce) do not,

in the external examiners view, support many of the conclusions, in particular the

quantitative aspects. The LOD’s claimed in Chapters 2 and 3 are OK (and potentially

very good), but the mechanism for achieving this, which is missing from the thesis (and

the published papers), needs to be included.

Mechanism added: Chapter 2, section 4.2.

While the single peaks intensity I293 cm-1, I1130 cm-1, I1400 cm-1 change with the change of

2,4-D concentration as shown in SI Figure S19, peak 1400 cm-1 kept constant with the

2,4-D concentration change. And the R2 values of the fitting results for I293 cm-1 / I1400 cm-1

and I1130 cm-1 / I1400 cm-1 against the logarithm of the concentrations of the 2, 4-D solutions

soil32 Au NP 10 ppm
28.6

µMol/L

fruits33 Ag NP 10 ng/ml
28.6

nMol/L
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were 0.5977 and 0.7366, which is not as good as using peak ratios I293 cm-1 / I1400 cm-1,

I1130 cm-1 / I1400 cm-1. Peak 1400 cm-1 could be a characteristic peak for Gum Arabic

layer,34 while peaks at 1130 cm-1 and 293 cm-1 are for 2,4-D, using peak at 1400 cm-1 as

a reference peak gain a better fitting results. In SI Figure S20, for 2,4-D crystal Raman

spectrum, Raman bands at 194, 414, 840 and 1105 cm-1, assigned to in-plane vibrational

modes involving C-Cl and C-O-C bonds, are shifted in the enhanced SERS bands to 293,

889 and 1100 cm-1 for 2,4-D solution.35-36 2,4-D Raman peak in 1159 cm-1 is related to

C-Hring scissoring and shift to 1130 cm-1 in SERS.37 1393 cm-1 shift to 1297 cm-1 for the

2,4-D solution on SERS substrate and is related to -CH2wagging, See Table S1. While

Raman peaks relate to test environments, PH, etc, for precise Raman peak assignment,

theoretic studies such as DFT (density functional theory) modeling are necessary to

assist the analysis.38 ……All raw data, including baselines for each 2,4-D concentration,

are shown in SI Figure S21. 2,4-D spectra and background signal subtraction lines were

shown in SI Figure S21. The background signal was probably from Gum Arabic.39 At a

lower 2,4-D concentration of 1 pM, the background signal is higher; as 2,4-D

concentration increased, the background signal became flatter. This is because of the

coverage of 2,4-D molecules on the Ag-GA SERS surface, signal from Gum Arabic

decreased. ……. The error bars for I1130 cm-1 / I1400 cm-1 against the logarithm of the

concentrations of the 2,4-D solutions fitting range from 4-14%, while the fitting for I293

cm-1 / I1400 cm-1 against the logarithm of the concentrations of the 2,4-D solutions fitting

range from 2-6%. The adsorption of 2,4-D on the Gum Arabic surface is based on the

interaction between them. According to the fitting results, the 2,4-D concentration

increase does not affect much of this interaction. This can be related to the interaction

mechanism between 2,4-D and Gum Arabic, one hypothesis is that 2,4-D adsorbed in
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gum Arabic layer and enters its porous structure, the other hypothesis is that 2,4-D

interacts with functional groups on the gum Arabic surface. For either hypothesis and

from the experimental results in this research, the interaction between 2,4-D and gum

Arabic is not sensitive to the change in 2,4-D concentrations in 15 minutes. To further

understand the interaction mechanism between 2,4-D and Gum Arabic, Langmuir

diffusion model and Raman counts vs time experiments at one concentration can be

further studied, but this is not within the scope of this study.40

Chapter 3, section 3.4:

MCPA and 2,4-D have similar chemical structure, their SERS spectra share the same

peak features. MCPA crystal Raman spectrum is shown in Figure 3.4 (B). However,

there are not so many research papers on MCPA peak assignment by using Raman or

SERS...….. Peaks 1400 cm-1 and 1600 cm-1 are related to Cornstarch. According to 2,4-

D crystal Raman peak assignment and MCPA Raman peaks, see table 1, peak 291 cm-1

is assigned to C-Cl and C-O-C bonds, and peak 1129 cm-1 is related to C-Hring scissoring.

1296 cm-1 is -CH2 wagging, and 928 cm-1 is related to C-COO- vibration. Raman spectra

are sensitive to test environments, pH, etc. So for precise Raman peak assignment, it is

necessary to use theoretic studies such as DFT (density functional theory) modeling to

help the analysis.38 It is possible that MCPA molecules enter Corn Starch porous

structure, or that MCPA functional groups interact with Cornstarch functional groups.41-

42 Corn Starch has -OH, -O-, and -CH bonds.43 Theses bonds helped to trap MCPA.

6, Student/Author contributions are not adequately explained (see below for more

details).

Student/Author contributions have added in the first page of each chapter.

7, Some useful refs to consult:
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 This paper has to be read: Towards Reliable and Quantitative SERS: from Key

Parameters to Good Analytical Practice, S. Schlücker, S. Bell, et al., Angew.

Chem. Int. Ed. DOI: 10.1002/anie.201908154

 Surface-enhanced Raman spectroscopy (SERS): progress and trends Dana Cialla

& Anne März & René Böhme & Frank Theil & Karina Weber &Michael

Schmitt & Jürgen Popp, Anal Bioanal Chem (2012) 403:27–54, DOI

10.1007/s00216-011-5631-x

 Size Effects: J. Phys. Chem. C 2007, 111, 14664-14669. This is for gold NPs

but the argument also holds for silver…thus from the SEM analysis particle size

is important as it needs to be tweaked for maximum effect according to the

excitation wavelength.

 The SERS substrate plays a crucial role as the electromagnetic enhancement is

related to the material, size, and shape of the nanostructure.[from ref below].

Citation number of these papers in thesis: 17, 47, 58.

SERS substrate regarding size, shape in chapter 1:

SERS substrate plays a crucial role as the electromagnetic enhancement is related to

the material, size, shape, and distance between the nano particles. Solís et al. used 44

state-of-the-art electromagnetic computation methods to produce predictive simulations

for varieties of nanoparticle-based SERS substrates with different shapes. ….Particle

size and morphology will also affect the final SERS intensity.45 Peter et al. synthesized

a group of gold nano particles with different sizes, and studied their SERS intensity

towards MBA detection. They found that the SERS intensity increased with the increase

of the nano particles size from 20-100 nm. The SERS intensity of the adsorbed MBAs is
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detectable for particle sizes larger than 50 nm, and it increases with particle size, while

the SERS signal is not detectable within the detection limit for particle sizes smaller

than 50 nm. Njoki et al. studied the correlation between the optical and spectroscopic

properties of gold nanoparticles and their diameters (10-100 nm) in solution. They

found that the particle size was related to the surface Plasmon (SP) resonance band

properties as well as the surface-enhanced Raman scattering (SERS) spectroscopic

properties. The wavelength of the SP bands λmax (519 to 569 nm) displays a gradual

increase with gold particle size, this trend was fitted by a polynomial cubic curve. This

correlation is also compared to the simulation results based on Mie theory, the

experimental results agree with the theory studies.45

Experimental Issues:

8, Sampling Issues: During the viva voce the actual sampling method was

explained….this was not done in the thesis or papers, and needs to be explained clearly

in a step by step manner for Chapters 2 &3:

Samples were tested from low concentration to high, and the samples were spotted on

the same surface after a wicking type cleaning operation. This is not good analytical

practice; samples should be tested in a random order and wither a new SERS substrate

or a properly cleaned substrate should have been used to be compliant. The amended

thesis needs to include a detailed, step-by-step guide to the actual experimental

procedure and a critical evaluation of the methodology.
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Chapter 2, section 1.5: All spectra were obtained using a laser power of 0.07 mW4

and an integration time of 10 s with one measurement/spectrum for each spot…... . For

calibration experiments, different concentrations of 2,4-D from a lower concentration to

a higher concentration, were used on the same SERS sensor. After Raman

measurements of previous concentration of 2,4-D finished, this analyte solution was

removed with a small piece of cleanroom wipe (SUPERIOR Polycellulose wipes

purchased from Sigma-Aldrich (Ireland).) from the edge of the analyte droplet (do not

touch the SERS substrate itself) and apply the next concentration of 2,4-D solution.

Chapter 2 section 4.2 paragraph 2:

Different 2,4-D concentrations ranging from 0.2 mM down to 1 pM in DI water were

used for the calibration study on the same Ag-GA substrate to minimize the variation

from different substrates, see Figure 2.5 (A).

Chapter 3 section 2.5

For calibration experiments, different concentrations of MCPA from a lower

concentration to a higher concentration, were used on the same Ag-CS SERS sensor.

After Raman measurements at a lower concentration finished, this analyte solution was

removed with a small piece of cleanroom wipe (SUPERIOR Polycellulose wipes

purchased from Sigma-Aldrich (Ireland)) from the edge of the analyte droplet (do not

touch the SERS substrate itself) and apply the next concentration of MCPA solution.

4 The laser power was checked daily by using a reference Si calibration chip shown in
Figure S3.



316

Experimental method detailed explanation (why not put 2,4-D of different

concentration in a random order): As 2,4-D interacts with Ag-GA nano particles, this

interaction is not completely reversible (see Figure 1 below: after rinse with DI water

for S1 Ag-GA nano structure with 0.1 nM 2,4-D, the spectra features stayed unchanged).

If apply pesticides in a random order, higher concentration pesticides will attach to the

SERS substrate and cannot be removed, so it is not good to use lower concentration of

analytes anymore. In this case, 2,4-D has to be added to a sensor from a lower

concentration to a higher concentration. It is the same for MCPA.

Figure 1 S1 Ag-GA nano structure with 0.1 nM 2,4-D detetcted: after rinse with DI

water, the spectra features stayed unchanged

Removing the previous concentration with a piece of clean room cotton wipe is

acceptable as the diffusion and equilibrium of the next (higher) concentration of

pesticides can be realized in a few seconds. If I remove the previous analyte solution by

DI water rinse and air gun drying, I am risking destroy or change the SERS sensor. I

have to test a series of concentrations on the same SERS sensor as it is the same
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experiment condition. If I test different concentrations of analytes on different SERS

sensors, the variation/error bar will also come from the variation of the SERS sensor

besides the concentration change.

9, Gum Arabic: Full details of this key ingredient need to be provided….not

appropriate just to say one of them came from Amazon.

Chapter 2 SI section 5

5 Gum Arabic from Amazon: purchase information.

Gum Arabic Powder-100g

 100% Pure and Natural

 The soothing and anti-inflammatory properties of the gum from African trees,

(notably the Acacia Arabica), are extracted to provide the Gum Arabic

granules.

 These Gum Arabic granules are used as an emulsifying and thickening

ingredient in cosmetics and beauty products.



318

Chapter 2 SI Figure S22: (A) Raman spectrum for Gum Arabic: Mystic Moments from

Amazon. (B) Raman spectrum for Gum Arabic from Sigma Aldrich for comparison.

10, Contamination Control: No evidence for contamination control presented

anywhere…no acid washes of glassware, fresh DI? This needs to be addressed in the

experimental sections. All serious practitioners of SERS are very aware of the

problems with unwanted contamination generating spurious signals.

Chapter 2 section 1.1:

DI water and 2,4-D analyte used in this research were stored in new colorless

Eppendorf AG PCR tubes (mL range) from Sigma-Aldrich (Ireland), AgNO3 solution

was contained in a new centrifuge tube from Sigma-Aldrich (Ireland).
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Chapter 3 section 2.1:

DI water and MCPA analyte used in this research were stored in new colorless

Eppendorf AG PCR tubes (mL range) from Sigma-Aldrich (Ireland), AgNO3 solution

was contained in new centrifuge tube from Sigma-Aldrich (Ireland).

Chapter 4 section 2.1: Containers used for dilution are new colorless Eppendorf AG

PCR tubes (mL range) from Sigma-Aldrich (Ireland).

11, Raman Experimental Details: These need to be written up in much more detail

to explain exactly how each set of measurements were made. I am not convinced that

the Raman spectra can be repeated with the information presented in the thesis. A lot of

the necessary and important information tends to be edited out for publications and in

such a case these details should be included in the supplemental information, or more

appropriately in an additional section within the thesis. My strong recommendation is

for the latter option here. Issues like:

 Spot size (axial & lateral) are important to determine where exactly the Raman

data is being acquired from. For example, 514 nm, using a 0.4 NA objective

in an air sampling mode (as used by you) will give a lateral resolution of ~688

nm and an axial resolution of ~6875 nm (see

https://imaging.gurdon.cam.ac.uk/ext/calculator.html )…This means that there

should be Si/SiO2 substrate bands in the Raman spectra of the controls & the

lowest conc. samples.

https://imaging.gurdon.cam.ac.uk/ext/calculator.html
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Raman system: Really not enough information provided about the Raman

system used…what type of detector, how was it calibrated. The specific type

of ×20 and ×50 microscope objectives used…etc.,

This has been added in each chapter in experimental section.

Chapter 2, section 1.5.

Raman spectra were acquired with a Renishaw InVia microscope (confocal, software:

Renishaw’s WiRE™ 3.4 (Windows®-based Raman Environment), special resolution:

0.3 cm-1 (FWHM), special resolution (lateral): 0.25 µm, spatial resolution (axial) <

1 µm) equipped with a 514 nm Ag ion laser (model number: stellar-pro, grating: 2400

l/mm(vis)) and Renishaw CCD detector (1024 pixel × 256 pixel). For the measurements,

SERS sensor chips were placed in a dedicated holder, shown in SI Figure S2 (C-D). A

10 μL aliquot of 2,4-D solution was dropped over Ag-GA SERS substrate and covered

with a cover glass slide. All measurements were acquired using a 20x lens (LEICA, NA

0.4, lateral resolution of ~688 nm and an axial resolution of ~6875 nm) with the

smallest and brightest laser spot adjusted to focus on the measurement surface. All the

spectra presented herein were averaged from ten measurements obtained at different

random points on the substrate, except for the repeatability study, where 25

measurements were employed. For the first concentration in the calibration experiment,

2,4-D spectrum was gained after half an hour. All spectra were obtained using a laser

power of 0.07 mW5 and an integration time of 10 s with one measurement/spectrum for

each spot.

