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Abstract 

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful analytical technique for 

ultrasensitive detection of chemicals and biomolecules. As the high sensitivity of SERS requires 

analytes to be in close contact with a plasmonic substrate, the detection of analyte molecules with 

low chemical affinity towards the substrate is thus limited, for example dopamine molecules as well 

as other neurotransmitters (NTs), which are the focus within this thesis. Two binding methods of NTs 

to SERS substrates will be covered: by Cucurbit[n]uril (CB[n]) and by Fe(III) ions. The fundamental 

resonance modes of NTs molecules and ultratrace NTs SERS sensing are discussed in detail. Further 

exploration of SERS substrates in the format of oil/water interfacial film will also be reported. The SERS 

application integrated with microfluidic techniques will be discussed in the final part of this thesis. 

In chapter 2, a simple and efficient ‘mix-and-measure’ method is used to form a liquid sensing platform 

by Raman/SERS. The exploration of dopamine Raman/SERS sensing in water solution is covered. 

Dopamine is one of the important catecholamine NTs, however its concentration in body fluid system 

is only 0.01-1 μM, and there are many kinds of interfering substances such as amino acids, nucleic 

acids, glucose, therefore it is difficult to distinguish dopamine from other molecules in body fluids by 

conventional detection methods. Raman/SERS can identify corresponding molecules based on the 

characteristic peaks of substances, so is a useful method to detect dopamine or other NTs.  

Firstly, dopamine Raman spectra at different pH environments is discussed. Density functional theory 

(DFT) calculations are carried out to help understand the dopamine molecules’ chemical bonds 

resonance modes. Dopamine concentration series for Raman spectroscopy are carried out to 

determine the limit of detection (LOD) of dopamine in pure water which is measured to be in the 

range of 100 mM to 250 mM.  

In order to improve the LOD of dopamine, the Raman signal is enhanced by SERS. Gold nanoparticles 

(AuNPs) were used as the SERS substrates for dopamine detection. The AuNPs assembly process, 

dopamine-AuNPs binding methods by either CB[n] molecules or weak binding directly by dopamine 

molecule to Au surface is discussed. Dopamine LOD is 1 μM for NaCl-induced AuNPs aggregates SERS, 

and is 0.1 to 1 μM for CB[n]-induced AuNPs aggregations SERS, which reaches the level of physiological 

dopamine concentration in urine. 

Iron (III) is also introduced as a binding molecule for dopamine and AuNPs. Two distinct protocols 

(‘PreNP’ and ‘PostNP’) are compared, which differ in the steps for forming SERS sensing complexes, 

affecting both the LOD and the DA SERS intensities. Characterising complexation of Fe(III) and 



 
 

dopamine (DA) in different pH suggests that Fe(III)DA2 dominates in PostNP detection, whilst in PreNP 

it is the monomeric Fe(III)DA that is seen. The dopamine LOD is 0.001 to 0.01 μM by dopamine-Fe(III)-

AuNPs complex SERS, which enables one to perform fast detection of multiplexed neurotransmitters 

(NTs) at physiological concentrations.  

In chapter 3, other NTs including Norepinephrine (NEPI), DOPA, epinephrine (EPI) and serotonin (Sero) 

are tested by SERS using the same complexes scheme of AuNPs-Fe(III)-NT. DA, NEPI and EPI can all 

reach a LOD of 1 nM, which is in the range of physiological concentration. SERO however, is less 

sensitive and the LOD is around 100 nM. 

In chapter 4, Au nanoparticle 2D arrays are developed with the CB[n] molecules and by using NaCl, 

and the arrays are analysed as SERS sensing substrates in different forms. The stability of the interfacial 

arrays is studied in terms of the influences from AuNPs surface wettability and AuNPs/clusters sizes. 

AuNPs covered CB[7] or citrate tend to stay at the water/chloroform interface and show high 

desorption energy. AuNPs clusters assembled by CB[7] are more stable at the interface than un-

aggregated single AuNPs, due to higher Helmholtz energy change. Quantitative SERS sensing is carried 

out on wet and dried AuNPs interfacial arrays, both of which showing a LOD down to nM scale. 

Furthermore, microdroplets interfaces are used as the gold nanoparticle array templet for SERS 

sensing, which provide huge potentials for its applications in microfluidic SERS sensing. SERS sensing 

of analytes from multiple phases are also analysed in this chapter to further widen its application 

scenarios. This method provides a versatile protocol for direct SERS sensing of various of analytes. 

In chapter 5, a number of fundamental problems related to droplet-based microfluidic SERS sensing 

are discussed. AuNPs aggregated by CB[n] are generated in microdroplets as SERS substrates, which 

could be used for chemical sensing in a high throughput way. The AuNPs aggregating process has been 

analysed systematically by dark field and bright field microscopy. SERS in microdroplets has been 

furtherly explored. Methyl viologen (MV), as a SERS marker, is tested in flowing microdroplets when 

the AuNPs are in high concentration. The position of aggregates in microdroplets has been explored 

based on the images, videos and spectra, which can furtherly help to get the strongest spectrum of 

analytes. Then the inverse relationship between signal of MV and oil is observed by SERS scanning 

online in flowing droplets, when the integration time is as short as 0.01 to 0.05s.  

In the final concluding chapter of the thesis, it summarises the presented work and also gives a brief 

outlook of the potential future work. 

Wenting Wang 

Ultratrace Neurotransmitters SERS Sensing  
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Chapter 1 Introduction 

1.1 Droplet-based Microfluidics 

Microfluidics, which first emerged in the 1950s1,2 when the development of ink jet printers spurred 

research in the field of droplet production, offers the possibility for precise control on the 

manipulation of samples in micro-scale microfluidic channels, as the amount of sample microfluidic 

devices needed is usually femto-litre to micro-litre in volume. This methodology has been developed 

into platforms which can explore many functions at the same time, for example, to fluid mixing, 3–5 to 

liquid pumping,6–8 and to provide an isolated droplet space for cell culturing.9–11 It has received much 

attention from a broad range of fields such as materials,12 pharmaceutics,13 organic chemistry14 and 

biological science.15 Microfluidic technology holds great promise as it can perform typical laboratory 

operations using a fraction of the volume of reagents in significantly less time.  

1.1.1 General introduction to droplet-based Microfluidics 

As a subcategory of microfluidics is droplet-based microfluidics (also named multiphase microfluidics, 

plug-based microfluidics or segmented-flow microfluidics) which is a technology for manipulating and 

processing small (10−6 to 10−15 L) volume droplets or plugs carried in an immiscible phase.16 

Microdroplets in microfluidic channels can be generated,17 merged with each other, 18 split, 19 

trapped,20 and sorted21  with hydrodynamic, electrical, and optical-based droplet manipulation 

techniques.  

Since the droplets in microfluidics platforms can be isolated, each droplet could play a role as a micro-

reactor or micro test-tube to perform chemical reactions independently. Figure 1.1 shows the 

schematics of reactions occurred in a single phase microfluidic channel and a droplet-based 

microfluidics channel.22 Droplet-based microfluidic systems share the same advantages as common 

microfluidic channels including: (1) the ability to process reactions in very small sample volumes (down 

to femto-litre scale), enabling the monitoring of single cells.23 (2) various droplet manipulations 

(including generation, merging, splitting and sorting) enabling multi-step reactions happening inside 

droplets.24 (3) ultra-high throughput generation and detection of large amount of droplet reactors (up 

to 100 kHz),  facilitating large-scale screening of samples.25 (4) dilution of analytes in microdroplets, 

providing a stable environment and high-fidelity information for long-time monitoring.26  (5) 

minimization of adsorption of samples on channel surfaces.27 and (6) enhanced mixing and heat/mass 

transfer inside droplets due to high surface area to volume ratios, which could accelerate the chemical 

reactions.28 
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Figure 1.1 Schematic comparison of a typical A + B reaction a) in a conventional single-phase 

microfluidic system and b) in a droplet-based microfluidic system.22 

There are two major types of microfluidic geometry designs to generate droplets:  T junction29,30 and 

flow‐focusing.31,32 In T junctions, the continuous phase and the dispersed droplet phase are injected 

to two arms of the “T” shape. The shearing force between the two phases and the liquid-liquid 

interfacial tensions are the main cause of the droplets generation (Figure 1.2 a and b).33 As for the 

flow‐focusing configuration, the continuous phase is injected through two outside channels and the 

dispersed phase is injected through a central channel into a narrow orifice (Figure 1.2c16). The follow-

focusing geometry is widely used especially for ultra-small (a few microns in diameter) droplets or 

viscous droplets. For both geometries, surfactants are normally added to the continuous phase (or 

dispersed phase) to stabilize the liquid-liquid interfaces of the droplets.  

The droplets size can be influenced by various factors. The orifice dimensions of the T-junction or flow-

focusing junction could influence the droplets generation process and the droplets sizes. The 

properties of the fluids also could determine the droplets sizes, for example, the interfacial tension 

between two phases (influenced by the type and the amounts of surfactants added) and the viscosity 

of the two liquid flows phases. The other important influential factor is the operation conditions such 

as the velocity of two (influencing the shearing force of the droplets), and hydrophilicity of the channel 

surface. The droplets produced can be controlled by tuning a few factors. For instance, droplet size 

can be decreased by increasing the surfactant concentration within the system, or changing the ratio 

of the flows.34 
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Figure 1.2 a and b) Formation of droplets within a T junction of a microfluidic device.33 In this case, the 

oil is a mixture of hydrocarbon and the surfactant Span80. c) A flow focusing device with three aqueous 

inlets.16 

1.1.2 Analytical detection in microfluidics droplets 

In spite of the advantages and the advancements of droplet-based microfluidics technology, many 

challenges still remain in order to solve many real-world problems. One of the major challenges is in 

the detection of the analytes inside droplets both qualitatively and quantitatively with a simple and 

low-cost protocol. Currently, the analytical detection techniques used in droplet-based microfluidic 

systems are electrochemical detection, mass spectrometry (MS), nuclear magnetic resonance (NMR) 

spectroscopy and optical detection. Among which the electrochemical, MS and NMR methods all need 

complicated sample preparation steps before measuring. Fluorescence optical detection requires 

fluorescently labelled molecules, which limits its application. Raman could be a supplement to the 

above mentioned methods due to its simple measuring procedures and no requirement for labelled 

molecules. 
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Figure 1.3. a) A microfluidic device with a narrow section used to stretch the droplets for 

electrochemical sensing.35 b) A microfluidic device with two wire microelectrodes inserted into the 

centre of the channel for electrochemical sensing.36  

Electrochemical detection is a conventional sensing technology which has high sensitivity, quick 

response, easy integration, and cheap in cost. In order to enable the electrodes to measure target 

molecules within the droplets, the first step is to eliminate the interference from the continuous phase 

which prevents direct contact of the dispersed phase with the electrodes embedded in the 

microfluidic channel walls.  Making a part of the channel narrower than the rest can help produce 

longitudinally elongated droplets, which can lead to desirable intra-droplet mass transfer processing 

to the electrodes and lead to stable current measurements (See Figure 1.3a35). One such example used 

gold electrodes which were integrated on the narrowed channel section and electronic current was 

applied while the droplets flowing by the narrow channel. Other chip designs also worked well, for 

example, two wire microelectrodes were inserted into the centre of the microchannel through the 

wall of the chip, which was used successfully in the sensing of thiocholine (Figure 1.3b36 ).  
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Figure 1.4 This system uses discrete droplets (plugs) as microreactors separated and transported by a 

continuous phase of a fluorinated carrier fluid. Workflow of the screening system. a) Serial merging of 

the substrate stream with reagent plugs from a cartridge. (b) After incubation, the reaction plugs are 

deposited onto a sample plate for MALDI-MS.37 

Mass spectrometry (MS) detects the analytes by measuring the mass to charge ratio and it shows 

advantages such as label-free, high sensitivity and simultaneous measurements of multiple chemicals. 