5 The laser power was checked daily by using a reference Si calibration chip shown in
Figure S3.
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No details of an intensity calibration method are provided and since these

methods are all intensity based this is critical (none of the peaks selected for

the ratio method have been demonstrated to be a constant).

Footer: The laser power was checked daily by using a reference Si calibration chip

shown in Chapter 2 SI Figure S3.

Figure S3: Spectrum of Si chip used for daily laser power calibration by Raman counts

(around 20000 a.u.), Raman peak at 520 cm-1. Laser power: 0.7 mW, lens: 50x,

exposure time: 1s.

 Focus Control: there is no information about how the z-axis focus was

controlled to ensure that reproducible data could be acquired. Figure S3.12

clearly shows that the intensity of the Si band is varying hugely…..This is a

problem.
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Focus control: All measurements were acquired using a 20x lens (LEICA, NA 0.4,

lateral resolution of ~688 nm and an axial resolution of ~6875 nm) with the smallest

and brightest laser spot adjusted to focus on the measurement surface.

Si band is varying hugely: this is because of the coverage of Ag-GA nano particles

and different locations of Raman measurements. At different Raman measurement

locations, the nano gaps in between the nano particles is different, the exposed Si area

are different, and thus the Raman intensity is different.

Raman Library of substrate Materials: All of the substrates used in the

manufacture of the chips (Si, SiO2, Si3N4) and SERS substrates (Both Gum

Arabic samples) should have been Raman analysed in the bulk form and their

spectra included in the thesis so that you can assign unknown bands in the

SERS spectra.

Chapter 2 section 4.1: The Raman peaks of Si/SiO2 substrate under Ag-GA nano

particles are located in 520 cm-1 and 950 cm-1.46 (see SI Figure S3 (B) and Figure 1

below).
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Figure 1: Raman spectra of Si/SiO2 sensor chip. Si: 520 cm-1, 950 cm-1.

Si3N4 is not the supporting substrate of SERS nano particles and does not conclude in

Raman signal measured: Plasma-enhanced chemical vapor deposition (PECVD) Si3N4

was blanket deposited on the whole wafer, the openings were over the

working/counter/reference electrodes and the electrical contacts were defined by

lithography and the dry etching process.

Raman Spectra of both Gum Arabic: chapter 2 SI Figure S22 and in point 9.

12,Matlab: Version not given etc.,

Chapter 2, section 1.6. : All spectra were corrected using the baseline subtraction

algorithm,47 the false colour map was generated by Matlab R2018b-academic use.

Chapter 3, section 2.6.：The spectra for 4-ATP and MB were corrected based on the

baseline subtraction algorithm by Matlab R2018b-academic use.47
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Chapter 4, section 2.7: All spectra were corrected by subtracting the baseline using

Matlab R2018b-academic use.

13, This suggestions in this paper should have been implemented: Towards Reliable

and Quantitative SERS: from Key Parameters to Good Analytical Practice, S.

Schlücker, S. Bell, et al., Angew. Chem. Int. Ed. DOI: 10.1002/anie.201908154

This paper has been cited and implemented.

chapter 1 reference number 47 with discussion: By tuning the excitation laser

wavelength, an optimized SERS signal would be achieved, it is also called surface

enhanced resonance Raman spectroscopy (SERRS),48 where the excitation

wavelength matches both the plasmon and the molecular electronic resonance.4…..

Hence, it is hard to compare SERS performance for different devices across different

laboratories.4….. Dye molecules, such as methylene blue, crystal violet, or

rhodamine 6G have also been used, as they provide very high Raman cross-sections

because of resonant enhancement, even if with lower affinity to the surface through

electrostatic interaction.4

14, Repeatability & Reproducibility: This area is very poorly described and is not

rigorous….need to have a scientifically valid explanation for why no reproducibility

measurements were undertaken on the sensors that were used in the thesis.

The word wrongly used in the thesis regarding these two has been revised.

Reproducibility study in this thesis:

The reproducibility of SERS sensors was accessed in the first step: electrochemical

deposition fabrication. With the same electrochemical deposition parameters, the final

morphology, size, nano gap etc. were the same for each deposition. This was included

in:
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Chapter 2 SI S10: All the nanostructures have been electrochemically deposited at

least 3 times.

Chapter 3 figure 3.1: All the depositions have been repeated at least 3 times.

Chapter 4: The success rate of SERS sensor fabrication was 84.21% out of 19 sensors

as shown in SI bar plot Figure S8.

As well as:

Chapter 2 real sample study, there are three sensors used for each concentration of

2,4-D for both real water samples: Ten measurements were undertaken for each

concentration on a substrate, the experiments were repeated three times on three

individual SERS substrates using three individual sensor chips. (Section 4.3.)

Analysis & Interpretation

15, Of all the SERS spectra shown where there is a concentration series, the only ones
that I have confidence in are the Methylene Blue ones in (Fig 3.2 & 4.4)….in that case
you definitely have SERS, for the rest no, it’s not clear at all. This is very worrying as
there is no comparison made between the obvious SERS spectra for MB and the very
weak or non-SERS like spectra in the preceding chapters. During the viva voce it
became apparent that the issue had to do with analyte concentrations in the gum Arabic
layer reaching a maximum for the lowest concentration..

SERS spectrum for MB (0.05 µM) and the 1mM non-SERS spectrum in Chapter 3 SI
Figure S2:
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Chapter 3 SI Figure S2: The spectra of MB at 1 mM without SERS substrate and MB at
0.05 μM with SERS substrate.

Saturation explanation:

Figure 2.5 (B) in chapter 2 showed peak ratios vs Concentration (in nM) for a S4

substrate, peak ratio increased with the increase of concentration and not saturated.

Figure S21 in chapter 2 are the raw data for all concentrations in calibration and as

described in Chapter 2 section 4.2 paragraph 2: All raw data, including baselines for

each 2,4-D concentration, are shown in SI Figure S21. 2,4-D spectra and background

signal subtraction lines were shown in SI Figure S21. The background signal was

probably from Gum Arabic.39 At a lower 2,4-D concentration of 1 pM, the background

signal is higher; as 2,4-D concentration increased, the background signal became flatter.

This is because of the coverage of 2,4-D molecules on the Ag-GA SERS surface, the

signal from Gum Arabic decreased.
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Figure 2.5: (A) Spectra of 2,4-D concentration from 1 pM to 0.2 mM, offset for clarity.
(B) I1130 cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1 vs Concentration (in nM) for a S4 substrate.
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Figure S21: Raw data in Figure 2.4. The spectra were for 2,4-D at different

concentrations and the smooth lines were substracted background signal in data analysis.

Ten spectra were used for each concentration. At the lowest/first 2,4-D concentration, it

took around 30 minutes to get the signal. It took 15 minutes in total to get all data for

each concentartions.

16, Chemical structures: As far as I can see the only analyte structures included are

those of methylene blue and 4-ATP. This is not good enough because SERS is uniquely

sensitive to the chemical and physical structure of the analyte molecules. There needs

to be a section included showing the molecular structure and how they are likely to

bond to the silver surfaces from this you might then be able to explain which vibrational

modes are being SERS enhanced and thus explain the differences in the spectra

collected from the different analytes.

Chemical structure of 2,4-D is included in chapter 2 Figure 2.3 (B).

Figure 2.3 (A) Schematic illustration of the SERS measurement setup; (B) Spectrum of

2,4-D at 1 pM on structure four SERS substrate after a detection time of 30 min and
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spectrum of deionized water as the reference (background corrected). Spectra offset for

clarity.

The possible interaction is explained in chapter 2 section 4.2: The adsorption of 2,4-D

on the Gum Arabic surface is based on the interaction between them. According to the

fitting results, the 2,4-D concentration increase does not affect much of this interaction.

This can be related to the interaction mechanism between 2,4-D and Gum Arabic, one

hypothesis is that 2,4-D adsorbed in gum Arabic layer and enters its porous structure,

the other hypothesis is that 2,4-D interacts with functional groups on the gum Arabic

surface. For either hypothesis and from the experimental results in this research, the

interaction between 2,4-D and gum Arabic is not sensitive to the change in 2,4-D

concentrations in 15 minutes. To further understand the interaction mechanism between

2,4-D and Gum Arabic, Langmuir diffusion model and Raman counts vs time

experiments at one concentration can be further studied, but this is not within the scope

of this study.40

Chemical structure for MCPA is included in Chapter 3, Figure 3.5:
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Figure 3.5: Repeatability study of the SERS substrate with 0.285nM MCPA at 50

different random points. (A, C) Raman color maps and spectra; (B, D) Bar plot of 50

Raman measurements, RSD = 13% for (B) and 6% for (D).

Peaks 1400 cm-1 and 1600 cm-1 are related to Cornstarch. According to 2,4-D crystal

Raman peak assignment and MCPA Raman peaks, see table 1, peak 291 cm-1 is

assigned to C-Cl and C-O-C bonds, and peak 1129 cm-1 is related to C-Hring scissoring.

1296 cm-1 is -CH2 wagging, and 928 cm-1 is related to C-COO- vibration. Raman spectra

are sensitive to test environments, pH, etc. So for precise Raman peak assignment, it is

necessary to use theoretic studies such as DFT (density functional theory) modeling to

help the analysis.38 It is possible that MCPA molecules enter Corn Starch porous
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structure, or that MCPA functional groups interact with Cornstarch functional groups.41-

42 Corn Starch has -OH, -O-, and -CH bonds.43 Theses bonds helped to trap MCPA.

17, SERS band explanations/assignments: There is nowhere in the thesis where the

origin of the bands used for quantitative analysis are explained (apart from the

methylene blue case).

The 1400 cm–1 broad band is ascribed to the substrate…but what type of signal?

1130 cm–1 is called an interference peak..due to interaction of chemicals in the

mineral water (page 84).

293 cm–1 used in chapter 3 not identified at all.

The use of two substrate bands for quantitative analysis is very odd….no valid

scientific reason given…..this needs to be explained or reconsidered.

Chapter 2 section 4.2:

While the single peaks intensity I293 cm-1, I1130 cm-1, I1400 cm-1 change with the change of

2,4-D concentration as shown in SI Figure S19, peak 1400 cm-1 kept constant with the

2,4-D concentration change. And the R2 values of the fitting results for I293 cm-1 / I1400 cm-1

and I1130 cm-1 / I1400 cm-1 against the logarithm of the concentrations of the 2, 4-D solutions

were 0.5977 and 0.7366, which is not as good as using peak ratios I293 cm-1 / I1400 cm-1,

I1130 cm-1 / I1400 cm-1. Peak 1400 cm-1 could be a characteristic peak for Gum Arabic

layer,34 while peaks at 1130 cm-1 and 293 cm-1 are for 2,4-D, using peak at 1400 cm-1 as

a reference peak gain a better fitting results. In SI Figure S20, for 2,4-D crystal Raman

spectrum, Raman bands at 194, 414, 840 and 1105 cm-1, assigned to in-plane vibrational

modes involving C-Cl and C-O-C bonds, are shifted in the enhanced SERS bands to 293,

889 and 1100 cm-1 for 2,4-D solution.35-36 2,4-D Raman peak in 1159 cm-1 is related to

C-Hring scissoring and shift to 1130 cm-1 in SERS.37 1393 cm-1 shift to 1297 cm-1 for the
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2,4-D solution on SERS substrate and is related to -CH2wagging, See Table S1. While

Raman peaks relate to test environments, PH, etc, for precise Raman peak assignment,

theoretic studies such as DFT (density functional theory) modeling are necessary to

assist the analysis.38
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Figure S20: (A) SERS for 0.001 nM 2,4-D; (B) Raman spectrum for 2,4-D crystal.
(laser power: 0.35 mW, exposure time: 30 s, 20x.).

Table S1 2,4-D crystal and 2,4-D solution on SERS substrate peak assignment.

2,4-D crystal
2,4-D solution on Ag-GA SERS
substrate vibration modes

194, 414 288 δ(COC) + δ(CCl)

840 889 ν(CC)ring + ν(C–O) + ν(C–Cl)

893 928 ν(C–COO−)

1050 1064 ν(CC)ring + ν(CO) + δ(CH)ring

1105 1110 ν(CC)ring + ν(C–Cl)

1159 1130 δ(CH)ring

1393 1297 ω(CH2)

Chapter 3 section 3.4:

MCPA and 2,4-D have similar chemical structure, their SERS spectra share the same

peak features. MCPA crystal Raman spectrum is shown in Figure 3.4 (B). However,

there are not so many research papers on MCPA peak assignment using Raman or

SERS.. …. Peaks 1400 cm-1 and 1600 cm-1 are related to Cornstarch. According to 2,4-

D crystal Raman peak assignment and MCPA Raman peaks, see table 1, peak 291 cm-1

is assigned to C-Cl and C-O-C bonds, and peak 1129 cm-1 is related to C-Hring scissoring.

1296 cm-1 is -CH2 wagging, and 928 cm-1 is related to C-COO- vibration. Raman spectra

are sensitive to test environments, pH, etc. So for precise Raman peak assignment, it is

necessary to use theoretic studies such as DFT (density functional theory) modeling to

help the analysis.38
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Figure 0.1 Ag-CS SERS sensor after application of DI water as a reference and after

application of MCPA (0.0285 nM) solution. (B) MCPA crystal Raman Spectrum (laser

power: 0.35 mW, exposure time: 30 s, 20x.).

Table 1: MCPA Raman peak and MCPA solution on SERS substrate peak assignment

according to 2,4-D crystal vibration modes.
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18, Raman Spectra: These are all uniformly too small to make any objective analysis

by the reader….in addition the use of waterfall plots is not acceptable…these need to be

replaced with mean standard deviation plots to properly show the degree of spectral

change induced by the changing concentrations. Furthermore, there are insufficient

control spectra of the analyte and substrate materials to use for comparison purposes.

Raman spectra has been adjusted to page wide where possible.

Mean and standard deviation plots were shown in chapter 2 SI 18 for repeatability

study, chapter 3 Figure 3.3 for stability study, chapter 4 Figure 4.5 for repeatability

study.

2,4-D
crystal

MCPA
crystal

MCPA on Ag-CS
substrate vibration modes

194 205 291 δ(COC) + δ(CCl)
840 798 \ ν(CC)ring + ν(C–O) + ν(C–Cl)
893 927 928 ν(C–COO−)
1050 1083 1098 ν(CC)ring + ν(CO) + δ(CH)ring
1105 1116 1110 ν(CC)ring + ν(C–Cl)
1159 1194 1129 δ(CH)ring
1393 1377 1296 ω(CH2)
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Figure S18: (A) Spectra of 25 random points for 2 µM 2,4-D on a S4 SERS substrate in

Figure 2.4. (B) Mean and SD plot for peak ratio I293 cm-1 / I1400 cm-1, I1130 cm-1 / I1400 cm-

1 at 25 different random points in (A).
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Figure 3.3: Stability study of the SERS substrate after zero days, two weeks, four weeks,

and five weeks. (A) 40 spectra of bare Ag-CS SERS sensor after 0/2/4/5 weeks. (B)
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Corresponding bar plot at peak 1600 cm-1, the overall RSD of these data was 15%. Ten

spectra were taken for each experiment.

Figure S7: Raw data for stability study in Figure 3.3. Ten spectra was taken
each week over five weeks.
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Figure 4.5: Repeatability study of an Ag nanostructure SERS substrate. (A) Spectra of

MB at 0.1 μM from 45 different random points on a Ag nanostructure SERS substrate
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after baseline subtraction. (B) Bar plot of Raman intensity of the characteristic peak of

MB at 1625 cm-1 in (A) after baseline subtraction, with SD=149.58 for 45 different

random points on an Ag nanostructure SERS substrate.

Control spectra: chapter 2 SI figure S4 (A) SERS subtsrate and after DI water

application. Figure 2.3 (B) DI water vs 2,4-D at 1 pM.

chapter 2 SI Figure S4 (A): bare substrate and substrate after application of DI water;

Chapter 3: Figure 3.4: DI water vs MCPA at 0.0285 nM.
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Chapter 3 Figure 3.4: Ag-CS SERS sensor after application of DI water as a reference

and after application of MCPA (0.0285 nM) solution.
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Control in chapter 4 is non-complementary DNA in the same buffer environment as

targeted DNA does, non-targeted bacterial DNA as controls in real sample detection.

Figure 4.6: Targeted DNA (stx2) detection and linear calibration. (A) MB spectra after

hybridization with different target DNA concentrations (i) 1 aM, (ii) 0.1 fM, (iii) 10 fM, (iv)

1 pM, and (v) 100 pM. And reference spectra of substrate with/without MB. (B) Linear

fitting for I1-I2/I1 vs Log10 ([t-DNA] (in aM)) at different target DNA concentrations: y =

0.3394log10x + 0.7530, with R2 = 0.9972. Data points in the box is non-targeted DNA,

which do not show Raman intensity change with the change of non-targeted DNA

concentrations. The measurements for each targeted/non-targeted DNA concentration were

taken in ten different random points on the functionalized Ag nanostructure SERS substrate,

the error bars were the SD (standard deviation) of these ten measurements.
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Figure 4.7: Real DNA samples study from different bacteria (STEC O157, Salmonella spp.

and Staphylococcus aureus) on functionalized Ag nanostructure SERS sensors. (A) DNA

from different bacteria samples on different SERS substrates (Incubation time: 20 minutes),

after binding with 50 μM MB (20 μL) for 10 minutes. Only targeted bacteria STEC O157

showed significant changes in Raman intensity (274%). (B) Bar plot of intensity change for

different bacteria DNA extraction, error bars were from three replications; where DNA

from STEC O157 shows significant Raman intensity change (average 192%), the other two

bacteria DNA do not show that much difference in Raman intensity change (within 11%

Raman intensity change in average).

19, Kinetic Data: During the viva voce exam the examiners asked if Raman data were

acquired from the analyte spotted SERS substrates in over the first 30 minutes. This data

should be included to show the evolution of the SERS signal with time which should give

information as to how the analyte is penetrating into the polymer layer and when the signal

saturates.
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Chapter 2 section 4.1:

Peak ratio I1130 cm-1 / I1400 cm-1 used for calibration in sections 4.2 and 4.3 do not show any

kinetic trend before the 2,4-D signal at low concentration (1 pM) appeared, as shown in SI

Figure S16. But at higher concentration, 2,4-D peaks showed up in the first measurement,

see Figure S17. In SI Figure S15, there are many other random peaks other than 2,4-D

feature peaks, 2,4-D characteristic peaks have been marked in Figure S15. The value of

peak ratio I1130 cm-1 / I1400 cm-1 is in the range of 0.3-1 and as a appeared random value before

the 2,4-D signal appeared at 1 pM, the peak ratio is only valid after the 2,4-D signal is

shown for analysis. From a spectrum feature point of view, the 2,4-D spectrum is shown

after around 30 minutes (SI Figure S15) and only random spectra are detected before that.

After the application of 2,4-D at 1 pM on Ag-GA SERS substrate, 2,4-D molecules could

probably interact with Ag-GA surfaces in different orientations. In different SERS substrate

locations, Gum Arabic has many different functional groups (-OH, -COOH, -C-O-C-, and

functional groups from proteins in Gum Arabic) on its surface and interacts with water/2,4-

D in different ways, these factors all contributed to the random spectrum feature in SI

Figure S15. Besides, it needs numbers of 2,4-D molecules on the Ag-GA surface for the

SERS signal to show, because of the Enhancement Factor and LOD this Ag-GA SERS

sensor has.
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Figure S15: (A-P) The change of spectra before 2,4-D (1 pM) on Ag-GA structure 4 SERS

substrate Raman signal appeared. (A-L) 1st -12th spectra. (M-P) 13th -16th spectra are for 2.4-

D at 1 pM after around 30 minutes. Baselines have been subtracted for all spectra.

Figure S16: (A) peak ratio I1130 cm-1/I1400.

Chapter 3 SI Figure S4.

After applying MCPA solution at 0.0285 nM, and new peaks at 293 cm-1, 889 cm-1 and

three sharp peaks around 1129 cm-1show up at the 2nd measurement; peaks at 926 cm-1,

1400 cm-1 becomes sharp. (SI Figure S4 and Figure 3.4 (A))
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Chapter Figure S4: After the application of MCPA at 28.5 fM. (A-D) 1-4th Raman spectra.

MCPA feature peaks shown in the second measurement (B).

20, Overall, the analysis and interpretation is weak because it is neither critical nor

objective…It is clear that there is a problem with the spectral data in Chapters 2 and 3 in

terms of the SERS spectra….It’s obvious that you are not getting substantial increase in

SERS as the concentration increased. From questioning in the viva, the most likely

explanation is that the 2,4-D or MPCA analytes are being concentrated in the gum Arabic

or corn-starch coatings…thus increasing the local concentration enabling a low LOD.

However, the subsequent quantitative measurements are not really valid because the layer
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close to the silver surface are analyte saturated..so further additions of analyte do not

produce a significant increase in Raman signal.

Gum Arabic and corn starch helped trap pesticides 2,4-D and MCPA, subsequent

concentrations of 2,4-D and MCPA on SERS sensors got an increased signal but were not

good enough for quantification. The word ‘quantification’ has been removed from the

thesis in chapters 2 and 3. The saturation problem has been discussed in point 15.

21, Suggestion: I would strongly suggest that the reviewers’ comments and author

replies for all published papers be included in an appendix at the end of the thesis so one

can judge the level and detail of the review process.

These documents are in appendix 2-3.

Supplemental Information: the lack of experimental detail

22, In general, there is a lack of experimental detail/explanatory text provided for each of

the three chapters. It looks like the research has been heavily edited down and selected for

publication. The SI sections for Chapters 2-4 need to be substantially expanded to include

all the relevant experimental details and raw spectra not included in the papers. Additional

data/information needs to be included to deal with all the other issues raised. Our

suggestion is to add an Appendix for each of chapters 2-4 with all of the

corrections/additions included.

Experimental conditions have been expanded in each chapter. All relevant data and

discussion has been included in Chapter 2-4 SI. Including:

oFigure S4 (A), S12, S14, S15, S16, S17, S18, S20, S21, S22, S24 in Chapter 2.

oFigure S3, S4, S6, S7, Figure 3,4 in chapter3.
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oFigure 4.7-4.11, Figure S6 in chapter4.

23, Figures S.2/S.3: Not referenced in the main body text…this needs to be fixed. All

figures in a thesis have to be referenced in the text/paper.

All figures have referenced in text/paper.

24, Figure S3.2: Scale bars should be provided. Also, images are reproduced are too

small to show all the relevant detail.

The dimensions of connector and chip holder were included in Figure S2. Images size

have been adjusted.
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Figure S2: (A) Chip connector; (B) SERS substrate fabrication setup. (C)(D) Chip

holder for Raman measurements in water environment. (E) Chip design layout.

Scientific Issues:

25, There is insufficient detail in the thesis with respect to the reproducibility of the

SERS measurement. This needs to be addressed in the corrected thesis.
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The same as point 14.

Reproducibility study:

The reproducibility of SERS sensors was accessed in the first step: electrochemical

deposition fabrication. With the same electrochemical deposition parameters, the final

morphology, size, nano gap etc. were the same for each deposition.

This was included in chapter 2 SI S10: All the nanostructures had been electrochemically

deposited at least three times. Chapter 3 Figure 3.1: All the depositions have been repeated

at least three times. Chapter 4: The success rate of SERS sensor fabrication was 84.21% out

of 19 sensors as shown in SI bar plot Figure S8.

chapter 2 real sample study, there are three sensors used for each concentration of 2,4-D

for both real water samples: Ten measurements were undertaken for each concentration on

a substrate, the experiments were repeated three times on three individual SERS substrates

using three individual sensor chips. (section 4.3, paragraph 1.)

26, Page 84: Not sufficient to say “chemicals present in mineral water”, need to explain

which anions or cations are most likely to generate a signal….this is known in the literature.

Chapter 2, section 4.3 paragraph 2: The reference spectrum for mineral water is shown in

Figure 2.6 (A), the interference peaks near 1000 cm-1 are probably due to the interaction

between Gum Arabic and SO42- present in mineral water.49

27, Page 146: Repeatability experiment. One might argue that the repeatability is

actually worse ...need to have the baseline count known...or subtracted. Cannot tell from

the plot on left....looks like it's ~500 counts...then variability is >25%RSD.

o Incorrect to say R2 = 12.48%.
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This has been revised:
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Figure 4.5: Repeatability study of an Ag nanostructure SERS substrate. (A) Spectra of MB

at 0.1 μM from 45 different random points on a Ag nanostructure SERS substrate after

baseline subtraction. (B) Bar plot of Raman intensity of the characteristic peak of MB at

1625 cm-1 in (A) after baseline subtraction, with SD=149.58 for 45 different random points

on an Ag nanostructure SERS substrate.

28, Serial Dilutions: The calculations and method used to prepare all the serial dilutions

should be explicitly spelt out in the thesis. Claims of ultra-low LOD/LOQ require a lot of

supplementary information to validate these claims.

This has been included in chapter 2, section 1.1: For 2,4-D serial concentration

preparation, 0.0088 g 2,4-D crystal was dissolved in DI water (20 mL) to a concentration of

2 mM. 2 mM (100 µL) of 2,4-D then diluted in DI water (900 µL) to 0.2 mM in Eppendorf

AG PCR tubes (1 mL) from Sigma-Aldrich (Ireland) and diluted to serial concentrations by

using the same approach.

Chapter 3: For MCPA solution preparation, 28.5 mg MCPA crystal was dissolved in 500

mL DI water to 0.285 mM, 0.285 mM MCPA (100 µL) then diluted in DI water (900 µL)

to 28.5 µM. The other concentrations were prepared by using the same approach.

Chapter 4: Targeted-ss-DNA was prepared by diluting targeted-ss-DNA solution ( 100

μM, 10 µL) in PBS buffer (990 µL) to 1 μM, and repeating the step to different

concentrations.

29, Types of container used: These need to be specified for SERS as leachates from

plasticware can cause problems.
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Type of container for analytes: new colorless Eppendorf AG PCR tubes (mL range) from

Sigma-Aldrich (Ireland).

The other comments:

1, Comment on 'However, lithography based methods, although extremely tuneable and

scalable, suffer from high cost, slow throughput and are time consuming', is that true?

Lithography based technology is complex as ‘In E-beam lithography, the photon resist is

cross-linked after being exposed to an electron beam. The exposed resist can then be

washed away, leaving only the unexposed resist on the substrate. Metal layer is then

evaporated onto the whole substrate and the unexposed polymer is then removed together

with its metal over-layer, leaving only the metal pattern on the substrate.’ It involves

lithography several times and physical vapour deposition step, thus time consuming. The

instruments used are expensive and are operated in high vacuum environment, SERS

material is usually gold.

Chapter 2.

30, It is not clear from the thesis or paper that the Gum Arabic is being used as a

concentrator for the poorly binding pesticide analytes. Also, as the experimental

information is very sketchy here, it’s not clear if all of the gum Arabic was being removed

during rinsing and if so how did you validate that it was not removed and how thick the

layer is. This is critical information related to the performance of the material. Really

needed to validate the performance of this substrate with a known molecule with good

SERS response.