The use of MS in droplet analysis could greatly broaden the application of droplet-based microfluidics. 

Hatakeyama37 reported a combined technique of microfluidic droplets and matrix-assisted laser 

desorption ionization-mass spectrometry (MALDI-MS) for monitoring chemical reactions (Figure 1.4). 

However, the surfactants used in microfluidic systems to stabilise the droplets or to provide a 

biocompatible environment for cell culturing, could inhibit the ionization efficiency in MS electrospray 

process and contaminate the mass spectrometer. Therefore, apart from the microfluidic systems 

without surfactants, the application of droplets-MS technique could be strongly limited by the usage 

of surfactants. 

The fluorescence-based detection is the most widely applied optical based technique. It has 

advantages such as that it is non-destructive and has high sensitivity to targeted analytes by measuring 

the labels or endogenous fluorescent molecules. It has been widely applied for single-cell analysis in 

droplets in a simple way to quantify analyte concentrations and distinguish the expression differences 

among different droplets using a standard fluorescence microscope (see Figure 1.5).38 A high-speed 

camera is usually integrated with fluorescent imaging, enabling high throughput screening of flowing 

droplets. One drawback of fluorescence-based detection is the requirement of fluorescently labelled 

molecules, which limits its applications in circumstances where non-fluorescent molecules are used.  
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Figure 1.5 Droplets containing single cells were injected into the microfluidics device and separated 

with fluorinated oil. The fluorescence signal from the cells was monitored using photomultiplier 

tubes.38 

Raman spectroscopy can be an alternative optical sensing technique with its label-free detection 

ability. It provides chemical structural information based on the inelastic scattering phenomena of 

molecular bonds when irradiated. Analytes can be recognized by the fingerprints of Raman shifts and 

can be quantified by corresponding peak intensity to concentrations. In addition, surface enhanced 

Raman spectroscopy (SERS) shows many other advantages such as simultaneous multiple analytes 

sensing, high throughput detection and high sensitivity. 39 The Raman spectroscopy and SERS will be 

reviewed in section 1.2. The integration of SERS detection with droplet-based microfluidic will be 

discussed in Chapter 5.  

1.2 Surface enhanced Raman spectroscopy (SERS) 

1.2.1 Mechanism of SERS 

Raman scattering spectroscopy is a technique to obtain information on the chemical structure of 

molecules. Discovered in 1928 by the Indian Physicist C. V. Raman, Raman scattering can offer unique 

signal information for every particular chemical bond, which offers great promise in the detection and 

analysis field. In Raman scattering, a photon was scattered by exchanging energy with a molecular 

phonon or a molecular vibrational state (Figure 1.6). However, normally only one out of 10 million 

incident photons are inelastically scattered on the sample, so the Raman scattering is extremely weak. 

Therefore, even though Raman scattering can provide finger-printing information, it is not used as 

widely as Fourier-transform infrared (FT-IR) or UV/Vis spectroscopy. This weakness had long restricted 

the applications of Raman scattering, until the phenomenon of surface enhanced Raman scattering 

(SERS)8 was discovered in 1974 by Fleischmann 3 which opened a new gate for Raman spectroscopy 

technology. 
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Figure 1.6 a) An energy change of molecular scattering. The photon is inelastically scattered in Stokes 

or anti-Stokes Raman with the molecules move to a higher or lower vibrational energy level.41 b) A 

typical Stokes Raman spectrum of molecule cucurbit[7]uril. Each Stokes shift peak of the scattered 

light can be correlated to a unique vibrational energy level change, which can be correspond to a 

unique molecular structure. 

In the SERS technique, Raman scattering is enhanced by surface interactions by using a noble-metal 

(Ag or Au) nanostructured surface with its intense electromagnetic field upon incident excitation. SERS 

was found to be an extremely sensitive technique (up to 1011 enhancement factor) that can be tailored 

to provide the detection of specific analytes through their unique vibrational fingerprints of molecules, 

even when the analytes are at ultra-trace concentration. The narrow linewidth of SERS spectra allows 

for multiple-analyte detection within complex mixtures, including detection down to the single 

molecule level. 4142 Due to these advantages, SERS gradually gained attention of optical and material 

scientists. The interest in SERS was due to a number of factors, such as development of single molecule 

detection, nanotechnology, instrumentation capabilities and the application of this in diverse areas 

such as healthcare, safety, and explosive detection. 

Though the mechanisms for SERS by metal nanostructure have long been debated, there are two main 

theories that stand out and are widely accepted, which are electromagnetic enhancement theory43 

and chemical enhancement theory.44 The electromagnetic enhancement mechanism was proven by 

the surface plasmon resonance phenomenon.43 On a metal surface, surface plasmons are vibrations 

of electrons on a conduction band. These electrons move easily when it is at the surface plasmon 

resonance frequency, leading to large vibration in the local electric field intensity. Many factors such 

as the surface morphology of the metal, the dielectric properties, and incident light frequency, can 

influence the surface plasmon frequency. Chemical enhancement mechanism involves the binding 

phenomenon of the analyte on the surface of the metal, which helps the charges transfer from the 

metal surface to the analytes, and this effect increases the analytes molecular polarizability.  
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Both of the above enhancement mechanisms play important roles in the SERS effects. However, it is 

widely believed that electromagnetic enhancement might have a greater influence than chemical 

enhancement. 45,4647  

On a nanostructured surface, the SERS can be described by the optical field enhancement.48 In order 

to understand the enhancement mechanisms, the following equations can be inferred:  

𝐸𝑠 = 𝑔𝐸0 

where 𝐸𝑠 is the surface electric field, 𝑔 is the field enhancement factor caused by the nanostructure 

and 𝐸0 is the incident field amplitude.  

A molecule sitting near the nanostructure can scatter light by interacting with the local field. The 

Raman scattered field 𝐸𝑅 therefore is related to the polarizability of the molecule (𝛼𝑅) and the local 

surface electric field 𝐸𝑠, which can be described as: 

𝐸𝑅 ∝ 𝛼𝑅𝐸𝑠 ∝ 𝛼𝑅𝑔𝐸0 

Then the Raman scattered field 𝐸𝑅 is simultaneously enhanced by the nanostructure with the same 

enhancement factor 𝑔 as for the incident field, so the surface enhanced Raman scattering field can be 

described as: 

𝐸𝑆𝐸𝑅𝑆 = 𝑔𝐸𝑅 ∝ 𝛼𝑅𝑔2𝐸0 

As the Raman scattering light intensity 𝐼𝑆𝐸𝑅𝑆 is proportional to the square of the Raman scattered field 

𝐸𝑅: 

𝐼𝑆𝐸𝑅𝑆 ∝ 𝐸𝑆𝐸𝑅𝑆
2 

𝐼𝑆𝐸𝑅𝑆 ∝ 𝛼𝑅
2𝑔4𝐼0 

so the SERS intensity is proportional to 𝑔4, which means that the field enhancement plays a significant 

role in the Raman scattering enhancement. A small field enhancement could cause a remarkable 

increase of the Raman signal. For instance, a 20 times field enhancement can lead to a 160000 times 

enhancement of Raman signal.  

There are a number of factors to be noted from the above mechanism. Firstly, to obtain highly 

sensitive SERS signals, nanostructured surface should be designed to provide as high field 

enhancement factor 𝑔 as possible. Secondly in order to get consistent intensity of SERS signals, the 

field enhancement factor 𝑔 should be under control so that the SERS signals can be reproducible in 

different measurements, which require the controlled nanostructured metal surface. There are 

various nanostructures reported which can enhance the field including nanostars, nanotriangles and 
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nanorodes, etc.4950 For spherical nanoparticles, the plasmonic coupling is required to enhance the 

Raman signals. Figure 1.7 shows a nanoparticle dimer and its strongly enhanced optical field in the 

gap of the two spherical particles.46 The gaps that show highly enhanced optical field are called 

plasmonic hot-spots in SERS detection and the nanostructured novel metal material offering 

plasmonic hot-spots are called SERS substrates.  

 

Figure 1.7 a) Schematic of optical field enhancement in the gap defined by an AuNP dimer b) Spatial 

distribution of the electric field across the gap for a simulated (BEMAX) AuNP dimer. 46 

Further, since the electric field intensity varies significantly at different places on the nanostructure 

(Figure 1.7), the SERS signal intensity is dependent on the placing of the analyte molecules on the 

nanostructure. Practically, not all the analytes are ideally located in the hot-spots, instead a statistical 

localisation of the analytes always happens on the nanostructured metal surface. If the hot-spots are 

saturated with analytes, the SERS signal detected will not be linear to the added analytes 

concentration and the upper LOD (limit of detection) is influenced by the amount of plasmonic 

hotspots offered by the SERS substrates.  

In addition, the SERS signal and its reproducibility is also influenced by the polarizability of the 

molecule (𝛼𝑅 ), which indicates that the way that analytes sitting at the hotspots are also very 

important. Therefore, the SERS signals are also influenced by how strong the molecules bind to the 

substrate surface and the way the molecules bind to the metal surface. In this aspect, it is helpful for 

the data consistency if chemically selective binding sites can be controlled at the metal surfaces.51 

1.2.2 SERS substrates 

Most SERS-active substrates are based on noble metals, typically Ag, Au or Cu. All three metals have 

localised surface-plasmon resonances covering most of the visible and near infrared wavelength range, 

where most Raman measurements are conducted. The most common SERS substrates can be 
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arbitrarily classified into 3 categories52: (1) metal nanoparticles in suspension; (2) metal nanoparticles 

immobilized on solid substrates; and (3) nanostructures fabricated directly on solid substrates by 

nanolithography and template based synthesis.  

Metal nanoparticles in suspension are some of the most studied systems. These substrates can largely 

be organized into two broad categories: dispersed particles and aggregated systems. Many diverse 

synthesis schemes have been devised to create nanostructures of increasing complexity including 

nanorods50, nanocubes53, nanospheres5455, nanotriangles56, nanowires53, nanoplates50 and nanostars57. 

The difference in the magnitude of the SERS response for these nanostructures is attributed to the 

number of ‘hotspots’ from per particle. Figure 1.8 shows SEM images of different structured 

nanoparticle SERS substrates. 