358

Function of Gum Arabic: As there is no nitrogen or sulfur atom that has good

affinity towards noble metal nano particles as discussed in chapter 1 in 2,4-D

chemical structure, it is hard to directly detect 2,4-D using silver or gold nano

particles SERS substrates. Sliver-Gum Arabic nano structure used in this

study can help attract 2,4-D to the SERS surface to get SERS signal.

Gum Arabic was selected as it is a branched hetero-polysaccharide containing protein

and carbohydrate groups that is a biodegradable, nontoxic, and easily available

biopolymer.50-51 It has been used to act as a biopolymer for the removal of heavy metal,52

pesticides, and pollutants in polluted water bodies,53-54 because of its great adsorption

ability towards different chemicals.55…… Gum Arabic is a conductive biopolymer that is

also widely used as a raw material for composite conductive materials studies.56-58 Besides,

its viscosity changes significantly with the change in Gum Arabic solution concentration,

this property allows it to act as a shape monitoring agent in Ag NPs electrochemical

deposition. ……..Gum Arabic has been used for green chemical synthesis of silver nano

particles.59-61 During this process, Gum Arabic acts as a reducing agent to reduce silver ions,

then Gum Arabic forms nano structure with Ag atoms, subsequently forming Ag-GA

NPs.61……. Gum Arabic has previously been used to interact with pesticides53, however,

the interaction mechanism is not well known. Gum Arabic is also known to attract an

analyte (such as pesticides that have poor interaction with silver surfaces) in close
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proximity to the surface of the GA related nanoparticles. In addition, it has been realized to

use Gum Arabic to electrochemically synthesize homogeneous Ag-GA SERS substrates in

this research. For this reason, Gum Arabic polymer layers helped capture 2,4-D to provide

repeatable SERS signal and facilitated 2,4-D detection using Raman spectroscopy.

High intensity SERS signal with broad background signal in chapter 2 SI Figure S4 (A)

below of bare Ag-GA substrate (in black) can also prove the formation of Ag-GA NPs.

chapter 2 SI Figure S4 (A): bare substrate and substrate after application of DI water;

31,

o Control spectra: The fact that no control spectra of the 2,4-D analyte in

bulk form or in concentrated solution is very worrying. This needs to be

included so that one can compare these spectra with those in Figure 2.3, 2.4,
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2.5, and S3.3. The bands selected for quantitative analysis need to be

identified …. That is, we need to know what vibrational modes are involved.

o Band assignments: Not given for those used for quantification nor the

scientific rationale….already made the point above.

Chapter 2, section 4.2: Peak 1400 cm-1 could be a characteristic peak for Gum Arabic

layer,34 while peaks at 1130 cm-1 and 293 cm-1 are for 2,4-D, using peak at 1400 cm-1 as a

reference peak gain a better fitting results. In SI Figure S20, for 2,4-D crystal Raman

spectrum, Raman bands at 194, 414, 840 and 1105 cm-1, assigned to in-plane vibrational

modes involving C-Cl and C-O-C bonds, are shifted in the enhanced SERS bands to 293,

889 and 1100 cm-1 for 2,4-D solution.35-36 2,4-D Raman peak in 1159 cm-1 is related to C-

Hring scissoring and shift to 1130 cm-1 in SERS.37 1393 cm-1 shift to 1297 cm-1 for the 2,4-D

solution on SERS substrate and is related to -CH2wagging, See Table S1.
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Figure S20: (A) SERS for 0.001 nM 2,4-D; (B) Raman spectrum for 2,4-D

crystal.

Table S1 2,4-D crystal and 2,4-D solution on SERS substrate peak assignment.
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2,4-D crystal
2,4-D solution on Ag-GA SERS
substrate vibration modes

194 288 δ(COC) + δ(CCl)

840 889 ν(CC)ring + ν(C–O) + ν(C–Cl)

893 928 ν(C–COO−)

1050 1064 ν(CC)ring + ν(CO) + δ(CH)ring

1105 1110 ν(CC)ring + ν(C–Cl)

1159 1130 δ(CH)ring

1393 1297 ω(CH2)

32, Kinetic Spectra: The spectra collected from the SERS substrate with the lowest

analyte concentrations should be included to show how the analyte is diffusing through the

gum Arabic to the surface….this will better explain what has been done.

The same as point 19.

33, Structures & surface bonding: Need to explain how structures of the analytes

actually attached to the surface to give a SERS spectrum.

The same as point 16.

34, Linear Fits: The data presented in chapter 2 is not really believable….have the same

SERS spectra over a huge range of concentrations. During the viva voce it became

apparent that what has happened is that the gum Arabic layer is becoming saturated with

the analyte and there cannot be any further significant increase in signal because of this.

The explanation about saturation is in point 15. ‘Linear’ changed to ‘calibration’ in the

main text.
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35, 2,4-Dichlorophenoxyacetic acid: Structure…..No nitrogen, no sulfur…..so not likely
to be very SERS active…what holds it to the surface? This is why the conventional SERS
spectra are so poor and you need a polymer layer to concentrate it at the surface

Chapter 2: Because there is no nitrogen or sulfur atoms that have good affinity for noble

metal nano particles as discussed in chapter 1 in 2,4-D chemical structure, it is hard to

directly detect 2,4-D using silver or gold nano particles SERS substrates. Sliver-Gum

Arabic nano structure used in this study can help attract 2,4-D to the SERS surface to get

the signal.

Other additional information included in chapter 2:

To support the statement: While 2,4-D does not have repeatable SERS signal on silver

nano particle surface in experiment even at a very high concentration (1 mM), see SI Figure

S12.
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Figure S12: Spectra for 2,4-D at 1mM on bare silver nano particle SERS surface, at three

different locations. The silver nano particle was deposited by electrochemical synthesis, the

electrochemical deposition curve is shown in Figure S9.

To support that statement in chapter 2: In the initial work, it was observed that structures

S1, S2, S3 were able to detect 0.1 nM (0.0221 ppb) 2,4-D in 30 min… and SI Figure S14 (A)

of 0.1 nM 2,4-D detection in 30 minutes for S1-S3.
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Figure S14 (A) Raman spectra for structure 1, 2 and 3 that were able to detect 2,4-D at 0.1

nM after 30 minutes. Peak around 520 cm-1 is from Si sensor substrate under Ag-GA nano

structures, because of different coverage/nano gaps of Ag-GA nano structures at different

measurement locations, Si peak Raman signal intensity varies.

To support the statement: An immediate response was observed for 0.1 nM 2,4-D (S4

substrates) which is more than four times lower than the MRL (0.1 ppb) required by EU

water framework directive for individual pesticides.62-63 See SI Figure S17.
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Figure S17: Reference spectrum (A) for DI water; (B) 2,4-D at 0.1 nM for Ag-GA
structure S4.

Section 4.1: At a lower 2,4-D concentration (1 pM), it took 30 minutes to get SERS

signal, while at a higher 2,4-D concentration (0.1 nM), the SERS signal showed

immediately. At a low concentration of 2,4-D, it took longer for the molecule to reach the

SERS hotspot because of diffusion.64 In the same time window (half an hour), at a higher

concentration of 2,4-D, more molecules reached the SERS surface, and it was faster to get

the SERS signal.

Raw data for commercial Gum Arabic from Amazon for calibration:
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Figure S24: all raw data in Figure S23. The spectra were for 2,4-D at different

concentrations and the smooth lines were substracted background signal in data analysis.

Ten spectra were used for each concentration. At the lowest/first 2,4-D concentration, it

took around 30 minutes to get the signal. It took 15 minutes in total to get all data for each

concentartions.

Added more information in introduction: SERS is mostly based on the enhanced Raman

signal by noble metallic nano structures that can generate strong electromagnetic field with
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the excitation at certain laser wavelength, such as Ag, Au and Cu, which also named as

Localized Surface Plasmon Resonance (LSPR).65-66 The excited LSPR generates a large

electric field on the metal surface and this electric field induces dipole moments in a

molecule on the surface of nanostructures, and gains an enhanced Raman signal. This

strong, localized electromagnetic fields present in nano-gaps between nanostructures are

known as “hot spots”.67 The enhanced Raman signal are from electromagnetic

enhancement68 and chemical enhancement,69 electromagnetic enhancement contributes to

1011-1013 magnitude of SERS signal while chemical enhancement contributes only a factor

of 102 for Raman enhancement.70…....... For chemical methods, though size and

morphology controllable nano particles are available, drop casting of the nano particles

onto a substrate, paper, glass or silica, etc. is still required.71-81 The distance between the

nano particles is hard to control. This in turn leads to difficulties in quantification of target

analytes, as for quantification in SERS, data points for each analytes concentration for

linear calibration are the average of more than three measurements in more than three

locations on a SERS substrate (usually ten spectra are measured in ten different locations).

Another significant issue with the use of nanoparticles is that they could be removed or

lifted after application of analytes solvent, again resulting in quantification inaccuracy.

Most research papers that reported on chemical synthesis fabrication methods for effective

SERS substrates carry out experiments in a dry environment (i.e., the solution was dropped

casted and allowed to dry) instead a water environment, with the drying time usually lasting

for 30 minutes to one hour.72-73, 75-76, 78 Besides that, for some research using paper SERS

substrates and chemically synthesized nano particles as effective SERS substrates, the
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background Raman signal from a paper substrate could affect the target analyte Raman

signal readout. Laser-assisted fabrication methods, combining laser etching on glass/silica

substrates for nano pattern and followed by metal layer deposition, have limited choices for

the morphology nano patterns and plasmonic materials.82-84 The templating method entails

several steps and has a higher likelihood of fabrication failure.85-86 These methods are either

time-consuming or involve complex steps. High throughput, low cost and reproducible

fabrication of SERS substrates are still elusive.

Other comment in Chapter 2:

1, The optimal size for nano particles? how thick Gum Arabic layer is?

I did not do this research. The optimal SERS substrate I conclude in this research was

based their homogeneity and their detection ability towards 2,4-D in application. I attach

some research that have done size research:

https://doi.org/10.1021/jp106666t.

Journal of Nanoparticle Research volume 19, Article number: 267 (2017).

To determine the gum Arabic layer thickness, TEM characterization should be carried out.

However, for this sensor chip, it is hard to prepare the sample. To cut the chip, Ag-GA

nano particles would be damaged as they are soft.

2, comments: no humidity control thus we could see drying effects.

Humidity control and dry effect: there is no humidity concern, every measurement used

fresh Ag-GA SERS sensor, chapter 2 only showed the effect after application of DI water.

The decrease of the Raman signal: water environment reduces Raman signal in general.

https://doi.org/10.1021/jp106666t
https://link.springer.com/journal/11051
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After Ag-GA SERS sensor has dried in air, because of the oxidation of silver, it will lose its

SERS enhancement ability.

3, 2,4-D solution did not dry: visually see the solution as I put a drop of analyte solution.

4, What does it mean by optimize through the detection ability?

As shown below, in this research, comparing four structures of SERS substrate by

detection ability (response time, detection limit).

5， laser power effect: to check if the thermal effect or other effect of the laser would

influence the 2,4-D SERS signal or not within the laser power that is used in the

measurement, I studied the dependence of the peak Raman counts at peak 293 cm-1, 1130

cm-1, 1400 cm-1 and ratio between 293 cm-1/1400 cm-1, 1130 cm-1/1400 cm-1 on the laser

power. For every laser power parameter, the spectrum is the average of 10 measurements.

For S4, different laser power (1)1%, (2) 5%, (3) 10% (4) 5%, (5) 1% are used to measure

the spectrum of 2,4-D at 0.1 nM on the same type of substrate; For S1-S3, different laser

power (1)1%, (2) 5%, (3) 10% (4) 5%, (5) 1% are used to measure the spectrum of 2,4-D at

compare LOD in 30 minutes
response time

Response time for 0.1 nM

Structure 1 0.1 nM 30 minutes

Structure 2 0.1 nM 30 minutes

Structure 3 0.1 nM 30 minutes

Structure 4 0.001 nM Immediately
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0.2 µM on the same substrate, total laser power is 7 mW. The Raman spectra is shown in

Figure 3 (A).

As the results, the laser power that we used for this experiment is below the threshold to

damage the SERS substrate, though the overall Raman intensity increases with the increase

of the laser power, then decrease with the deceasing of the laser power (Figure 3 (B)) and

the signal to noise ratio (S/N) is higher at the same time. Peak ratio 293 cm-1/1400 cm-1,

1130 cm-1/1400 cm-1 were not depend on laser power. As shown in (Figure 3 (C-D)).

Figure 3: Different laser power ((1)1%, (2) 5%, (3) 10%, (4) 5%, (5) 1%) applied to S1-S3.

(A) peak intensity change for each single peak 293 cm-1, 1130 cm-1, 1400 cm-1 at different
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laser power; (C-D) peak ratios of 293 cm-1/1400 cm-1, 1130 cm-1/1400 cm-1 change with the

change of laser power.

Chapter 3.

36, Similar to above, the analyte molecule will not bind strongly to the silver surface and

thus the SERS effect is going to be weak or non-existent using conventional SERS. It

needs to be explicitly clarified that the corn-starch layer serves to concentrate the MPCA in

the layer close to the silver surface and thus generate a detectable signal. .

Chapter 3: MCPA molecule does not contain sulfur or nitrogen atoms that have active

interactions with silver nano particles surface as discussed in Chapter 1. Cornstarch

biopolymer layer helps trap MCPA on the Ag-CS nano structure surface to gain enhanced

Raman signal.

37, Reference/ Control spectra: These need to be included for the bulk analytes

also…and these spectra compared to good quality SERS spectra.

Chapter 3 section 3.4:

MCPA and 2,4-D have similar chemical structure, their SERS spectra share the same

peak features. MCPA crystal Raman spectrum is shown in Figure 3.4 (B). However, there

are not so many research papers on MCPA peak assignment by using Raman or SERS.. ….

Peaks 1400 cm-1 and 1600 cm-1 are related to Cornstarch. According to 2,4-D crystal

Raman peak assignment and MCPA Raman peaks, see table 1, peak 291 cm-1 is assigned to

C-Cl and C-O-C bonds, and peak 1129 cm-1 is related to C-Hring scissoring. 1296 cm-1 is -

CH2 wagging, and 928 cm-1 is related to C-COO- vibration. Raman spectra are sensitive to
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test environments, pH, etc. So for precise Raman peak assignment, it is necessary to use

theoretic studies such as DFT (density functional theory) modeling to help the analysis.38
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Figure 0.2 Ag-CS SERS sensor after application of DI water as a reference and after

application of MCPA (0.0285 nM) solution. (B) MCPA crystal Raman Spectrum (laser

power: 0.35 mW, exposure time: 30 s, 20x.).
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Table 1: MCPA Raman peak and MCPA solution on SERS substrate peak assignment

according to 2,4-D crystal vibration modes.

38, Linear Fits: The data presented in chapter 3 for MCPA (Figure 3.5 & 3.6) is not

really believable….have the same SERS spectra over a huge range of concentrations…

The concentration value has been checked and fixed. Figure 3.6 and section about MCPA

in river water has been removed.

2,4-D
crystal

MCPA
crystal

MCPA on Ag-CS
substrate vibration modes

194 205 291 δ(COC) + δ(CCl)
840 798 \ ν(CC)ring + ν(C–O) + ν(C–Cl)
893 927 928 ν(C–COO−)
1050 1083 1098 ν(CC)ring + ν(CO) + δ(CH)ring
1105 1116 1110 ν(CC)ring + ν(C–Cl)
1159 1194 1129 δ(CH)ring
1393 1377 1296 ω(CH2)
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Chapter 3, Figure 3.6: (A) Spectra for MCPA at different concentrations from 28.5 fM to

2.85 nM in DI water. (B) Linear calibration for peak ratio I1130 cm-1 / I1400 cm-1 in (A) from

28.5 fM to 2.85 nM.

39, Band assignments: Not given for those used for quantification nor the scientific

rationale….already made the point above.

Chapter 3, section 3.4: Peaks 1400 cm-1 and 1600 cm-1 are related to Cornstarch.

According to 2,4-D crystal Raman peak assignment and MCPA Raman peaks, see table 1,

peak 291 cm-1 is assigned to C-Cl and C-O-C bonds, and peak 1129 cm-1 is related to C-

Hring scissoring. 1296 cm-1 is -CH2 wagging, and 928 cm-1 is related to C-COO- vibration.

Raman spectra are sensitive to test environments, pH, etc. So for precise Raman peak

assignment, it is necessary to use theoretic studies such as DFT (density functional theory)

modeling to help the analysis.38

40, Structures & surface bonding: Need to explain how structures of the analytes

actually attached to the surface to give a SERS spectrum.
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MCPA: Structure…..No nitrogen, no sulfur…..so not likely to be very SERS active…what
holds it to the surface?

Chapter 3, section 3.4: It is possible that MCPA molecules enters Corn Starch porous

structure, or that MCPA functional groups interact with Corn starch functional groups.41-42

Corn Starch has -OH, -O-, and -CH bonds.43 Theses bonds helped to trap MCPA.

Other revision:

For MCPA in Chapter 3, the saturation happened after 4th data point, MCPA
concentrations/spectra have been checked and revised:
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Chapter 3 Figure S5: MCPA linear calibration in DI water. (A) Raman spectra for different

concentration of MCPA from 28.5 fM to 28.5 µM ((28.5 fM, 2.85 pM, 0.285 nM, 2.85 nM,

28.5 nM, 0.285 µM, 28.5 µM). (B) Plot for peak ratio I1130 cm-1 / I1400 cm-1 in (A).

Reason for Raman signal change over 5 weeks in stability study section 3.3: The decrease

in Raman signal over the five weeks was due to the slight oxidation of the SERS substrate

contacting air every time doing the measurements by opening the sealing film and exposing

it to air.

Chapter 4.

41, LOD: The LOD of 0.49 aM (10–18) reported in the final chapter is not believable

because the LOD for MB on its own is 0.32 µM (10–6)….which in essence means the

targeted DNA method is 1012 times more sensitive!!.....so this says that each DNA strand

attached is attracting 1012 MB molecules?

 The calculated LOD for MB is 0.3 µM, however, the experimental LOD is 0.01 µM.

The calculated LOD=0.3 µM has been removed in thesis and replaced with

experimental detection limit.

 Sensors were modified with ss-DNA overnight (24 hours) at a concentration of 1

µM. ss-DNA is well known to interact with MB. Consequently, there is a

concentration of MB at the surface of a sensor in excess of the LOD of MB on a

silver substrate. This is evident in Figure 4.4 and Figure 4.11, where a clear

signal is observed for the ss-DNA prior to hybridization with target DNA. This is

the reason why each DNA strand does not need to bind to 1012 MB molecules.
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DNA can accumulate MB, in DNA detection experiment section, MB was

incubated on top of the SERS sensor for 10 minutes at 50 µM, 50 µL, there was

enough time and MB molecule numbers to accumulate to DNA and further get

SERS signal. Besides 0.49 aM is targeted ss-DNA, not the concentration of MB.

The explanation of this ultra-low detection ability for this SERS sensor is in section 3.4.

Results from literature also proved the possibility of zmol or amol DNA detection. For

example, Li et al. synthesized DNA-functionalized single walled carbon nanotube

(SWCNT)-Au platform where gold-coated SWCNT acts as an isolated micro electrode, this

platform was able to detect lower than 10 zmol complimentary 10-base DNA, this

corresponds to having 6 DNA molecules in a 1 mL sample solution.87 Shi et al. used two-

dimensional carbon-coated molybdenum disulfide (2-D MoS2@C) hollow nano rods

combining with nucleic acid signal amplification strategies and a DNA hexahedral nano

framework to fabricate a novel self-powered biosensing platform for microRNA-199a

detection. The nanomaterial is then applied to carbon cloth. This assay shows an extensive

linear range of 0.0001-100 pM with a low detection limit of 4.94 amol/L.88

A comparison between Ag-MB and Ag-ss-DNA/ds-DNA-MB was also discussed in

section 3.4 and demonstrated in Figure 4.11. Figure 4.7-4.10 show four repeat experiments

on four different chips for both higher and lower concentrations (Newly made targeted ss-

DNA solutions for each experiments). For higher concentrations of targeted ss-DNA, I1-

I2/I1 vs Log10 ([t-DNA] (in pM)) showed a linear trend (Figure 4.7). For lower

https://www.sciencedirect.com/topics/chemistry/molybdenum-disulfide
https://www.sciencedirect.com/topics/chemistry/nanorod
https://www.sciencedirect.com/topics/chemistry/nucleic-acid
https://www.sciencedirect.com/topics/chemistry/deoxyribonucleic-acid
https://www.sciencedirect.com/topics/chemistry/nanomaterial
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concentrations (Figure 4.8), there was no signal change for targeted ss-DNA at 0.1 aM and

at 1 aM, MB SERS signal increased. Repeat experiments proved the possibility of this

ultra-low (1 aM) target ss-DNA detection (Figure 4.8-4.10).

Chapter 4 section 3.4:

In section 3.2, the experimental LOD for MB, obtained on an Ag SERS substrate, was

0.01 μM (Raman count is around 900 a.u.). With the Ag-thiol-ss-DNA SERS substrate, the

Raman count was 600 a.u., but it is important to point out that this was obtained to a

different (DNA modified) surface compared to the initial MB experiments. The effective

SERS height was around 100 nm, the laser spot size was 1-2 µm. Total MB volume (0.01

µM) that was needed to reach this Raman account was π x (1)2 µm2 x 100 x 10-6 µm= 3 x

10-4 µL. In the real situation, the length of this thiol-ss-DNA was around several nm,89 this

would help to bring more MB molecules closer to SERS substrate surface with a higher EF

(Enhancement Factor) as described by Sharma et al. (several orders of magnitude).90 See

Figure 4.11.

After bonding with targeted ss-DNA (1 aM), Raman count increased from 600 to 1000

a.u., this arises from both electrostatic attraction and intercalation of MB to ds-DNA

(several times more MB molecules bonded to ds-DNA comparing to bond to ss-DNA). ds-

DNA folding in space compared to ss-DNA alone after MB application,91-92 The EF can

increase by several orders of magnitude closer to the Ag surface.93 Besides, for DNA

detection, the experiment was carried out in a dry environment. In theory, only a few

targeted ss-DNA needed to hybridize to ss-DNA SERS substrate at 1 aM on a laser spot (30

DNA molecules in 50µL DNA solution) and align with experimental results. In my
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experiments, Raman measurements and calibrations, the spectra were measured at ten

different locations; the final spectrum was presented is an average of these ten spectra. This

means that in these ten locations, targeted DNAs were able to hybridize and interact with

the MB and offer a readable SERS signal increase. See all the raw data in Figures 4.8-4.10

for reference.

In summary, Ag-MB interaction and Ag-ss-DNA/ds-DNA-Ag interaction were two

different systems, and the experiments were carried out in different conditions. For Ag-MB,

Raman detection happened immediately without incubation (see Figure 4.11 (B)), the

distance between the MB molecule and the Ag nano structure surface was limited by the

diffusion limit at certain concentrations and surface energies of Ag and MB in a aqueous

environment.94 For MB as a Raman marker in DNA detection, Raman detection happened

after 10 minutes of incubation in MB (10 µL, 50 µM) and was carried out in a dry

environment. (Figure 4.11 (A, C)). MB bonds to ss-DNA through electrostatic force and is

bonded to ds-DNA by both electrostatic and intercalation. DNA could also change its

orientation and space arrangement during hybrization, thus, changing the distance towards

the Ag nano structure surface. The Enhancement Factor of SERS related to the distance

between the metal nano structure surface and the molecule. With different bonding

mechanisms for these two system, their EF could be several orders of magnitude different.

On top of that, ss-DNA can host large numbers of MB molecules after incubation at 50 µM

MB and help its SERS signal reading. The Raman signal is usually much higher in a dry

detection environment than in a water environment, and this has been demonstrated

experimentally in chapters 2 and 3. All statements above explain the LOD differences in
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sections 3.2 and 3.3., as well as the ultra-low detection ability. On top of this, the repeat

experiment for target ss-DNA also confirmed the result. See Figure 4.8-4.10.

Figure 4.11: Illustration of (A) Ag-ss-DNA/ds-DNA-MB : 50 µL, 50 µM MB applied to

SERS sensor (Ag-ss-DNA/ds-DNA) and incubate for 10 minutes. (B) Ag-MB: MB solution

(µM) directly contacts with silver surface and gets SERS signal. (C) After 10 minutes of

incubation, after removing the MB solution, Raman measurements were carried out in a dry

environment.



384

42, The question has to be asked…was this experiment repeated with different chip,

samples, analyst? During the viva voce the student could not provide a sound scientific

explanation for how the ultra-low detection is being achieved…this needs to be done.

For higher concentrations of targeted ss-DNA, I1-I2/I1 vs Log10 ([t-DNA] (in pM))

showed linear trend (Figure 4.7). For lower concentrations (Figure 4.8), there was no signal

change for targeted ss-DNA at 0.1 aM and at 1 aM, MB SERS signal increased. Repeat

experiments proved the possibility of this ultra-low (1 aM) target ss-DNA detection (Figure

4.8-4.10).

One chipe 1 (higher concentrations):

Figure 4.7: Targeted DNA (stx2) detection by SERS sensor at higher concentrations (A)

MB spectra after hybridization with different target DNA concentrations (i) 0.1 pM, (ii) 1

pM, (iii) 100 pM, (iv) 10 µM. And reference spectra of Ag-ss-DNA SERS substrate with

MB (in green). (B) Linear trend for I1-I2/I1 vs Log10 ([t-DNA] (in pM)) at different target

DNA concentrations for eye guide only. Ten different spectra, taken at ten different random



385

points on the functionalized Ag-ss-DNA SERS substrate are presented for each

concentration of targeted ss-DNA, the error bars are the RSD (relative standard deviation)

of these ten measurements.

On chip 2 (lower concentrations, 1st repeat experiment for 1 aM ss-DNA detection):
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Figure 4.8: Targeted DNA (stx2) detection at lower concentrations. (Newly made

targeted ss-DNA solutions). (A) MB spectra after hybridization with different target DNA

concentrations (i) 0.1 aM, (ii) 1 aM, (iii) 0.1 fM. And reference spectra of Ag-ss-DNA

SERS substrate with MB. (B) Linear trend for I1-I2/I1 vs Log10 ([t-DNA] (in pM)) at
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different target DNA concentrations for eye guide only. Ten different spectra, taken at ten

different random points on the functionalized Ag-ss-DNA SERS substrate are presented for

each concentration of targeted ss-DNA, the error bars are the RSD (relative standard

deviation) of these ten measurements. (C-F) All raw data in (A).

On chip 3 (2nd repeat experiment for 1 aM ss-DNA detection):

Figure 4.9: Targeted DNA (stx2) detection at lower concentrations (Newly made targeted

ss-DNA solutions). (A) Reference spectra of Ag-ss-DNA SERS substrate with MB. (B-C)

MB spectra after hybridization with different target DNA concentrations (i) 1 aM, (ii) 0.1
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fM. (D) MB spectra after hybridization with different target DNA concentrations (i) 1 aM,

(ii) 0.1 fM. And reference spectra of Ag-ss-DNA SERS substrate with MB. Ten different

spectra, taken at ten different random points on the functionalized Ag-ss-DNA SERS

substrate are presented for each concentration of targeted ss-DNA.