 

Figure 1.8 SEM images of the different gold nanostructures: (a) nanospheres; (b) nanotriangles, and 

(c) nanostars. 54  

For spherical nanoparticles, the aggregation process is needed in order to increase the Raman 

enhancement ability. 54 Aggregated particles are often prepared by adding small amounts of salt to 

metal nanoparticle solutions. Aggregated Ag nanoparticles were the first be used for single molecule 

SERS sensing.  

 

Figure 1.9 (a) Schematic representation of the procedure to immobilize Au NPs on a quartz substrate; 

(b) SEM image showing Au NPs immobilized on a quartz substrate.58  
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On solid substrates, metal nanoparticles can be immobilized orderly and compactly to provide 

plasmonic hotspots, by several strategies. One typical method is to use a ‘chemical tether’ to bond Au 

or Ag nanoparticle on the surface of quartz/silica,58 as shown in Figure 1.9. Au or Ag nanoparticles are 

prepared by chemical reduction of HAuCl4 or AgNO3. The surface of the solid substrate is silanized 

using (3-mercaptopropyl)trimethoxysilane (MPTMS). After immersing the substrate in a suspension of 

Au or Ag nanoparticles, the nanoparticles can be immobilized on the surface. Similar substrates have 

been developed by immobilizing Au nanoparticles on other materials such as animated silica beads,59 

paper,60,61 and alumina filters62,63. 

For nanostructures fabricated directly on solid substrates, nanolithography is one of the most 

commonly used methods for preparing surfaces with highly ordered metal nanostructures. For 

example, nanosphere lithography, which can fabricate well-defined 2D periodic arrays of 

nanoparticles for SERS64,65(Figure 1.10). Three types of substrates can be fabricated using this 

nanosphere lithography techniques.66 The first step of the nanosphere lithography is to drop cast a 

suspension of monodispersed polystyrene or SiO2 nanospheres onto a conductive metal substrate, 

following which the nanospheres self-assemble into an ordered mask. Good conductivity of the 

substrates is normally required for further SEM characteristic of the fabricated metal nanostructure. 

Then physical vapour deposition or electrochemical deposition is used to generate a metal layer on 

the mask. The categories of substrates are (1) Au or Ag coated on nanosphere surface by physical 

vapour deposition; (2) Au or Ag triangular footprint after removing of nanospheres as well as the 

coatings by vapour deposition; and (3) hexagon shaped Au or Ag arrays after removing the 

nanospheres as well as the coatings by electrochemical deposition. The shape and size of the 

nanostructure can be tuned by the size of the nanospheres and the thickness of the deposited metal, 

which can help to match the requirement of sensing system, such as excitation wavelength to optimise 

the SERS measurement.   
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Figure 1.10 Schematic of the nanosphere lithography process for fabricating metal film over 

nanosphere.66  

Electron-beam lithography is another commonly used technique to fabricate metallic nanostructures 

on solid substrates.67–69 Figure 1.11 shows a schematic of two electron-beam lithography fabrication 

processes mostly used to fabricate nanostructured SERS substrates. 69  Firstly, on a silicon wafer coated 

with Au and resist (an electron-sensitive material), a focused electron beam is applied to draw 

designed shapes (e-beam writing). The solubility of the resist can be changed by being exposed to 

electron beams, enabling the removal of the exposed (or non-exposed) parts of the resist by flushing 

an organic solvent (developing). After development, the SERS substrate can be fabricated either by 

evaporating gold onto the template followed by lift-off, or plasma etching as shown in Figure 1.11. 

Compared to other techniques, the advantage of electron-beam lithography is to fabricate SERS 

substrates from custom patterns with sub-10 nm resolution. 
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Figure 1.11 Schematic of the two fabrication processes used to prepare nanostructured SERS 

substrates.69 

1.2.3 Analytes adsorbing on SERS substrates 

To implement SERS detection of analytes, the molecules need to be adsorbed on the hotspots of SERS 

substrates. Conveniently, many of the SERS measurements reported so far were carried out with 

thiolated or aminated molecules, which can chemically bound to the surface of the substrates.70–75 For 

analytes without strong binding groups, SERS signals are always not as strong, which limits its sensing 

applications.70–75 70 Various strategies have been developed to put analytes on the substrates 

plasmonic hot-spots, such as electrostatic and hydrophobic interactions,70 mechanical trapping,707677 

and host-guest interactions.78–8081 

When dealing with substrates of nanoparticles in solution, electrostatic or hydrophobic interactions 

are commonly used to decrease the repulsion force between the nanoparticles and the analyte 

molecules. Electrolytes including sulphates, nitrates or halides are added to the colloidal solution to 

increase the ionic strength and reduce the nanoparticle surface charge, leading to a smaller 

electrostatic repulsion between the metallic surface and the analytes.70 At the same time, the 

nanoparticles could aggregate to form more hotspots although the aggregating process is usually not 

controllable. 

For mechanical trapping technique, the Au or Ag substrate surface are always functionalised with an 

environmental responsive matrix which can trap and release analytes. Temperature and pH are the 

most used stimuli to the responsive matrix materials. 70,76 For example, poly-N-isopropylacrylamide 

(pNIPAM) is a commonly used temperature responsive material, due to its reversible phase transition 

at the temperature of 32 ℃. When the metal surface is coated with pNIPAM, small molecules can be 

trapped and released reversibly by tuning the environmental temperature, so that SERS signals of 

analytes can be obtained. 7076,77 

Host-guest interactions refer to the host molecule which normally has macromolecular cages 

interacting with its target guest molecules. It has been be utilized for binding analytes on SERS 

substrates. 7082–86For example, the host molecule cyclodextrin, which shows extremely low SERS cross-

sections, have been applied to the ultrasensitive detection of poly(allylamine hydrochloride),83 

explosives82 and pollutants.86 Other host systems such as calixarenes84 and cucurbit[n]urils (CB[n]s, 

where n = 5, 6, 7 or 8)78–80 are also emerging macromolecules which have been used in recent years 

for SERS sensing. CB[n], specially, does not only show low SERS cross-sections and selective 

encapsulation of a variety of guest molecules, but also can functions as a precise spacer between 
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nanoparticles in aggregatres.8085 Further introduction into the use of CB[n] will be discussed in chapter 

2. 

1.3 Summary 

Droplet-based microfluidic technology has the ability to process small volume of droplets within 

micro-scale channels. One important application of droplet-based microfluidic is analytical detection, 

with various detecting techniques such as electrochemical, MS, NMR or optical detection. Among all 

the optical detection methods, fluorescence-based detection is the most widely applied technique, 

however its applications are limited by the requirement of fluorescent labelling molecules for non-

fluorescent chemical analytes. Raman spectroscopy can be used an alternative optical sensing 

technique with its label-free detection ability, where analytes can be recognized by the fingerprints of 

Raman shifts and can be quantified by corresponding peak intensity to concentrations. 

Raman scattering itself is a relatively weak signal when the analytes are in low concentrations, 

therefore surface enhanced Raman spectroscopy (SERS) is often utilised for Raman detection. In 

principle, in the technique, Raman scattering can be enhanced by surface interactions by using a 

noble-metal (Ag or Au) nanostructured surface with its intense electromagnetic field upon incident 

excitation. SERS is an extremely sensitive technique (up to 1011 enhancement factor) that can be 

tailored to provide the detection of specific analytes through their unique vibrational fingerprints of 

molecules, even the analytes are at ultra-trace concentration. 

To implement SERS detection of analytes, the molecules need to be adsorbed on the hotspots of SERS 

substrates. Most SERS-active substrates are based on noble metals which can be classified in three 

categories: (1) metal nanoparticles in suspension; (2) metal nanoparticles immobilized on solid 

substrates; and (3) nanostructures fabricated directly on solid substrates by nanolithography and 

template-based synthesis. To bind target analytes on the surface of substrates, thiolated or aminated 

molecules were widely used since they can bind to the metal surface chemically. For analytes without 

strong binding groups, the binding can be achieved by various strategies, such as electrostatic and 

hydrophobic interactions, mechanical trapping, and host-guest interactions.  

In this thesis work, metal nanoparticles in suspension will be firstly discussed, with the binding 

protocol of host-guest interactions and chelation interactions, specifically by Cucurbit[n]uril (CB[n]) 

and by Fe(III) ions. The fundamental resonance modes of neurotransmitters molecules and ultratrace 

neurotransmitters SERS sensing will be discussed in details. Further exploration of SERS substrates in 

the format of oil/water interfacial film will be reported afterwards, and the SERS application 

integrated with microfluidic technique will be covered in the final part of this thesis.  



15 
 

Chapter 2 Ultratrace Neurotransmitters SERS Sensing with 

AuNPs aggregates 

2.1 Background 

2.1.1 Introduction to NTs and the importance of NT SERS Sensing 

Neurotransmitters (NTs) are the most important messengers of the nervous system. Due to the 

significant contribution of neurotransmitters to not only neurological functioning, but also 

endocrinological and immunological actions, clinicians and researchers are interested in the function 

and measurement of neurotransmitters as they have the potential to serve as clinically relevant 

biomarkers for specific disease states or to monitor treatment efficacy. 

The initial identification of chemical messengers began by Ernest Starling and William Bayliss in 1902, 

when the existence of an internal communication system was reported with their discovery of the first 

hormone, secretin87. Subsequently, numerous other chemical messengers have been identified within 

the body such as epinephrine (EPI)88 and norepinephrine (NEPI)89. The measurement of chemical 

messengers was rapidly adopted as a means to assess functions of organs or tissues and became the 

basis for diagnostic or functional indicators in clinical practice90. Despite a historical absence of 

relevant biomarkers in the realm of clinical psychiatry, this has expanded and neurotransmitters now 

serve as a primary target for the development of predictive or correlative biomarkers of nervous 

system function.  

There are over 100 types of neurotransmitters reported and they are generally classified as amino 

acids, monoamines, neuropeptides, purines and gasotransmitters based on their chemical structure. 

In this chapter, a number of monoamine neurotransmitters which structurally contain one amino 

group connected to an aromatic ring by a two-carbon chain, namely dopamine, serotonin, 

norepinephrine and epinephrine are the focus for quantitative sensing.  Dopamine is one of these 

neurotransmitters of significant clinical importance for motor functions and motivational behaviours. 

Its dysfunction is involved in many psychiatric disorders, including drug addiction91, schizophrenia92 

and psychiatric conditions93. Serotonin is a neurotransmitter that regulates sleep and wake states, 

feeding behaviour, aggressive behaviour and mood/depression, among others94. Norepinephrine and 

epinephrine, also known as noradrenaline and adrenaline, respectively, are involved in the autonomic 

nervous system. In the hypothalamus, amygdala and locus coeruleus, the increase of norepinephrine 

release had been associated with anxiety and epinephrine plays a role in the fight-or-flight response 

by increasing the heart rate, vasodilatation, pupil dilation, and blood sugar95. 
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Given their important roles in the central nervous system and the severity of disorders linked to their 

dysfunctions, the accurate detection and measurement of neurotransmitters are among the most 

important challenges in neuroscience. There are various approaches reported so far for 

neurotransmitter sensing and monitoring. Depending on the technology used in the literature, the 

most used sensing methods can be classified into the following categories90:  

(1) Nuclear medicine tomographic imaging, including positron emission tomography (PET)96 and 

single-photon emission computed tomography (SPECT)97. These methods offer high spatial resolution, 

but the equipment is expensive, making these techniques only suitable for diagnostic purposes where 

the functional studies and accurate localization of neurotransmitters in the brain are needed. In 

addition, since they are not suitable for neurotransmitter concentration detection, they must be used 

with techniques that have higher concentration sensitivity to get accurate neurotransmitter 

concentration measurements. Also, PET and SPECT both have limitations in terms of label 

improvement due to the overlapping signals from labelled tracer and target molecules.  

(2) Electrochemical detection, including voltammetry98 and amperometry99. These methods are 

reputed to be easy to implement in an implantable device, in addition to being cost effective. However, 

due to its low selectivity and the complexity of in-vivo chemical/molecular monitoring, its usage in real 

world applications still needs improvements in terms of reliability and selectivity. In addition, not all 

neurotransmitters can receive or yield electrons in a redox reaction on an electrode surface. Thus, 

only reactive neurotransmitters such as dopamine can be detected by using an electrochemical 

method without electrode functionalization. The electrochemical approach is also closely dependent 

on the electrode surface, which reacts with the targeted molecule. Thus, it is not possible to guarantee 

the stability and quality of the electrode for a long time; although it is possible to detect a good signal 

over a small number of detection cycles, the electrode degradation becomes significant as the number 

of cycles grows. 

(3) Analytical chemistry techniques, for example high performance liquid chromatography (HPLC),  

which is a very sensitive technique that allows the detection of two enantiomers for example D-serine 

in the brain can be detected by HPLC.100 Simultaneous detection of monoamine and amino acid 

neurotransmitters by HPLC and mass spectrometry was reported,101 where five molecules including L-

glutamate, GABA, dopamine serotonin and 5-hydroxyindole acetic acid were separated and then 

detected with an LOD of 0.40-1.26 nM. However, analytical chemistry techniques require expensive 

equipment, complex manipulations and are time consuming90. 

(4) Microdialysis. This method is a powerful technique to monitor analytes in vivo and is always used 

with invasive detection techniques. It is especially important for neurochemical sensing, such as 
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neurotransmitters monitoring in vivo while the animal is behaving, so that the neurotransmitters 

concentration change can be correlated to a certain behaviour. Other detecting techniques, such as 

mass spectrometry and liquid chromatography are always conjunct with microdialysis.102,103 In practice, 

microdialysis has been used for the detection of amines, amino acids, neurotransmitters, 

neuropeptide and acetylcholine in the human brain.104,105  

(5) Optical sensing, including fluorescence, chemiluminescence, optical fibre based biosensors and 

colorimetry.102 Most optical sensing methods are suitable for miniaturization, thanks to rapidly 

advancing optoelectronic and MEMS (micro-electromechanical systems) micro-fabrication 

technologies, and the possibility to automate chemical reactions with microreactors, emerging as the 

most promising for neurotransmitter detection with high accuracy. However, the detection of 

neurotransmitters is still challenging due to their sparsity and their complex mixture with other 

molecules.  

Approaches LOD reported Advantages Disadvantages 

PET and SPECT Dopamine 200 nM106 
High spatial 

resolution 

Complex manipulation 

High cost 

Voltammetry Dopamine 50 nM107 High sensitivity 
Low selectivity 

Electrode short lifetime 

Amperometry Dopamine 10 nM108 
Low implementation 

cost 
Low sensitivity and selectivity 

HPLC 
Dopamine, Serotonin 0.4 

nM101 

High sensitivity and 

selectivity 
High cost and complex 

Fluorescence Dopamine 10 pM 
High sensitivity and 

selectivity 
May not be used in vivo 

Optical Fiber 

Sensing 
Glutamate 0.22 μM High selectivity Low sensitivity 

Colorimetric Dopamine 1.8 nM 
High sensitivity and 

selectivity 
May not be used in vivo 

Field-effect 

Transistors 

Dopamine, Serotonin 10 

fM109 

High selectivity and 

sensitivity 

Complex device and 

manipulation required 

Table 2.0 Technologies for neurotransmitters sensing90 
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The LOD, advantages and disadvantages of above sensing approaches for neurotransmitters and listed 

in table 2.0. These approaches are more or less limited by their sensitivity, selectivity complexity. 

Therefore, it is important to explore some new sensing approaches which have high selectivity, 

sensitivity and low manipulation complexity towards neurotransmitters. 

In this thesis, surface-enhance Raman spectroscopy (SERS) is introduced as an optical sensing method 

to detect ultra-trace neurotransmitters. SERS uses photon interactions with matter to detect and 

identify molecules. Raman scattering is enhanced by molecules adsorbed on a metal surface, with an 

amplification factor that can reach 10 to 100 billion.110 The surface is usually nanostructured gold or 

silver, and is functionalized to detect target molecules.41,42 In this work, gold nanoparticles are the 

main SERS substrates. Usually, the SERS signals derived from individual nanoparticles are often too 

weak for detection. Therefore, nanoparticles need to assemble to form enough hot spots to enhance 

the electromagnetic fields and SERS signals. In order to achieve high sensing sensitivity and selectivity, 

neurotransmitters are selectively bound to the hot spots by different functionalizing molecules. 

2.1.2 AuNPs-CB[n] aggregates used for SERS Sensing 

In order to provide strong field confinement and enough ‘hot-spots’ for SERS sensing in solution, 

spherical AuNPs should be assembled by controlled methods.111 Herein, a macrocyclic molecule 

cucurbit[n]uril (CB[n]) was used for this purpose. CB[n] are cage-like macrocyclic molecules consisting 

of glycoluril monomers linked by methylene bridges.112 These macrocycles were named ‘cucurbiturils’ 

for their resemblance to a pumpkin, which belongs to the cucurbitaceae family 113 where n represents 

the number of glycoluril units. Table 2.1 shows the structure and dimensions of CB[n] molecules.111 

The height for all CB[n]s is 0.91 nm, since the height of a single glycoluril unit is fixed. The mean cavity 

diameter increases progressively from 1.31 nm for CB[5] to 1.75 nm for CB[8]. 

Historically, CB[6] was first synthesised in 1905 by Behrend,114 by acid-catalysed condensation of 

glycoluril and formaldehyde, as shown in Figure 2.0a. However, the chemical nature and molecular 

structure were not identified until 1981, when a thorough investigation of CB[n]s was carried out by 

Mock and coworkers.113 The research on the CB[n] family was largely promoted by the research groups 

of Kim, Day and Isaacs, who discovered and isolated four other homologues, (CB[5], CB[7], CB[8] and 

subsequently CB[10]).115–118 Recently, the largest family member, CB[14], was reported with 14 

glycoluril units linked by 28 methylene bridges.119  
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Table 2.1 Cucurbit[n]urils consist of n glycoluril molecules that are bound in a ring-like arrangement 

via methylene bridges. The external van der Waals dimensions of the CB[n].111 
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Figure 2.0 a) Synthetic scheme of CB[n]. b) Schematic diagram of host-guest complexation.120 K is the 

binding affinity between host and guest molecules. c) Examples of the host-guest chemistry of 

CB[n].112 

Like other macrocyclic molecules, including cyclodextrins and crown ethers, the CB[n] family is well 

known by their ability to bind analytes through host-guest chemistry.121 Macrocyclic host-guest 

complexation is a process of molecular self-assembly where molecules bind selectively through 

supramolecular interactions. A host-guest complex is composed of at least one host and one guest 

molecule held together in a unique structure by non-covalent interactions.111 Generally, the host 

component is a larger molecule, which is able to encompass a smaller guest molecule. A 

complementarity in molecular shape and binding sites location is the key to the host-guest 

complexation 111   and Figure 2.0b shows a schematic diagram of host-guest complexation.  

CB[n]s exhibit remarkable guest binding properties attributed to their hydrophobic inner cavity and 

polar carbonyl portals.122 The main driving forces of CB[n] complexation include the hydrophobic 

effect as well as ion-dipole and dipole-dipole interactions stemming from the electronegative carbonyl 

portals.123,124 This host-guest complexation has also been studied from the energy point of view, which 

counts for the release of ‘high energy’ water molecules upon the inclusion of nonpolar organic 

guests.125 More specifically, the guest molecule entering the CB[n] cavity leads to an energy loss from 

the reconstruction of hydrogen bonding network, which is due to the occupation of the guest and the 

release of trapped water molecules inside the cavity.125  The differences in cavity and portal sizes of 

CB[n]s lead to different molecular recognition properties, as shown in Figure 2.0c.112  

The smallest member in the CB[n] family, CB[5], only binds to protons, alkali metal ions and 

ammonium ions or encapsulates gas molecules (e.g. Ar, O2, N2, N2O, CO2, CH4) and some solvent 

molecules (e.g. acetonitrile and methanol).125 CB[6] is able to form stable complexes with protonated 

diaminoalkanes and protonated aromatic amines, e.g. p-methylbenzylamine, etc.126 It is also able to 

encapsulate neutral molecules such as benzene and tetrahydrofuran in aqueous solution. 126 CB[7] can 

bind larger guest molecules that cannot fit into CB[6]. For example, CB[7] forms 1:1 complexes with 

protonated adamantane amine (ADA) and methyl viologen dication (N,N’-dimethyl-4,4’-bipyridinium, 

MV2+), and can easily encapsulate neutral molecules such as carborane and ferrocene.126 CB[8], with 

a much larger cavity volume, displays an unique ability to bind two guests at the same time.122 It is 

able to encapsulate two 2,6-bis(4,5-dihydro-1H-imidazol-2-yl) naphthalene molecules to form a 1:2 

complex, or two complementary guest molecules (a charge transfer complex) such as MV2+ and 2,6- 

dihydroxynaphthalene to form a 1:1:1 ternary complex.126 It can be concluded that unlike most other 

host compounds, CB[n] can be selective of molecular size, shape, and functional groups in the guest 
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molecules that it binds to.116 The different CB homologues are additionally selective for distinct 

molecules to each other which makes the CB[n] family an extremely versatile platform for 

supramolecular chemistry.  