On chip 4 (3rd repeat experiment for 1 aM ss-DNA detection):
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Figure 4.10: Targeted DNA (stx2) detection at lower concentrations (Newly made

targeted ss-DNA solutions). (A) Reference spectra of substrate with MB. (B-C) MB spectra

after hybridization with different target DNA concentrations (i) 1 aM, (ii) 0.1 fM. Ten

different spectra, taken in ten different random points on the functionalized Ag-ss-DNA

SERS substrate are presented for each concentration of targeted ss-DNA. (D) MB spectra

after hybridization with different target DNA concentrations (i) 1 aM, (ii) 0.1 fM. And

reference spectra of Ag-ss-DNA SERS substrate with MB. Ten different spectra, taken at

ten different random points on the functionalized Ag-ss-DNA SERS substrate are presented

for each concentration of targeted ss-DNA.

43, The required corrections are to include a sound scientific explanation for the huge

increase in sensitivity reported here. It has already been noted in multiple places that the

experimental details are deficient. Here, the details of all serial dilutions used to make

these incredibly dilute solutions need to be included here…I would also double check all

calculations.

The explanation is stated in point 41.

More experimental details has been included in chapter 4 SI and in point 42. All

calculations have been checked.

44, Control experiments: These are lacking and should be included…..for example all

6 steps shown in Figure 4.1 should have Raman data….I would even have a second set of

controls using deionised water included….

Chapter 4, section 2,5:



390

After the application of thiol ss-DNA, SERS surface was covered and only Si Raman

signal shown; peaks at around 707 cm-1 (O-H out of plane bending), 1011 cm-1 (C-C-C

stretching) and 1086 cm-1 (C-O stretching) for 6-Mercapto-1-hexanol95 were shown in

Figure 4.1 (C) after the second thiol application; There is no MB peak at 1625 cm-1 in

Figure 4.1 (C), while the peak emerged after MB application in Figure 4.1 (D). In Figure

4.1 (F), after applying targeted ss-DNA, its signal increased.

The control used in this research is non-complementary DNA strands and DNA from

non-targeted bacterial in section 3.3 and section 3.5 which do not have the Str 2 gene.

Hybridization was undertaken in buffer solution (in agreement with literature approaches),

using both targeted and non-targeted DNA.
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Figure 4.1: Illustration of the DNA sensor development process and the corresponding

Raman spectra (A) Ag nanostructure electrodeposition on SiO2/Si substrate; (B)

Immobilization of thiol modified probe DNA (50µL, 1µM) onto a SERS substrate and

incubating for 24 hours. (C) Immobilization of 6-Mercapto-1-hexanol (50µL, 5mM) in the

free spaces between probe DNA; (D) MB binding ss-DNA on a functionalized SERS

substrate (incubation time: 10 minutes); (E) Hybridization of target DNA to the ss-DNA

modified SERS substrate for 20 minutes; (F) MB intercalation between the dsDNA

(incubation time: 10 minutes).

45, Full Raman Spectra: Again, the full Raman spectra should be included here……

Full Raman spectra for thiol functional steps has been included above and in chapter 4

Figure 4.1. For MB related experiment, spectra were only measured from 1500-1700 cm-1.

Its highest characteristic peak is located in 1625 cm-1. And there was no 1625 cm-1 peak

show in SERS substrate surface before MB application in Figure 4.1.

Other Raw data:

Figure S6 shows the Raw data for Figure 4.6. Again ten different spectra, taken in ten

different random points on the functionalized Ag-ss-DNA SERS substrate are presented for

each concentration of targeted ss-DNA:
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Figure S6: All raw data in Figure 0.3: targeted DNA (stx2) detection. (A) Reference spectra

of Ag-ss-DNA SERS substrate with MB. (B-F) MB spectra after hybridization with

different target DNA concentrations (i) 1 aM, (ii) 0.1 fM, (iii) 10 fM, (iv) 1 pM, and (v)
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100 pM. Ten different spectra, taken at ten different random points on the functionalized

Ag-ss-DNA SERS substrate are presented for each concentration of targeted ss-DNA.

Other Required corrections.

46, Each paper chapter “should contain a short introductory chapter, explanation of the

research question, relevant literature and methodology and a concluding chapter. The

student’s contribution to each article must be made explicit”. This is our criterion in

Galway, and is similar to UCC’s requirements, and is similar to author contributions in

papers…..

There is an abstract (introductory chapter) for each chapter:

Chapter 1:

Abstract: Recent global warming has resulted in shifting of weather patterns and led to

intensification of natural disasters and upsurges in pests and diseases. As a result, global

food systems are under pressure and need adjustments to meet the change-often by

pesticides. Unfortunately, such pesticides are harmful for human and the environment, and

they need to be controlled. Traditional detection methods currently used are time

consuming in terms of sample preparation, are high cost, and devices are typically not

portable. Surface Enhanced Raman Scattering (SERS) has emerged as an attractive

candidate for rapid, high sensitivity and high selectivity detection of contaminants relevant

to the food industry and environmental monitoring. In this review, the principles of SERS

as well as recent SERS substrate fabrication methods are first discussed. Following this,

their development and applications for agrifood safety is reviewed, with focus on detection



395

of dye molecules, melamine in food products, and the detection of different classes of

pesticides such as organophosphate and neonicotinoids.

Chapter 2:

Abstract: Surface Enhanced Raman is a promising analytical method for harmful

pesticides detection. Herein, we demonstrate a rapid method to directly monitor 2,4-D

pesticide in water environment without the need of sample pre-treatment by using Silver-

Gum Arabic (Ag-GA) electrochemically co-deposited SERS substrates. This

electrochemical synthesis of high nano particle density, and homogeneous SERS substrates

(area: 40 µm x 20 µm) needs as little as 2 μL AgNO3 and Gum Arabic mixed solution by a

portable potentiostat. Different morphologies including Ag-GA spherical nanoparticles and

nano dendrites were synthesized by tuning the deposition parameters. This study therefore

offers a novel way to fabricate SERS substrates for determination of 2,4-D pesticides down

to 1 pM in half hour and down to 0.1 nM immediately in deionized water, 0.15 nM in

commercial bottled and also river water samples. This Ag-GA SERS sensor showed linear

response towards 2,4-D detection in a wide linear range.

Chapter 3:

Abstract: Surface Enhanced Raman Spectroscopy (SERS) has been widely used in

analytical sensing field. However, SERS substrate fabrication in large scale for analytical

application is still a challenge. In this research, electrochemical deposition method was

used for Ag-Cornstarch SERS substrate fabrication, which took three seconds for each

SERS substrate deposition with precursors of AgNO3 and cornstarch. After Ag-Cornstarch
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nano structure optimization by changing electrochemical deposition parameters, one Ag-

Cornstarch nano structure was used for further SERS characterization and study. It was

found that this Ag-Cornstarch nano structure were still active for SERS after five weeks

with RSD = 15% in SERS signal change. Enhancement Factor (EF) of this Ag-CS SERS

substrate was estimated to be at 109 level by using methylene blue. In the end, this Ag-CS

SERS sensor was used for MCPA pesticides detection. For MCPA in DI water, the relative

standard deviation (RSD) of 50 spectra at peak 1600 cm-1 for certain MCPA concentration

was 6%, with a LOD = 2 fM according to the calibration. Besides, river water was also

used for MCPA detection study to check the interference from a real sample, experimental

results showed that Ag-CS SERS sensor could also be used for river water sample study.

This Ag-CS SERS sensor thus showed high EF, good detection limit towards several

chemicals, and could be reserved for weeks.

Chapter 4:

Abstract: In this research, a selective, cost-efficient, highly sensitive Ag nanostructure

Surface Enhanced Raman Spectroscopy (SERS) sensor was developed as a methodological

approach to rapidly detect a targeted-ss-DNA (stx2) in STEC (Shiga toxin-producing

Escherichia coli). The Ag nanostructure-based SERS substrate was functionalized by two

type of thiols: thiol-ss-DNA for bonding targeted-ss-DNA and 6-Mercapto-1-hexanol

(HS(CH2)6OH) for blocking the Ag nanostructure surface. Methylene Blue (MB) was used

as a Raman marker to quantify targeted-ss-DNA, as well as a model molecule to

characterize the electrodeposited Ag nanostructure SERS substrate. Ag nanostructure SERS
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substrates showed good sensitivity and repeatability towards MB detection, with a LOD =

0.3 μM, RSD = 12.48% (at 45 different random points). More importantly, the Ag

nanostructure/ss-DNA SERS substrate showed good selectivity towards STEC O157 stx2

targeted DNA, as well as good linearity and sensitivity towards its detection in a buffer

solution. A limit of detection of 0.49 aM in a quantification range from 1 aM to 100 pM

was demonstrated. The SERS sensors were able to identify target DNA ( stx2) in an STEC

strain and the study showed proof of principle that SERS substrate has potential as a cost

effective, highly selective, highly sensitive DNA and bacteria sensor without the aid of

DNA amplification. With further development and validation, this methodological

approach has the potential for use in the point-of-use detection for instance on a farm or in

the food industry.

This needs to be implemented and the expectation is that it should detail exactly what the

student did experimentally and in terms of the write up. The contributions of the other

authors to the papers should also be included in this section which should precede each

paper.

Contributions have added for each chapter.

Chapter 1: Contribution: Conceptualization, Y.Y. and N.C.; data curation, Y.Y. and N.C.;

writing-original draft preparation, Y.Y. and N.C.; writing-review and editing, A.O. and P.L.;

visualization, Y.Y. and N.C.; supervision, A.O. and P.L.; project administration, A.O. and

P.L.; funding acquisition, A.O. and P.L. All authors have read and agreed to the published

version of the manuscript.
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Chapter 2: Author Contributions: Y.Y. (Yuqing Yang) undertake experimental results

including the Raman data analysis and manuscript preparation. P.L. (Pierre Lovera)

responsible for supervising and data analysis & manuscript preparation and A. O’R. (Alan

O’Riordan) responsible for supervising and manuscript preparation.

Chapter 3: Author Contributions: Y.Y. (Yuqing Yang) undertake experimental results

including the Raman data analysis and manuscript preparation. P.L. (Pierre Lovera) and A.

O’R. (Alan O’Riordan) responsible for supervising and manuscript preparation.

Chapter 4: Author Contribution: Y.Y. (Yuqing Yang) and L.A.W. ( Luiza

Adela Wasiewska) contribute equally to this research. Y.Y. responsible for SERS

experiments, analyze the data and writes the manuscript, L.A.W. responsible for DNA part

and contributed to intelligent suggestions, C.M.B (Catherine M. Burgess) and G.D

(Geraldine Duffy) responsible for DNA part and supervising, P.L. (Pierre Lovera)

responsible for supervising and SERS data analysis and A.O. (Alan O’Riordan) responsible

for supervising.
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Appendix 5 2nd Revision according to the report

External Examiners Report on the Revised Thesis:

There are several main technical concerns from external examiner’s comments:

1, Experimental method was flawed and LOD wrongly claimed in chapter 2 and 3;

2, No SERS for 2,4-D and MCPA, no concentration dependence, no noise/signal change

for analyte concentration change, not a good linear fit over a wide range.

3, Similarity of 2,4-D and MCPA spectra in Chapter 2 and 3, because of possible

contamination.

External examiner also suggest rewriting the parts that used unsuitable scientific word

such as “quantification over a wide range”, making extension in conclusion part to address

the drawback of Ag-GA/Ag-CS NPs SERS based sensors for pesticides detection. The

result, discussion and conclusion parts have been completely rewritten for Chapter 2 and 3

according to external examiner’s comments.

Appendix 5 has addressed all the comments, as well as reflected in the main text.

1, Analysis & Interpretation: This was improved by inclusion of text explaining the

effect of S and N atoms on SERS. However, critical analysis and interpretation of the data

in Chapter 2 and 3 was not done.

 Figure 2.4 demonstrated the possible interaction between 2,4-D and Ag-GA SERS

substrate in chapter 2. And explained the possible interaction in page 87. Chapter 3,

Figure 3.7, page 180, explanation in page 179.

Question 2-4: sampling issue and LOD.
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2, Experimental details: Additional information was provided in the revised thesis to

better explain the experimental work undertaken. This encompassed most of the

suggestions from the EE, however, these updates also raised some significant issues, both

of which had been mentioned in the viva voce examination:

Sampling Issue: The sampling issue for C2 and C3 identified in the viva voce was more

clearly explained in the thesis…but the student did not adequately explain the negative

consequences of this method….that is the reported LOD’s are not true…. This should have

been obvious to the candidate that this approach tends to invalidate the claims of very low

detection and quantification in C2 and C3. On page 259 the figure shows that the signal

remains the same after DI rinsing…. This is a good indication that whatever material is

generating the signal remains. The wicking away procedure used therefore does not remove

the first deposited sample and thus for each addition the candidate is just adding more

material……This alone should have resulted in an extensive revision of the two chapters.

 The sampling issue is discussed in both experimental section and the conclusion

section:

 Chapter 2, section 1.6, page 81. And page 106, the 2nd paragraph.

 Chapter 3, section 2.5, page 167.

 The term ‘LODs’ has been removed, and replaced with ‘detection ability’ and the

experimental data.

3, In summary, the claims for ultra-low quantification of this analyte by SERS are not

proven by the data presented in the revised thesis chapter. The student did not address these
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issues in the conclusions and still incorrectly maintains that a 1 pM detection limit was

achieved.

1 pM is the experimental data, incubation time is also important for the detection.

4, In summary, the claims for ultra-low quantification of this analyte by SERS are not

proven by the data presented in the revised chapter. The student did not address these issues

in the conclusions and still incorrectly maintains that a 2 fM detection limit was achieved.

The Conclusions section (p155-156, marked thesis) do not reflect or deal with the very

serious issues raised here.

2 fM (calculated data) has been replaced by 28.5 fM (experimental data). Detection limit

data has been removed in conclusion.

Question 5-7: Contamination concern and similarity of 2,4-D and MCPA.