On the other hand, CB[n] macrocyclic molecules are also known for the ability to bind metal surfaces 

by using the C=O group. The direct interaction of CB[n]’s portal with the Au surface was firstly reported 

by An and co-workers (Figure 2.1 a, b and c).127 CB[n]s acted as direct molecular junctions between 

adjacent Au NPs, resulting in the formation of coagulates. The CB[n] molecules were oriented 

perpendicular to the Au surface, and the NPs were separated by CB[n] molecules at a precise distance 

of 0.9 nm, as shown in Figure 2.1b and c. The strong and irreversible binding between CB[n] and the 

Au surface is attributed to the electrostatic interactions between their electronegative carbonyl 

portals and the metal surface, as well as the chelation.127 They can define the gap distance between 

every two nanoparticles as 0.91 nm because the height of CB[n] molecules are 0.91 nm. This gap of 

0.91 nm is a good size for enhancement of plasmonic coupling in nanostructure, neither big enough 

so the enhancement of electronic magnetic field is weak, nor small enough so the charge transfer 

dominates a lot, covering up the field enhancement.  
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Figure 2.1 a) CB[n] acts as a ‘glue’ in between gold nanoparticles forming nanoparticle coagulates.127 

b) nanoparticles are held apart by CB[n] molecules at a precise distance of 0.9 nm.127 c) CB[n]s bind to 

metallic surfaces through its carbonyl portals and are oriented perpendicular with respect to the gold 

surface.127 d) Extinction chain mode maxima at five minutes for AuNPs undergoing CB[5]-induced 

assembly as a function of the CB concentration.128 At low CB concentrations the assembly is reaction-

limited (reaction-limited colloidal aggregation, RLCA). At higher concentrations the assembly is 

diffusion-limited. e) AuNPs suspension before and after adding CB[5] and solvent. 

Overall, combining the abilities of capturing guest molecules and gluing Au nanoparticles to form 

nanostructured ‘hot-spots’, CB[n] can bind and place the guest molecule analytes specifically in the 

gaps between the nanoparticles. SERS sensing of these analytes can be performed with the gold 

nanoparticle aggregation triggered by CB[n]. The defined gap size of 0.91 nm can not only enhance 
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the plasmonic coupling, but also define the strength of the coupling, which provides a possibility for 

quantitative SERS analysis.  

In order to obtain gold nanoparticle aggregates, a simple method is to add CB[n] aqueous solution 

directly into AuNPs suspension. Figure 2.1e shows the comparison of AuNPs suspension (𝐶 =  2.6 ×

1010/𝑚𝐿 60 nm diameter from BBI International, covered by n-hexane on the top) before and after 

adding one drop of CB[5] (1 mM). After the addition of CB[5], the colour of the AuNPs suspension 

changes to purple from red.  

There are two steps for AuNPs aggregation, diffusion and reaction, either of which could be the 

aggregation forming rate limiting step. Based on the relative concentrations of AuNPs and CB[n] 

solution, the process can be distinguished into two phases, reaction limited colloidal aggregation 

(RLCA) and diffusion limited colloidal aggregation (DLCA) (Figure 2.1d).129 When the CB[n] 

concentration is relatively high, there is enough CB[n] to cover the surfaces the AuNPs, therefore the 

assembly process is very fast and the diffusion of AuNPs limits the assembly process.  In the case of 

DLCA, the aggregation tends to be large and uncompact, because the binding of AuNPs are irreversible 

and newly-joining AuNPs tend to stay around the periphery when they first get into touch with the 

cluster.   

In the case of RLCA, the CB[n] concentration is always too low to cover the particle surface, so that 

the speed of the AuNPs-CB[n] reaction is very slow, dominating the AuNPs assembly process. The 

binding strength is not as strong as in DLCA regime, so that AuNPs always collide several times before 

they aggregate permanently. Therefore, the aggregates are more compact than DLCA and the 

assembly process is slower.129 Figure 2.1d shows the extinction chain mode when the aggregation 

process takes place for 5 min for 60 nm AuNPs when adding different concentrations of CB[5]. When 

the CB[5] : AuNPs concentration ratio is high, the chain mode is mainly at longer wavelength mode 

780 nm, which means that the assembly process is quick at DLCA. While at a lower CB[5] : AuNPs 

concentration ratio, the chain mode is at lower wavelength, which means the process is reaction-

limited. For RLCA, it takes a longer time to reach long wavelength modes, not only because the 

assembly process is slower, but also the compact aggregates show shorter wavelength plasmonic 

mode than uncompact aggregates in DLCA. 

2.1.3 NT binding methods to AuNPs hotspots 

2.1.3.1 Binding by Cucurbit[n]uril Host-Guest Chemistry 

In 1988, Lee group tested weak SERS signals of catecholamines at zero charge potential on a rough 

silver electrode.130 They found that catecholamine was adsorbed on the surface of metallic silver 
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through phenolic hydroxyl groups. In 1995, Kneipp group used silver nano aggregates and gold nano 

aggregates to detect neurotransmitters.131 The signal obtained on the gold nanoparticles was very 

weak and they believed that dopamine could not be adsorbed on the surface of silver or gold by 

chemical interaction. Therefore, the detection sensitivity of catecholamine directly from SERS 

substrates can be very low. 

As stated above, the CB[n]s exhibit remarkable host-guest binding properties attributed to their 

hydrophobic inner cavity and polar carbonyl portals. In Figure 2.2, it shows the conceptual schematic 

of host-guest chemistry of neurotransmitters epinephrine (EPI), dopamine (DA) and serotonin (5HT) 

form 1:1 inclusion complexes with macrocyclic host CB[7].120 The equilibrium constant K shown in the 

reaction is called binding affinity. The Scherman group has reported that dopamine molecules and 

CB[7] has a high binding affinity of log K = 5.00 to 5.66 in an aqueous environment.120  

 

Figure 2.2 Conceptual schematic of host-guest chemistry of neurotransmitters epinephrine (EPI), 

dopamine (DA) and serotonin (5HT) form 1:1 inclusion complexes with macrocyclic host CB[7]. 120  

Through CB[7], a neurotransmitter can then bind and placed on the surface of Au, which provide 

hotspots for SERS detection. Figure 2.3 shows the schematic of the host-guest molecules near the gold 

surface in the hot-spot through their encapsulation inside the CB[7] cavity.120  
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Figure 2.3 Schematic of the host-guest molecules (CB[7]-neurotransmitters) near the gold surface in 

the hot-spot.120 

2.1.3.2 Binding by Neurotransmitters -Fe(III)-Citrate-Au complex 

Iron ions can form bidentate complexes with catechol through Fe-O coordination bond.132133  

Catecholamine neuro transmitters with catechol structure therefore can be adsorbed onto Fe ion-

modified Au or Ag surface, therefore sitting on the SERS substrate hotspots to give enhanced Raman 

signals. Volkan’s134 group firstly modified silver nanoparticles with Fe ion complex Fe(NTA) (Fe 

Nitrilotriacetic acid) and used the complex as a ‘binding agent’ for dopamine. They then applied this 

Ag-Fe(NTA)-Dopamine complex for SERS sensing and achieved the LOD of several hundred Pico mole. 

Yang’s135  group also used a Fe(III) ion complex with citric acid to bind dopamine onto gold nanoparticle 

surface, so as to do low concentration dopamine detection by SERS. 

For the binding behaviour of dopamine to Fe(III) specifically, by doing Fe(III)-dopamine titration, 

Franz136 found that dopamine can bind to Fe(III) to form mono species, bis species and tris species by 

mole ratio of 1:1, 2:1, and 3:1 respectively.  The titration curve showed three distinct steps that each 

correspond to the release of two protons upon Fe(III) binding. For triprotic dopamine H3DA+, as shown 

in Figure 2.4, these three steps point to formation of the mono species Fe(HDA)2+ at pH values below 

5.7, the bis species Fe(HDA)2
+ at pH values between 5.7 and 7.2, and the tris species Fe(HDA)3 above 

pH 7.3, with further deprotonation of Fe(HDA)3 occurring above pH 10. 
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Figure 2.4 Mono, bis, and tris-catechol species formed by Fe(III) and DA in different pH environments. 

The Au nanoparticles surface is normally stabilized by citric groups, which can also bind to Fe(III) ion. 

Hider137 studied the Fe(III) affinity constants of citric systematically by spectrophotometric method. It 

was demonstrated that the predominant ferric citrate species at neutral pH values are the mono iron 

di-citrate complex ([Fe(Cit)2]3−) and di-nuclear, tri-nuclear oligomeric complexes, the relative 

concentration of which depends on the solution pH value and the iron: citric acid molar ratio. The 

[Fe(Cit)2]3− complex predominates in the iron : citrate molar ratio range 1:100 to 1:10. The presence 

of oligomeric species becomes appreciable when iron: citrate ratios are higher than 1:10. 

With the understanding of binding abilities to Fe(III) of citric acid and neurotransmitters, it is highly 

promising to bind neurotransmitters to citric modified Au surface with Fe(III), by forming a complex 

of neurotransmitters-Fe(III)-Citrate-Au. This structure can be the basic unit for neurotransmitters SERS 

sensing on Au surface, especially for low concentration samples. In the final section of this chapter, 

we will discuss the SERS sensing research based on this structure. 
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2.1.4 Overview of this chapter 

In this chapter, a simple and efficient ‘mix-and-measure’ method will be used to form a liquid sensing 

platform by Raman/SERS. The basic research of dopamine Raman/SERS sensing in water solution is 

covered. Firstly, dopamine Raman spectra at different pH environments is discussed. Density 

functional theory (DFT) calculations are carried out to help understand the dopamine molecules’ 

chemical bonds resonance modes. Dopamine concentration series for Raman spectroscopy are carried 

out to determine the detection of limit of dopamine in pure water which is measured to be in the 

range of 100 mM to 250 mM.  

Furtherly, in order to decrease the limit of detection (LOD) of dopamine, the Raman signal is enhanced 

by SERS. Gold nanoparticles were used as the SERS substrates for dopamine detection. The AuNPs 

assembly process, dopamine-AuNPs binding methods by either CB[n] molecules or weak binding 

directly by dopamine molecule to Au surface is discussed. Dopamine LOD is 1 μM for NaCl-induced 

AuNPs aggregates SERS, and is 0.1 to 1 μM for CB[n]-induced AuNPs aggregations SERS, which reaches 

the level of physiological dopamine concentration in urine. 

Iron (III) is then introduced as a binding molecule for dopamine and AuNPs. Two distinct protocols 

(‘PreNP’ and ‘PostNP’) are compared, which differ in the steps for forming SERS sensing complexes, 

affecting both the LOD and the DA SERS intensities. Characterising complexation of Fe(III) and 

dopamine (DA) in different pH suggests that Fe(III)DA2 dominates in PostNP detection, whilst in PreNP 

it is the monomeric Fe(III)DA that is seen. The dopamine LOD is 1 to 10 nM by dopamine-Fe(III)-AuNPs 

complex SERS, which enables to perform fast detection of multiplexed neurotransmitters (NTs) at 

physiological concentrations. 