5, Contamination: It was mentioned during the viva that the use of plastic containers is

not good practice in SERS work. In the revised thesis it was stated that all of the liquid

samples were held in new colourless Eppendorf AG PCR tubes (mL range) and AgNO3

solution was contained in a new centrifuge tube from Sigma-Aldrich (Ireland). Most

practitioners of SERS will use acid washed glassware to ensure that there are no issues with

leachate. It is the external examiners view that the data presented in several chapters (C2

and C3) shows evidence that the Raman signals being generated are very, very similar.

 For contamination in detection section:

The initial detection of 2,4-D and MCPA pesticides in Chapter 2 section 4.1, Figure

2.6 and in Chapter 3 section 3.4, Figure 3.6., showing that the signal were from the

analytes. The observed signal was indeed from 2,4-D was discussed in page 92-94.
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 For container discussion:

See Chapter 2, section 1.1., the last paragraph.

 The spectra for 2,4-D and MCPA were the same:

Similar chemical structure has the same SERS spectra has been proved in literature.

This is discussed in Chapter 3, section 3.4, page 180-181.



415

6, It is also clear from Chapter 2 and 3 that the SERS spectra and behaviour are very similar

in both cases. The top row shows that the solid state Raman spectra of the two analytes are

very different, which would suggest a very different SERS spectrum….although neither of

these molecules are SERS active.

See question 5.

7, The distinctive triplet of bands at ~1100 cm–1 and doublet at ~900 cm–1 are the same

in each set of spectra. Allowing for the difference between the SERS substrates, one could

say that they are uncommonly similar. The plots below illustrate this again..….

See question 5.

8, Intensity calibration method: This was not provided in the revised thesis, the image

(Chapter 2, Figure S3) only shows a single Si Raman spectrum but does not show how this

was used to generate an intensity calibration.

This has been revised in chapter 2 SI, page 110:

Figure S4: (A) Spectrum of Si chip used for daily laser power calibration by Raman counts

(around 20000 a.u.), Raman peak at 520 cm-1. Laser power: 0.7 mW, lens: 50x, exposure

time: 1s. For laser power calibration, a daily check of this Si chip was carried out before
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experiments. The intensity should be tuned to remain around 20000 a.u and the peak should

stay near 520 cm-1. (B) Raman spectra of Si/SiO2 sensor chip. Si: 520 cm-1, 950 cm-1. Laser

power: 0.07 mW, exposure time: 10s, lens: 20x.

Question 9-16: No SERS for 2,4-D and MCPA, no concentration dependence, no

noise/signal change for different analytes concentrations, not a good linear fit over a

wide range.

9, Lack of SERS: It was obvious when one compares the spectra collected in the three

chapters that neither the 2,4-D nor the MPCA analytes generated a SERS signal….and the

corrected thesis does not say this.

 The raw data used for calibration plots are all essentially the same…and the candidate

has not recognised or acknowledged this in the revised thesis.

 2,4-D and MCPA do not generate SERS signal directly: Chapter 2 section 4.1 and

Chapter 3 section 3.4 and 4.

 Raw data comment: chapter 2 section 4.1, page 86. Chapter 3, section 3.4, the 3rd

paragraph.

10, Overall, the analysis and interpretation in the corrected thesis is weak because it is

neither critical nor objective…It is clear that there is a problem with the spectral data in

Chapters 2 and 3 in terms of the spectra presented….It’s obvious that the candidate is not

getting any significant increase in SERS (if there is any in the first place) as the analyte

concentration increased. From questioning in the viva, the most likely explanation is that

the 2,4-D or MPCA analytes are being physically concentrated in the gum Arabic or corn-

starch coatings…thus increasing the local concentration and generating a change in
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signal….but to use this as the basis of an analytical method based on Raman spectroscopy

is inherently flawed (see below).

 Experimental sampling issue: see question 2.

Discussion about the low slope is in chapter 2, page 104-106, and chapter 3 section

3.4.2, the last paragraph.

A research that has low slope and large error bar using peak ratio1:

Figure 2: Dependence of SERS signal intensity ratio and TET concentration (n = 3). (a)

Correlation between ratio 455 cm-1/1280 cm-1 versus analyte concentration in logarithmic

scale. Linear correlation y = -0.124ln(x) + 1.0154; R2 = 0.9738).

On top of this, Ag-GA or Ag-CS SERS substrate in chapter 2 and 3 was NIP (non-

molecular imprint) method, this method was much less sensitive comparing to MIP, see

example below:
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Figure 3: Calibration curve of SERS signal intensity at 1175 cm−1 for NDKB in the

concentration range of 1 pg/mL ∼ 1 mg/mL.2

Not only for NIP (non-molecular imprint) SERS sensor, the sensitivity is not as good as

MIP (molecular imprint) ones; for electrochemical sensors, it is the same, see Figure 4 and

5; and Fluorescence sensor, see Figure 6.

Figure 4: the corresponding calibration curves for MIP and NIP sensors: DPV peak current

versus the logarithm of SDZ concentration.3

https://www.sciencedirect.com/topics/chemistry/analytical-calibration
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Figure 5: Differential pulse voltammograms obtained after SG detection at different

concentrations on calibration curves corresponding to MIP and NIP sensors.4

https://www.sciencedirect.com/topics/chemistry/analytical-calibration
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Figure 6: Fluorescence spectra of a SiO2@CDs&NBD@MIP

and b SiO2@CDs&NBD@NIP with addition of the indicated concentrations of CNP;

relationships between fluorescence ratios and different concentrations of CNP

for c SiO2@CDs&NBD@MIP and d SiO2@CDs&NBD@NIP.5

11, Not SERS, no conc. dependence: Figure S21 (2,4-D samples) clearly shows that

there is no substantial change in the Raman spectra from the 0.001 nM to the 0.2 mM

samples. The signal intensities and noise levels are similar in all plots which is clear

evidence that this is largely spontaneous Raman. This in essence invalidates the claims for

chapter 2. [The same situation pertains with chapter 3]

See question 9, 10.

Peak ratio was used for data analysis. See Figure 2.9 in Chapter 2 and figure below, peak

ratio increased with [2,4-D].
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12, Similar to above, the analyte molecule will not bind strongly to the silver surface and

thus the SERS effect is going to be weak or non-existent using conventional SERS. It

needed to be explicitly clarified that the corn-starch layer serves to concentrate the MPCA

in the layer close to the silver surface and thus generate a detectable signal. This was done

to a certain degree, but the candidate failed to address the fact that the spectra provided

show no evidence for substantial SERS, nor do they show any kind of acceptable

concentration dependence. The student failed to look critically at the data being

presented…but what is more serious is that they failed to correct this in the revised thesis

when offered the chance to do so.

Address the concern: Chapter 3, page 187, the 1st paragraph.

 The reason for this low slope is in question 10.

Data analysis has been checked and revised: Chapter 3 section 3.4.

13, Not SERS, no conc. dependence: Figure S6 (MPCA samples) and Figure 3.6

(bottom right) clearly shows that there is no substantial change in the Raman spectra from

the 28.5 fM to the 28.5 µM samples. If anything all we see is a reduction in signal intensity

from the first lowest concentration sample to the final highest concentration sample. The

signal intensities and noise levels are similar in all plots. This in essence invalidates the

claims for chapter 3. [The same situation pertains with chapter 2] If one compares the

spectra above with the spectra of the substrate (Figure S3 below) one can clearly see that

there is something amiss.

See question 9, 10 and 12. Again, peak ratio was used for data analysis instead of single

peaks.
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14, Linear Fits: The data presented in chapter 2 is not really believable….have the same

spectra over a huge range of concentrations. During the viva voce it became apparent that

what has happened is that the gum Arabic layer was becoming saturated with the analyte

and there cannot be any further significant increase in signal because of this. There is little

to no SERS being observed either. This was not addressed satisfactorily in the revised

thesis.

See question 9, 10, 11, 12 and appendix 4 saturation explanation.

The reason for such low slope has been discussed in question 10.

In Chapter 2, Structure 1-4 Ag-GA SERS sbstrate have the same SERS detetcion

behavior towards 2,4-D, except the detection limite and response time. See page 140-149.

15, In both cases there is no substantial increase in signal intensity with increasing

analyte concentration. This means no SERS in either case from the analyte molecules.

This is the same question for saturation and sensitivity. See question 9, 10, 11, 12.

16, Finally, one needs to address the linear plots displayed in the thesis, and look sensibly

at what is being displayed. The band ratios being used for quantification vary from ~0.55 to

~0.75 and ~0.5 to 1.0 over a huge concentration range and the error bars are also significant

in the first case. The fit equations show that the slope is tiny (<0.1), and as such to talk

about LOD’s in the fM and pM range is not sensible. This is very obvious when one

compares these plots to those of C4 (e.g. Figure 4.4) where there is an actual SERS signal

from Methylene Blue.

The term ‘LOD’ has been removed, ‘detection ability’ was replaced to indicate the lowest

concentration that the research has claimed from experimental data.
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Reason for such low slope and signal change with the change of concentration was

discussed in question 10.

17, In summary, there was a failure to recognize that the chapter 2 and 3 conclusions

were not supported by the data provided…and this can be explained by the fact that the

analytes are not SERS active, the sampling methodology is flawed, and there is potential

contamination via the use of plasticware for storage of materials in solution form. If the

candidate had recognised this and rewritten the chapter to show all these clearly it would

have been acceptable, however, as provided in the revised thesis it is not clear that these are

in essence failed SERS assays. I know that this is not a very palatable conclusion, but

scientifically, one needs to address this.

Conclusion has been rewritten and extended, as well as sampling issue, see question 2.

The contamination issues is in question 2-4.

Chapter 2 and 3 has been rewritten to address these issues.

18, However, this also largely invalidates the original thesis claims that the analyte 2,4-D

was generating a SERS signal and that the analyte could be quantified over a wide

concentration range. One would have expected a complete rewrite of the results &

discussion and conclusions sections to deal with this and correct these obvious problems.

The statement has already been removed.

The the results & discussion and conclusions sections were rewrote to deal with this and

correct these obvious problems.

19, Data does not match: It is also clear that the spectra shown in Figure 3.5 does not

match the corresponding spectrum in figure S6.
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Figure 3.5 and Figure S6 were two different experiment. Figure 3.5 was for repeatability

study on a SERS substrate while Figure S6 was another experiment for different MCPA

concentration study. The peak at 1600 cm-1 was not always present the same sharp feature

and this has been discussed in Chapter 3, page 183, the last paragraph and page 184, the 1st

paragraph.

20, However, for completeness, Figure 4.1 needs to be revised to ensure that this

methodology is correct. The Raman spectra for panels D, E, and F need to be plotted with

the same spectral range as for B and C, so that we can see the other Raman bands and

verify that all is in order. It would also be important to note the exposure times used for

each of these spectra.

For MB related experiment, spectra were only measured from 1500-1700 cm-1. Its highest

characteristic peak is located in 1625 cm-1. And there was no 1625 cm-1 peak show in SERS

substrate surface before MB application in Figure 4.1.

The exposure time has been noted.

To conclude, EE’s comments are valuable for the thesis completion and for scientific

expression, especially for chapter 2 and 3. The drawback of chapters is the drawback of the

feature of the SERS sensors for 2,4-D/MCPA detection.

It has to connect to its detection principle and the fact that the interaction between 2,4-

D/MCPA with SERS substrate were irreversible by NIP method, what is more important,

the analytes concentration does not have significate effect to the SERS signal in the

measurement time window. In the conclusion section, I have included possible approach to
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improve the sensitivity/selectivity of these SERS sensors, e.g. by using MIP. Nevertheless,

this research offered a new insight for pesticides detection, which are not possible to detect

directly in water environment by only noble metal nano particles.
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Appendix 6 External Examiners 2nd Report on the Revised Thesis:

Student: Yuqing Yang, Tyndall Institute, UCC.

External Examiner: Prof. Alan G. Ryder, University of Galway

Summary: In my opinion the corrected thesis (ver. 2) as supplied to me, still
requires some changes to how the material in Chapter 2 and 3, is presented and
explained. The explanation and discussion needs to be clearer and less
ambiguous. Basically, both the external and internal examiner still have
reservations about the Raman signals presented in C2 and C3 being presented as
SERS signals.

The conventional SERS signal is considered significant, with an enhancement factor (EF)

of up to 109, particularly in research involving only noble metal nanoparticles (NPs).

However, with the emergence of various SERS substrates, including molecularly imprinted

polymer (MIP)-based substrates or non-metal nanomaterial substrates such as pure MXene

or other 2D materials, the definition of SERS has broadened. For organic molecules,

detection can be achieved using molecularly imprinted SERS sensors, where the signal

arises not from the molecule itself but from interactions between the analytes and the

polymer layer.

I am not opposed to the reviewers’ perspective and would prefer to avoid the term 'SERS'

where possible in Chapter 2 to maintain stricter scientific terminology. Nevertheless, this

study utilizes the SERS effect and aligns with similar studies on NIP (non-imprinted

polymer)-SERS sensors, as mentioned in Appendix 5, page xxx and in C2. In Chapter 3,

the EF was calculated using 4-ATP and MB, confirming that Ag-CS functions as a SERS

substrate with a high EF of 109. However, its ability to detect MCPA is limited due to the

molecular features of MCPA and other factors.
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To avoid disputes over defining a scientific term not found in textbooks, I am happy to

follow the reviewers’ suggestion and avoid using 'SERS' where possible.

DETAILS OF MINOR CORRECTIONS REQUIRED

Abstract.

The statement here is ambiguous and still a bit misleading as it suggests that
SERS is taking place whereas, the data presented in C2 and C3, in my opinion
does not really support a SERS based detection of these two analytes.

“For the detection of pesticides 2,4-D and MCPA, Ag-Gum Arabic and Ag-Corn
Starch nanoparticles were electrochemically deposited as efficient SERS
substrates. The principle behind the detection of these compound lies in the local
concentration of the pesticides by the polysaccharide polymer layers of Gum
Arabic and Corn Starch. These sensors were capable of detecting - but not
quantifying - pesticides at concentrations lower than the threshold limit (0.1 ppb)
set in EU’s Water Framework Directive.”

We have made this change in page 3-4 to reflect this comment.

The fabricated sensors were based on Ag-Gum Arabic nanostructures for detection of

2,4-D in chapter 2, Ag-Corn starch for MCPA in chapter 3 and Ag/ss-DNA in chapter 3.

The nanoparticles were synthesized using the electrochemical deposition method, which

allows for tailoring of nanoparticle structure by adjusting deposition parameters such as

deposition time, precursor concentrations, and applied voltage. This electrochemical

deposition method is simple and repeatable, making this approach of fabricating sensors

reproducible.

For chapter 2 and 3, no significant changes in the Raman signal intensities were recorded

as the concentration of the analytes increased, as would have been expected with SERS

effects. Instead, a small increase in the ratio between two peaks of the Raman spectra could

be observed. This may be attributed to the local increase in the concentration of the
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pesticides by the polysaccharide polymer layers of Gum Arabic and Corn Starch. While

changes in the ratio between two peaks could be detected as concertation increased,

quantification was not possible because of the low slope obtained and the inadequate

experimental procedure chosen, based on over sampling. Also, the recorded spectra were

very similar for the two pesticides, effectively making selectivity impossible.

For the bacteria E. coli O157 ss- DNA SERS sensor, neither Gum Arabic nor Corn Starch

was used. Instead, a two-thiol functionalization method was employed for Ag nanoparticle

SERS ss-DNA sensor development. This ss-DNA SERS sensor exhibited good linearity,

selectivity, and relatively fast detection compared to other sensors or methods for ss-DNA

detection

Chapter 2.

While we acknowledge the corrections made by the student, we do have to point
out that the chapter as written is still a bit ambiguous and misleading in places. It
still suggests that SERS due to the analyte is present…..

For example: Abstract is still highly misleading as it does not clearly describe the
revised chapter...gives the impression that it worked...should be rewritten to
reflect the current state of the chapter/knowledge. The
abstract/chapter/conclusion needs to be rewritten from the point of view that
SERS was not achieved and thus quantification was not possible (I do not thank
that the detected signal is that of the analyte either…).

The candidate has more than enough data and material, but it needs to be
accurately interpreted and presented throughout the thesis.

The correct approach here is to start at the outset and say it didn’t work as
intended and then explain in detail why….that will make it a much better piece of
scientific literature, and also fulfils the thesis requirement. Please note, the
substrate fabrication and discussion is very good and OK, it’s just the attempted
SERS of the analyte that is the problem. I would suggest that if Methylene Blue
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was tested on this substrate it would have worked very well…and SERS would
have been demonstrated….

We have made this change in page 75 to reflect this comment.

P75, C2: Abstract: .....However, no significant change in peak intensity was observed as

the analyte concentration increased, contrary to what is typically expected with SERS.

Consequently, the sensor did not perform as designed. A change in the peak ratio was

observed over a wide range of 2,4-D concentrations, but the slope was very low. This

suggests that the detection principle might rely on the local concentration of 2,4-D within

the Gum Arabic layer, as more material accumulates with increasing concentrations. It

should be noted that the experimental method involved oversampling, a flawed analytical

practice that rendered quantification of 2,4-D impossible.

Note p96: Figure 2.8 shows clearly that there is no significant change in Raman
signal intensity as one goes from 0.001 nM to 0.2 mM. This needs to be
unambiguously described as a problem…..One would expect a big change in
signal like that observed in C4 if SERS were present…. There is no point doing
data analysis on this when it’s obvious that something is not right….

We have made this change in page 99-100 to reflect this comment.

P100 “However, when plotting the intensity of these peaks against Log[2,4-D], no strong

correlation was observed, as shown in SI Figure S17. ”

Peak ratio was studied based on the detection principle, the interaction between 2,4-D

and pesticides. It is still worth to see the change of the peak ratio VS. Raman intensity

change based on the detection principle:

“The peak at 1400 cm-1 could be related to the characteristic peak for the Gum Arabic

layer, 95 while the peaks at 1130 cm-1 and 293 cm-1 can be related to 2,4-D (Peak 1130 cm-1
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is related to ν(CC)ring + ν(C–Cl), and peak 293 cm-1 is δ(COC) + δ(CCl), see table 2). The

peak ratio could thus reflect the interaction between 2,4-D and GA. Using the peak at 1400

cm-1 as a reference peak could yield better fitting results.”

Note on p98 it is said that the peak at 1400 cm-1 is due to Gum Arabic…but
elsewhere it’s attributed to the analyte (Table 2 on p.91).

Peak at 1400 cm-1 has been deleted in table 2.

Page 106: The discussion on the method used, i.e., one substrate with analyte
being over spotted is not acceptable…it seeks to regularise a bad experimental
design, and one which has contributed to a lot of the problems with this thesis.
The student should say clearly that this was not an acceptable practice for a
SERS substrate/assay.

We have made this change in page106, and page 109 to reflect this comment.

P106 “This calibration approach, however, is not a good analytical practice in general.

In most of the situations, a single substrate was used for a single concentration. The

sampling method has been discussed also in experimental section 1.6.”

P109“In this sense, using the same substrate for calibration is a bad
analytical practice. ”

Page 110: This statement is not proven, or backed up by any of the data provided.
If there were an irreversible interaction I would have expected a very strong SERS
signal….and we don’t see that:

The interaction between 2,4-D and the Ag-GA SERS substrate was found to be
irreversible. After

This statement has been removed.

Page 110: This statement is misleading as no form of data analysis will improve
the spectral data that is presented. The raw data is suspect and doesn’t show
SERS…you cannot fix bad or non-existent data by this route.
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Other data processing approach could also been used for this study such as
uninformative variable elimination-partial least squares (UVE-PLS) method, but this
is not the scope of this research.105-106

These statement has been deleted.

Chapter 3.

The exact same point hold for C3 as for C2, the attempted SERS assay
failed…and the chapter should be revised to explain why. Again, the substrates
are fine, I expect with MB or another good SERS analyte you would have gotten
real SERS…but here no it’s not there. So as above for C2, he correct approach
here is to start at the outset and say it didn’t work as intended and then explain in
detail why….

We have made this change in page 166, page 190, and page 191 to reflect this comment.

P166 C3: Abstract: ...Similar to Chapter 2, no change in Raman peak intensity was

observed as the concentration of MCPA increased, suggesting that its detection was not

based on strong SERS effects. As with 2,4-D, a slight increase in the peak ratio was

observed with increasing concentrations. However, the experiment faced the same

shortcomings as in Chapter 2 regarding the experimental protocol, rendering quantification

impossible. Additionally, the spectra were very similar to those recorded in Chapter 2 for

2,4-D, making it impossible to discriminate between the two analytes due to a lack of

selectivity.

P190 “However, quantification is not possible as the starting values are different for the

same MCPA concentration on different Ag-CS substrates, this is related to fabrication

variation. Also, adding more MCPA on the Ag-CS substrate will make the Raman signal

increase regardless of the concentration. ”

P190 “The peak ratio reflects the interaction between MCPA and CS. Each -OH site in

the carbon ring of CS can interact with more than one MCPA molecule, and the signal
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increases with addition of MCPA to the substrate.......Similar to Chapter 2, this research

used Ag-CS to attract MCPA to close to the silver surface and it constitute an indirect

detection of MCPA where the CS layer helped capture and concentrate MCPA to gain an

increased Raman signal. This approach can be viewed as non-molecular imprint (NIP) and

not molecular imprint (MIP), the latter method helps to gain better sensitivity and

selectivity as discussed in Chapter 2.”

P191 “MCPA does not contain a -S or -N atom and as such does not have strong

interaction with silver nanoparticles. Cornstarch on the other side may assist in attracting

and concentrating MCPA closing to the Ag-CS surface. The detection principle is based on

the interaction between MCPA and the cornstarch function layer, similar to non-molecular

imprint method. This Ag-CS sensor cannot quantify MCPA due to the sensor surface’s low

capacity to host MCPA and the experimental approach.”

Besides, in P175-177 There were SERS test for MB and 4-ATP in C3 section 3.2:
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Figure 3.2: Ag-CS SERS sensor characterization by Raman reporter 4-ATP and Methylene

Blue (MB). (A) Spectra for 4-ATP at different concentrations: 0.05 μM, 0.5 μM, 5μM, 50

μM; (B) Linear calibration for 4-ATP for the highest peak at 1440 cm-1; (C) Spectra for

Methylene Blue (MB) at different concentrations: 0.05 μM, 0.1 μM, 0.2 μM, 0.5 μM; (D)

Linear calibration for 4-ATP for the highest peak at 1625 cm-1.

Critical issue for C2 and C3.

It is still also clear from Chapter 2 and 3 that the SERS spectra and behaviour are
very similar in both cases. The top row shows that the solid state Raman spectra
of the two analytes are very different, which would suggest a very different SERS
spectrum….although neither of these molecules are SERS active.
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It was and is my contention that the “SERS” data presented in both C2 and C3
are the same. The figure S7 provided by the candidate in the revised thesis
proves this. This in conjunction with the solid state Raman spectra below, proves
that there is a major problem with the data being presented in C2 and C3.

Chapter 2: Chapter 3:

The simplest explanation is that this is a contaminant signal….but in any event, it
makes it impossible to claim with any certainty that:
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“The sensing capabilities of the developed SERS substrate were tested for 2,4-D
pesticide. The sensors provided a spectral response after incubation for 30
minutes in a 1pM 2,4-D solution. They exhibited a response to 0.1 nM 2,4-D in DI
water immediately, and they were also able to respond to 0.15 nM 2,4-D in both
commercial bottled and river water samples.”

OR…

“Detection of herbicide MCPA was undertaken using these substartes. While
direct quanitifcation was not possible with the methodology used, it was possible
to get Raman signals for concentartion down to 28.5 fM based on the
experimental data.”

Here is a really important point: If this is a contaminant, and I’m pretty sure it is….this is

where you have achieved very low level detection….what it is, is not knowable here….but

I suspect that it’s a contaminant from the plastic containers that you have used. It’s a

leachate of some kind or another… I say this because the signals are essentially the same

for C2 and C3, the tiny changes in signal may be due to accumulation of this contaminant

in the layers along with the analytes. In any event, it’s not proven that the detected signals

are definitely from the two different analytes.

The spectra in C2 and C3 are indeed very similar, and this has been highlighted in the

thesis (abstract and in chapter 3). We have also emphasised that because of this, it is not

possible to distinguish the two molecules (lack of selectivity). Raman contribution from a

common contaminant from the plastic container is possible. However, if this was the case,

it would be expected to obtain the same spectrum for DI water only (stored in the same type

of containers and acquired under the same experimental conditions) and this was not

observed as shown in Figure 2.6 and 3.6.
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1, P93 &P181 C2&3: using DI water that contained in the same type of container under

the same experimental conditions (same substrate and same Raman measurement

parameters), the spectra of DI water vs. MCPA/2,4-D were different. This suggested that

this signal were related to the presence of 2,4-D/ MCPA.

Figure 2.6: (A) Spectrum of deionized water as the reference (background corrected); (B)

Spectrum of a 0.1 nM solution of 2,4-D on a S4SERS substrate.
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Figure 3.6: Raman spectra of Ag-CS substrate after application of DI water (bottom) and

(top) after application of MCPA (0.0285 nM) solution.

P93 C2: “Figure 2.6 (A) shows the Raman spectra of DI water and a 0.1nM 2,4-D

solution after baseline correction. There are no clear peak features in the DI water spectrum

of the Ag-GA substrate. On the contrary, after the application of the 2,4-D solution on the

Ag-GA substrate, the spectrum shown in Figure 2.6 (B) immediately appeared, and clear

peaks at 293 cm-1, ~900 cm-1, ~1098 cm-1, ~1129 cm-1, and 1400 cm-1 can be observed.

These peaks were not observed in DI water, suggesting that the signal was generated

because of the 2,4-D analyte.”
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P181 C3: The Raman spectrum after application of DI water is also shown in Figure 3.6

for reference. For the spectrum acquired in MCPA solution, new peaks at ~291 cm-1 and

sharp peaks around ~928 cm-1, ~1129 cm-1 and 1400 cm-1 show up after the 2nd Raman

measurement. In DI water, these peaks did not show, suggesting they were related to

MCPA.

Aside from the point above, a time dependence was observed when analysing solution of

different concentration. For example, under the same experimental conditions, it took 30

minutes to obtain the typical spectrum for a concentration of 0.001nM while the spectrum

could be seen immediately when using a 0.1nM solution. No time dependence would be

expected if the spectra were originating from a contaminant.

2, there is time dependence to get the signal when detecting 2,4-D in C2 table 3, P97.

“The difference in response time between lower and higher 2,4-D concentrations
suggests that the observed peaks are indeed related to 2,4-D.”

Table 3: Comparison of response time and detection ability of S4 under the same

experimental condition.

Structure
4

Detection of 0.001 nM 2,4-D in 30
minutes

detection of 0.1 nM
immediately

The time to get readable Raman signal varies depended on the concentration, the Raman

siganl was related to 2,4-D presence. If the signal is from container, no time dependence

would be expected.
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4, similiar to NIP or MIP SERS sensors, the spectra was not from the analytes themselves,

but based on the interaction between the analytes and the polymer layer.

We acknowledge that the substrates can’t distinguish 2,4-D or MCPA and is the

shortcoming of this type of sensors.

P197, “Although some analytes such as MB or 4-ATP have their own characteristic

peaks, there are other contaminants in the real world, resulting in the SERS signal

originating from other chemicals. This sensor does not have selectivity. A possible way to

overcomce this problem is to use MIP functional layers.”

Other small corrections:

 There are numerous spelling and grammatical errors in the text. It should
be spellchecked before final submission.

Spelling and grammar have been checked.
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