2.2 Raman spectroscopy of dopamine 

Dopamine is one of the important catecholamine neurotransmitters, however its concentration in 

body fluids is only 0.01-1 μM135, and there are many kinds of interfering substances such as amino 

acids, nucleic acids, glucose. Therefore, it is difficult to distinguish dopamine from other molecules in 

body fluids by conventional detection methods. Spectroscopic techniques, for example Raman, can 

identify corresponding molecules based on the characteristic peaks of substances, so is a useful 

method to detect dopamine or other neurotransmitters. Dopamine, epinephrine, norepinephrine and 

DOPA are all hydroxyphenyllethyl amine derivatives and their structures are similar (see Figure 2.5a), 

so their Raman vibration peaks will be similar. However, due to the existence of different functional 

groups, the Raman peaks of these molecules are different and the relative intensity is also different, 

as shown in Figure 2.5c, which can help to distinguish these substances from others. 
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Before examining the SERS sensing, it is essential to understand the nature of the spectra of dopamine 

obtained by Raman spectroscopy. In this section the Raman spectra of dopamine was measured and 

discussed at different pH. Density functional theory (DFT) simulation results were also carried out to 

understand the dopamine molecules chemical bonds resonance modes. The DFT simulation results 

includes effects of molecular configurations, so the absolute Raman activity of the molecules in theory 

can be compared for each complex format, and the Raman activity in ‘real world’ measurements can 

be drawn out by comparing the experimental results and DFT simulation results.   
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Figure 2.5 a) Molecular structures of dopamine, epinephrine, norepinephrine and DOPA. b) Dopamine 

pKa at different proton positions in water.138 c) Raman spectra of dopamine, epinephrine, 

norepinephrine and DOPA, 1 M in deionized water. 

 water.  

As shown in Figure 2.5b, dopamine contains two phenolic hydroxyl groups which can donate protons, 

and one amino group on alkyl chain which can be protonated in solution. The three pKa for these 3 

positions in water environment were measured as reported in the literature, 9.44, 10.75 and 12.80 

respectively.138 When the pH is 7.0, dopamine is protonated on amino group with one positive charge, 

DAH+. Since the pH of biological environment is less than 9.44, dopamine exists as DAH+ in the human 

body. The two phenolic hydroxyl groups and amino group can also form inter molecular hydrogen 

bonding in solution, to form dimer or multiple complexes, which may give out different Raman 

resonance from single DAH+ molecule.  

Raman spectroscopy, as well as SERS measurements were carried out using a Renishaw in Via Raman 

microscope equipped with a Plan 5X objective. The laser beam entered the sample from the (open) 

top of the cuvette or plate well containing samples. By performing a depth series, the optimum 

distance of the solution from the laser, which is the location yielding the maximum number of counts, 

was determined. At the ideal distance the focal point of the laser is near the liquid–air interface. This 

results in neither the illumination path nor the collection path passing through or near the plastic of 

the cuvette or plate well. Spectra were recorded in the range of 620–1730 cm-1 with a resolution of 

1.1 cm-1. 

DFT calculations were carried out with Dr Ivana Lin’s help (a postdoctoral researcher in Prof. Jeremy 

Baumberg’s group in the Cavendish Laboratory, University of Cambridge), to show the specific Raman 

peak assignments for single unit DAH+, dimer complex 2(DAH)2+ and tetramer complex 4(DAH)4+. For 

all calculations the Gaussian 09 ab initio software suite was employed.  
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Figure 2.6 a-c) Top, Raman spectra of dopamine solution of pH at 2.41, 5.60, 8.44 and dopamine solid 

powder on silica wafer. a-c) Bottom, Raman spectra of dopamine in the format of single unit DAH+, 

dimer complex 2(DAH)2+ and tetramer complex 4(DAH)4+ respectively. Dashed lines are Raman peak 

alignment of experimental data with DFT calculation results. d-f) Molecular schematics for DAH+, 

2(DAH)2+ and 4(DAH)4+, respectively. DFT calculations were carried out with wet samples (water 

molecules were involved in the calculation). 

To understand the experimental Raman signals of dopamine molecule at different pH, experimental 

Raman data and DFT calculations for different dopamine formats in water solution were compared. In 

Figure 2.6 a-c, it shows the Raman spectra of dopamine solution of pH at 2.41, 5.60, 8.44 and 

dopamine solid powder on silica wafer. Dopamine was purchased in the form of dopamine 

hydrochloride (DAHCl), and was dissolved in water at 100 mM which shows pH of 5.60 originally. The 

pH of 5.60 can last for 1 hour until the solvent get gradually darker by DA being oxidised to quinone 

and poly-dopamine in air. The two solutions at pH 2.41 and 8.44 were obtained by adding different 

amounts of HCl or NaOH solution. The full 785 nm laser power of 131.6 mW was applied to solvent 

Raman measurement. Since all three pH are below the value of pKa1 9.44, DAH+ ions dominate in these 

three systems. The powdered dopamine hydrochloride was placed on silica wafer and low laser power 

of 0.13 mW was applied to avoid being burned. Compared to powder DA, Raman of solvents show 

raised backgrounds due to solvation effect. The spectra of pH 8.44 shows even higher background 

because dopamine is not stable in a basic environment and can be easily oxidised to a quinone138. 

When pH is above 8.0, the dopamine solution gradually turns dark from transparent because of the 
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oxidation of dopamine to quinone (followed by the formation of poly-dopamine)139 and shows 

photoluminescence effect, so that Raman background raise significantly and Raman peaks become 

relatively weaker. However, the main peak positions of these 3 spectra stay consistent due to the 

same mode of DAH+.  

Table 2.2 shows the Raman peak positions of experimental data and their bound assignments based 

on the DFT calculation results in bottoms graphs of Figure 2.6 a-c. The peak at 429 cm-1, which is 

attributed to the aliphatic chain C-C vibrations, is shown in DFT mode DAH+ and 2(DAH)2+, but not 

shown in mode 4(DAH)4+, as marked as red dashed lines in Figure 2.6 a-c top graph. The reason is that 

the longer the network is, the less dense the electron cloud is on aliphatic C-C bound is, so that C-C 

electronic resonance become weaker than short networks. Peak 720 cm-1, which is attributed to the 

H-C(β)-H twisting on aliphatic chain, only shows in DFT mode DAH+, but not 2(DAH)2+ and 4(DAH)4+, as 

marked as blue dashed lines in Figure 2.6 a-c top graph. This is because the aliphatic chain H-C(β)-H 

electron twisting flexibility is weakened when the amino group forms hydrogen bond, showing less 

resonance in dimer and multiple modes. Peak 754 cm-1, which is attributed to N-H-O hydrogen bond 

bending, however only shows in 2(DAH)2+ and 4(DAH)4+ modes rather than DAH+, as marked as green 

dashed lines in Figure 2.6 a-c top graph.  This is because no inter molecular hydrogen bond is calculated 

in DAH+. The rest Raman peaks in Table 2.2 are shown in all of 3 modes, though the Raman intensity 

varies a bit due to the not exactly same electronic resonance environments.  

 

Raman Shifts (cm-1) Assignments 

429 Aliphatic chain C-C vibrations 

592 CH in-plane ring deformation, OH scissoring 

720 H-C(β)-H twisting 

754 N-H-O hydrogen bond bending 

793 CH out-of-plane ring deformation 

1205 C-O-H bending 

1295 Ring breathing; CH aromatic rocking; CH twisting 

1455 CH scissoring 

1610 CH in-plane ring deformation, OH scissoring 
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Table 2.2 Raman peak positions of experimental data and the chemical bond assignments based on 

DFT calculation results in bottoms graphs of Figure 2.6 a-c. 

 

Figure 2.7 a) DAHCl concentration series in pure water. b) Raman spectra of sample without analyte, 

PC0 and PC1 after PCA analysis. c) PC1 scores vs dopamine concentrations in log-log axis with noise 

level dashed. 
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The Raman spectra were carried out with a range of different concentrations of dopamine to 

determine the LOD of dopamine in pure water, as shown in Figure 2.7a. The finger print region of the 

Raman spectra is only shown in samples with concentration above 250 mM, which indicates that the 

dopamine LOD is above 250 mM in pure water solution.   

In order to further process, the raw spectra, instead of performing background fitting and subtraction 

to each spectrum due to the poor consistency and high complexity, a principal component analysis 

(PCA, See Section 7.1 for more details of PCA) was applied. These principal components represent 

linearly-transformed Eigen spectra that have different levels of correlation to the original SERS spectra, 

with corresponding scores (weights of Eigen spectra). A complete set of Eigen spectra and scores 

reconstructs the original SERS spectra. By using a transformation procedure81, extracted scores can be 

defined, which are zero for samples without DA (PC0), and give values characteristic of the SERS 

strengths (PC1, PC2…).   

Figure 2.7b shows PCA analysis result PC0 and PC1, where PC0 is correlated to the Raman spectra of 

sample without DA and PC1 is correlated to the major variation, dopamine spectra. Therefore, the 

change of dopamine concentration can be directly reflected on the PC1 scores, as shown in Figure 

2.7c.  

At low concentrations, the limit of detection (LOD) can be determined by the PC1 vs DA concentration 

plot (Figure 2.7c). The LOD refers to the lowest possible concentration at which the approach can 

detect the analyte quantitatively. In this experiment, typically, LOD is the lowest concentration that 

can be separated from lower detected concentrations. For example, in Figure 2.7c, by plotting PC1 

(with standard deviation error bars) vs concentrations, we can find that the lowest detected 

concentration in the experiment that can be distinguished from lower concentrations is 250 mM. The 

signal of 100 mM concentration overlaps with the deviation error range of concentration 25 mM, so 

100 mM is not quantitatively distinguishable. Therefore, the LOD in this experiment is 250 mM. The 

upper range of the PC1 deviation error bars (red dashed line) of lower concentration is used as a ‘noise 

level’ to distinguish the LOD in the experiment. By using this method, we can see that LOD determined 

is highly dependent on the concentration series resolution. Therefore, the LOD here only applies to 

the specific experimental condition. This data analysis method is applied throughout the thesis for 

concentration series experiments to determine the corresponding LODs. 

Dopamine concentration in body fluids is normally between 0.01 to 1 μM, which is 5 to 7 order of 

magnitude below this Raman spectra LOD 250 μM. In order to decrease LOD of dopamine, the Raman 

signal needs to be enhanced by 5 to 7 order of magnitude, which could be achieved by surface enhance 

Raman spectroscopy (SERS). In the following chapter, gold nanoparticles (AuNPs) will be examined as 
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the main SERS substrates for dopamine detection. The AuNPs assembly process, dopamine-AuNPs 

binding methods by either CB[n] molecules or Fe(III) ions and weak binding directly by dopamine 

molecule its self will be discussed. 

2.3 AuNPs-CB[7] aggregates formation in solution 

Before the SERS measurement were carried out the AuNPs firstly need to be aggregated in the 

nanoscale to provide hotspots for the analytes to sit in. Time-resolved extinction spectroscopy can 

effectively track the AuNPs aggregate formation process.  In Figure 2.8, it shows typical time-resolved 

extinction spectra during CB[7]-induced AuNPs aggregation (see Section 7.1 for further experimental 

details). 

In Figure 2.8, all of the spectra show a ‘monomer’ mode at around 530 nm corresponding to the single 

nanoparticles or transverse mode of aggregates chains. As the AuNPs attach together, the plasmons 

hybridise giving lower energy coupled modes. A distinct ‘dimer’ mode at around 670 nm is observed 

when the nanoparticles are monodispersed, and the dimer mode corresponds to optically accessible 

dimers within larger aggregates and not necessarily to isolated dimers. The spectral position of the 

dimer mode is strongly sensitive to the coupling strength between the two nanoparticles. Smaller 

inter-particle gap sizes lead to longer adsorption wavelength for the dimer mode. The ‘aggregate’ 

mode above 670 nm red-shifts as the assembly progresses and the effective optical chain length 

increases. These three extinction spectra feature shows that the plasmonic modes of complex 

aggregates are simply governed by those three chain subunits. 

 

 

Figure 2.8 Time-resolved extinction spectra during CB[7]-induced AuNPs aggregation (1 mL AuNPs 

from BBI, 100 μL of 1 mM CB[7], spectra were obtained with 1000 ms interval time and 3 ms 

integration time) 
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Figure 2.9 Time-resolved extinction spectra of a) AuNPs with dopamine added; b) AuNPs premixed 

with dopamine and then CB[7] was added to aggregate nanoparticles; c) CB[7] premixed with 

dopamine and then adding into AuNPs to form aggregates. (1 mL AuNPs from BBI, 100 μL of 1 mM 

CB[7], 50 μL of 1 μM dopamine, spectra were obtained with 1000 ms interval time and 3 ms integration 

time) 

Similarly, for the system involving dopamine analytes, the UV-Vis extinction spectra of AuNPs 

aggregates were also investigated. In Figure 2.9a, it shows the time-resolved extinction spectra of 

AuNPs with dopamine added, in which only one mode ‘monomer’ mode is observed, indicating that 

AuNPs are not aggregated in the system when only low concentration dopamine is added. Figure 2.9b 

shows the time-resolved extinction spectra of the system where AuNPs premixed with dopamine and 

then CB[7] was added into the mixture. The spectra show a similar trend to that seen in Figure 2.8, 

where all of three modes ‘monomer’, ‘dimer’ and ‘aggregate’ show when aggregates are formed, and 

the ‘aggregate’ mode red-shifts as chains get larger. This result means that the addition of low 



36 
 

concentration of dopamine does not influence the CB[7] induced AuNPs aggregation process and 

aggregation result. However, the spectrum gaps between every two scans are significantly smaller in 

Figure 2.9b than in Figure 2.8, which indicates that during a certain aggregating time, the involvement 

of dopamine can slow down the aggregating process of CB[7]-AuNPs. This is due to the strong 

interaction between dopamine molecules and CB[7] molecules, and the ‘glue’ ability to AuNPs of host 

molecule CB[7] is decreased by being occupied by guest molecule dopamine. The same result applies 

to Figure 2.9c, which shows the time-resolved extinction spectra of the system where CB[7] is 

premixed with dopamine and then adding into AuNPs to form aggregates. Premixing dopamine with 

CB[7] still allow CB[7] to aggregate AuNPs, however the aggregating speed is even more slowed down.  

 

Figure 2.10 Time-resolved extinction spectra during NaCl-induced AuNPs aggregation. (1 mL AuNPs 

from BBI, 200 μL of saturated NaCl solution, spectra were obtained with 1000 ms interval time and 3 

ms integration time.) 

NaCl is a most commonly used chemical to aggregate AuNPs due to its strong ability to shield the 

surface charge of AuNPs and lead to a concomitant decrease in inter-particle distance.140 Therefore, 

NaCl induced AuNPs aggregating process was also investigated by time-resolved extinction spectra, as 

shown in Figure 2.10. Three modes can all be observed in the result, however the ‘dimer’ mode is 

shown at around 700 nm wavelength which is 20 nm longer than that of CB[7]-induced aggregates 

dimer mode 680 nm. This is because the inter particle gap size of NaCl-induced aggregates are smaller 

than that of CB[7]-induced aggregates. For CB[7] induced aggregates, the gap size is equal or more 

than the height of the CB[7] molecule, 0.91 nm. However, for citrate capped AuNPs aggregates, even 

though there might be multiple layers of citrate in the gap of Au nanoparticles, the gap size can hardly 

exceed 0.91 nm. Therefore, the NaCl-induced aggregates ‘dimer’ peak position is red-shifted 

compared to that of CB[7] induced aggregates. 
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2.4 Dopamine SERS sensing with AuNPs aggregated by NaCl 

After understanding the assembly process of AuNPs aggregates, dopamine SERS detection based on 

AuNPs aggregates were carried out. In this section, dopamine SERS detection by NaCl-induced AuNPs 

aggregates will be systematically analysed. For reference, the DA Raman results with non-aggregated 

AuNPs are shown in Figure 2.11a. Figure 2.11b shows DA SERS results by NaCl-induced AuNPs 

aggregates. For Figure 2.11a, five different dopamine concentrations from 0 μM to 1000 μM were 

measured.  

This demonstrates that non-aggregated AuNPs with no dopamine or low concentration of dopamine 

(100 μM) show weak SERS spectra apart from a solvent background with no obvious Raman/SERS 

peaks. The Raman/SERS peaks can be clearly identified for samples with concentrations above 250 

μM, which is however, still far from the physiological dopamine concentration 0.01-1 μM. This is 

because for non-aggregated AuNPs, there is no SERS hot spots for dopamine to sit in, so the Raman 

intensity shows little enhancement. However, compared with Figure 2.7a where the system has no 

AuNPs involved, dopamine Raman signals of 1 mM sample with AuNPs are much stronger than that 

of 25 mM without AuNPs. This signal enhancement for a high dopamine concentration sample is 

because at high dopamine concentration this has a higher ion strength which can trigger AuNPs 

assembly, so that these aggregated AuNPs can provide hot spots which help to enhance the dopamine 

Raman signals. However, compared to Figure 2.11b, where AuNPs are pre-aggregated by NaCl, the 

signal of 1 mM dopamine with non-aggregated AuNPs is 2 times weaker than that of 10 μM dopamine 

with NaCl aggregated AuNPs. This is because 1 mM dopamine can only help to partially aggregate 

AuNPs due to its weaker ion strength than saturated NaCl, so the signal enhancement by dopamine-

induced aggregates is limited. 

The AuNPs aggregates itself shows clear SERS peaks as shown in Figure 2.11b (red spectrum) even 

with no analyte added in. This is because AuNPs solution contains various chemicals, such as citric acid, 

ascorbic acid, etc. and these exhibit Raman signal which can be enhanced by AuNPs aggregates, thus 

the red spectrum shows the signals of components originally existed in AuNPs solution. To estimate 

the LOD for dopamine SERS based on NaCl-induced aggregates, PCA analysis was carried out as 

described in section 2.2. Figure 2.11c shows PC1 scores change significantly along dopamine 

concentration when it is above 1 μM, so the LOD is around 1 μM, which is close to our target in 

physiological environments. 
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Figure 2.11 a)  Dopamine SERS concentration series by non-aggregated AuNPs. b) Dopamine SERS 

concentration series by NaCl-induced AuNPs aggregates. c) PCA analysis PC1 vs dopamine for spectra 

in Figure b), with noise level dashed. 

The red arrows in Figure 2.11b mark the new peaks shown in the spectrum of 10 μM dopamine sample 

(dark blue) compared to that of no dopamine sample (red). Nine new Raman peaks were found and 

these are listed in Table 2.3. These are identical as pure dopamine and DFT calculations for Raman 

spectra of AuNPs-dopamine complexes were carried out to help find out the assignments for these 9 

peaks. The DFT calculations were simplified by only taking Au and dopamine molecules into account. 

Dopamine has 3 possible binding sites to Au surface: meta-position phenolic hydroxyl group (mO-Au), 

para-position phenolic hydroxyl group (pO-Au), and amino group at the end of aliphatic chain (N-Au). 

When only one of these 3 binding sites binds to Au atom, the other two sites are free and form 1 

binding site complexes, as shown in Figure 2.12. When two of these 3 sites bind to the Au and the rest 

one site is free and form 2 binding sites complexes, as shown in Figure 2.13. When all of the three sites 

bind to the Au, a 3 binding sites complex is formed as shown in Figure 2.14. DFT SERS results for all 

these 7 complexes can be correlated to experimental SERS data of dopamine-AuNPs(NaCl) mixture, as 

all the black dashed lines indicate in Figure 2.12-2.14, so that measured SERS peaks can be assigned 

to specific chemical bond vibrations, as shown in Table 2.3. These assignments can not only help to 

understand the SERS signals from Au-dopamine complexes, but also can help to analyse dopamine 

SERS signals from other more complicated complexes involving CB[n] or Fe(III) in the following chapter.  

The dominant complexes in the system can be estimated by comparing the matching peak numbers 

of all 7 complexes. Single site binding mode mO-Au and all three 2 sites binding modes have the most 

matched peaks with the  experimental data, compared to other 3 modes. Therefore, the ‘real world 

system’ can be formed mostly by 2 sites Au-dopamine binding modes and single site binding mode 

mO-Au, with fewer other 3 binding modes.  
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Figure 2.12 a-c) Dopamine SERS concentration series by NaCl-induced AuNPs aggregates. d-f) DFT 

calculations results for 1 binding site Au-dopamine complexes: po-Au, mo-Au and N-Au respectively. 

Dashed lines match the experimental peaks with simulation results. g-h) Complex schematic of  po-

Au, mO-Au and N-Au respectively. DFT calculations were carried out with dried samples (no water 

molecules involved). 
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 Figure 2.13 a-c) Dopamine SERS concentration series by NaCl-induced AuNPs aggregates. d-f) DFT 

calculations results for 2 binding sites Au-dopamine complexes: d) N-Au, mO-Au, e)  N-Au, pO-Au and 

f) mo-Au-Au-pO respectively. Dashed lines match the experimental peaks with simulation results. g-i) 

Schematics of 2 binding sites Au-dopamine complexes: g) N-Au, mO-Au, h)  N-Au, pO-Au and i) mo-

Au-Au- pO respectively. The exact atom were noted on each sphere in graph g to i. DFT calculations 

were carried out with dried samples (no water molecules involved). 
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Figure 2.14 a) Dopamine SERS concentration series by NaCl-induced AuNPs aggregates. b) DFT 

calculations result for 3 binding sites Au-dopamine complexe N-Au, mo-Au-Au-pO. Dashed lines match 

the experimental peaks with simulation results.  c) Schematic of 3 binding sites Au-dopamine 

complexe N-Au, mo-Au-Au-pO. DFT calculations were carried out with dried samples (no water 

molecules involved). 

Raman Shifts 

(cm-1) 

pO-Au mO-Au N-

Au 

N-Au, mO-Au N-Au, 

pO-Au 

mO-Au-Au-

pO 

N-Au, mO-Au-Au-

pO   

665   HNH twisting  

740 pO-C-C-mO stretching    pO-C-C-

mO 

stretching 

 

799 In-plane benzene stretching; pO-Au stretching  

970  In-plane 

benzene 

stretching; 

 In-plane 

benzene 

stretching; 
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mO-Au 

stretching 

mO-Au 

stretching 

1117 CH in-plane ring deformation, C-O-H 

bending 

   CH in-plane ring 

deformation, C-

O-H bending 

1285  C-OH 

stretching, CH 

in-plane ring 

deformation 

 C-OH stretching, CH in-plane ring deformation 

1455 NH bending 

aromatic C=C stretching and C-

H scissoring 

 aromatic 

C=C 

stretching 

and C-H 

scissoring 

NH bending 

aromatic C=C stretching and C-H 

scissoring 

1501 CC in-plane 

ring 

deformation 

  CC in-plane ring asymmetric 

deformation 

 

1643  CC in-plane ring symmetric deformation; O-H scissoring  

Table 2.3 Assignments of dopamine SERS peaks to binding modes and chemical bonds vibration modes. 

2.5 Dopamine SERS sensing with AuNPs-CB[n]-dopamine complex 

Since dopamine can bind to CB[n] via host-guest chemistry, it is potential to further improve the Au-

dopamine binding strength by CB[n] which have stronger binding affinity to Au. Therefore, the same 

concentration series for dopamine SERS sensing were carried out to achieve a lower LOD. Two 

different CB[n] molecules, CB[5] and CB[7] were tested. The reason to choose these two CB[n] 

molecules is that they have higher solubility in water than CB[6] and CB[8]120. To be specific, CB[5] and 

CB[7] exhibit a water solubility of 25 mM and 30 mM respectively, compared to 0.02 and 0.01 mM for 

CB[6] and CB[8] respectively. 

To obtain best SERS signals, the host molecule concentration can neither be too low or too high. A low 

concentration of CB[n] would not provide enough host cavities for guest molecules so may limit the 

number of analytes sitting into hotspots and limit the analytes SERS signals. Low concentration of CB[n] 

also does not have enough ability to aggregate large amount of AuNPs, so the aggregating process 

could be either very slow or not complete, which limit the formation of hotspots. High concentration 

of CB[n], on the other hand, may immediately fully cover the single AuNPs surface once two solutions 

are mixed, so AuNPs become hydrophobic with high coverage of carbonyl groups, which in contract 
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will inhibit the aggregation of AuNPs. This can be proved by CB[n] SERS spectra data as shown in Figure 

2.15 a) and c), which respectively show CB[7] and CB[5] SERS spectra of different CB concentrations 

for system ‘AuNPs+CB[n]’. Peak 829 cm-1 is shown in both spectra, which is a characteristic peak of 

CB[n] SERS spectra. As CB[n] concentrations increase from 0 to 1mM, 829 cm-1 intensity firstly increase 

and then decrease, peaking at concentration of 250 μM and 100 μM for CB[7] and CB[5] respectively, 

as the black lines show in Figure 2.15 e and f.   

To optimise the dopamine SERS signal, finding the optimised CB[n] concentration is important. The 

optimised CB[5] and CB[7] concentration for SERS signals were explored for ‘AuNPs+CB[n]+dopamine’ 

system,  as shown in Figure b and d, which respectively show CB[7] and CB[5] SERS spectra of different 

CB[n] concentrations for fixed dopamine concentration 1 mM in system ‘AuNPs+CB[n]+dopamine’.  

Dopamine’s characteristic peak 1455 cm-1, as well as CB[n] Peak 829 cm-1, is shown in both spectra. As 

CB[n] concentrations increase from 0 to 1 mM, 1455 cm-1 intensity also firstly increase and then 

decrease, peaking at concentration of 125 μM and 10 μM for CB[7] and CB[5] respectively, as the 

orange lines show in Figure 2.15e and f. Therefore, in the following dopamine SERS detecting 

experiments, CB[7] is fixed to 125 μM and CB[5] is fixed at 10 μM.   
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Figure 2.15 a) CB[7] and c) CB[5] concentration series for SERS with 60nm (300 μL 60 nM BBI AuNPs 

mixed with 15 μL CB solution in plate well). b) CB[7] and d) CB[5] concentration series for dopamine 

SERS with 60nm AuNPs (300 μL 60 nM BBI AuNPs mixed with 15 μL CB solution firstly in plate well for 

10 min, and then 15 μL of 1 mM dopamine solution was added). e) SERS intensity of dopamine peak 

at 1455 cm-1 and CB[7] peak at 829 cm-1 vs CB[7] concentration. f) SERS intensity of dopamine peak at 

1455 cm-1 and CB[5] peak at 829 cm-1 vs CB[5] concentration. 

 

Figure 2.16 a and b) SERS spectra of dopamine from 0 μM to 1000 μM by protocol PreNP and protocol 

PostNP respectively for CB[7] system. c and d) SERS spectra of sample without analyte, PC0 and PC1 

after PCA analysis, by protocol PreNP and protocol PostNP respectively. e and f) PC1 scores vs 

dopamine concentration with noise level dashed, for protocol PreNP and protocol PostNP respectively. 

The dopamine SERS concentration series were then carried out to determine the LOD for Au-CB[n]-

dopamine complex system. The following two protocols of different adding orders were examined:  
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Protocol PreNP: 300 μL of 60nm AuNPs solution was first mixed with 15 μL CB[n] solvent to form 

AuNPs-CB[n] aggregates. After waiting for 10 min, 15 μL dopamine solution was added and mixed  

adequately. 

Protocol PostNP: 15 μL dopamine was first mixed with 15 μL CB[n] solution to form host-guest 

molecule complexes. After waiting for 10 min, 300 μL AuNPs was added to form aggregates. 

SERS spectra of dopamine from concentration 0 to 1000 μM are shown in Figure 2.16 a) and b), which 

shows the results of protocol PreNP and protocol PostNP respectively for CB[7] system. By doing PCA 

analysis, PC0 representing background spectra and PC1 representing dopamine signals are shown in 

Figure 2.16 c) and d). Figure 2.16 e) and f) show the PC1 scores change along dopamine concentration 

and they both show the LOD at 0.1 to 1 M, which is within the range of physiological dopamine 

concentration in urine. Therefore the adding orders of AuNPs, CB[7] and dopamine have little 

influence on dopamine SERS sensing sensitivity. However, protocol PostNP shows stronger intensity 

and higher reproducibility than protocol Prenp, based on the data obtained at the same dopamine 

concentration in Figure 2.16 e) and f).   
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Figure 2.17 a and b) SERS spectra of dopamine from 0 μM to 1000 μM by protocol PreNP and protocol 

PostNP respectively for CB[7] system. c and d) SERS spectra of sample without analyte, PC0 and PC1 

after PCA analysis, by protocol PreNP and protocol PostNP respectively. e and f) PC1 scores vs 

dopamine concentration with noise level dashed, for protocol PreNP and protocol PostNP respectively. 

The same experiments were carried out for CB[5] and the results are similar as that of CB[7], which 

also can help get to the LOD at 0.1 to 1 μM (See Figure 2.17). From all the above results, the conclusion 

can be drawn that CB[n] molecules can help to increase dopamine SERS sensitivity by 1 order of 

magnitude compared to NaCl-induced AuNPs aggregation, reaching to the level of physiological 

dopamine concentration. 

2.6 Dopamine SERS sensing with Dopamine-Fe(III)-Citrate-AuNPs complex 

Apart from dopamine-AuNPs (NaCl-induced aggregates) and AuNPs-CB[n]-dopamine complexes, Fe(III) 

was also found to be an excellent binding agency for dopamine and AuNPs, as introduced in sector 

2.1.3.2 The protocols, the binding mechanism, and the sensing results will be discussed in the 

following section. 

2.6.1 Two protocols PreNP and PostNP 

As in section 2.5, Protocol PreNP and PostNP were applied in this new system as described below. The 

difference between the two protocols is the order of addition of Fe(III) in the system (see Section 7.2 

for details). 

Protocol PreNP (Figure 2.18a): AuNPs solution was first mixed with Fe(NO3)3 solution to form AuNPs-

citrate-Fe(III) complexes. Saturated NaCl solution then was added to aggregte AuNPs. After 10 min, 

dopamine (NT, neurotransmitter) solution was added and SERS spectra were measured.  

Protocol PostNP (Figure 2.18a): Dopamine solution was first mixed with Fe(NO3)3 to form Fe(III)-DA 

complexes (either monomer, dimer or trimer depending on the pH). Meanwhile as shown in step 2, 

saturated NaCl solution was mixed with AuNPs to form aggregates. The mixture of Fe(III) and 

dopamine was moved into the aggregates. SERS spectra were then measured after 10 min of mixing.  

Figure 2.18b-d) show DA SERS spectra of different concentrations, by protocol Fe(III) omitted as shown 

in b), by protocol PreNP as shown in c), by protocol PostNP as shown in d). Generally, compared to DA 

SERS spectra from protocol with Fe(III) omitted, protocol PreNP gives 10 times higher signal intensity 

and protocol PostNP gives 20 times higher signal intensity. This suggests that although DA is likely to 

adsorb onto citrate via electrostatic attraction, the affinity between DA and citrate is weak. Much 

stronger binding between Fe(III) - citrate and Fe(III) - DA suggests it provides an improved way to bind 
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DA to the surface of AuNPs, thus giving SERS signals thousands of times larger with Fe(III) included. 

The assignments of these dopamine peaks can be found back in Table 2.3.  

PCA was further utilized for the data analysis. PC1 vs dopamine concentration for all 3 protocols were 

plotted as Figure 2.18e and f. The assay without Fe(III) has the lowest score even at high DA 

concentrations and it saturates above 1 µM, with the best LOD ~100 nM. Since this is not enough for 

the clinical range demanded, it shows that despite being an efficient SERS substrate for a wide variety 

of other molecules, DA is hard to access the hotspots and thus a further advance is required.  

Incorporating Fe(III) in the assay delivers this enhancement, with protocol PreNP giving the lowest 

LOD of < 1 nM, whilst PostNP gives LOD~10 nM. Therefore, both protocol PreNP and PostNP can reach 

the dopamine concentration range of physiological degree. Usefully, PreNP also has a wider dynamic 

range of measurable DA concentrations than PostNP. This suggests PreNP provides a more accessible 

pathway for DA to attach to the gap surfaces of aggregated AuNPs. Pre-coating Fe(III) on AuNPs may 

support surface attachment followed by surface migration into hotspots. By contrast as we now 

discuss, in the PostNP protocol DA already exists in solution as a mono-, bis- or tris-complex with Fe(III). 

This may account for the lower dynamic range from PostNP as steric effects can then limit the fraction 

of Fe(III)-bound DA which binds to the AuNPs and migrates into the hotspots. 
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Figure 2.18 a) Two protocols used for sensing DA: PreNP: (1) AuNPs pre-incubated with Fe(III), (2) then 

aggregated using NaCl, (3) NTs were added, and mixed thoroughly. PostNP: (1) NTs pre-incubated with 

Fe(III), creating Fe(III)NT, Fe(III)NT2 and Fe(III)NT3 complexes, (2) AuNPs separately aggregated using 

NaCl, then (3) Fe(III)NT complexes added to the aggregate solution and mixed thoroughly. In both 

cases the final step (4) focusses a 785 nm laser into the solution to obtain SERS. b) DA SERS spectra 

with Fe(III) omitted (meaning AuNPs firstly aggregated by NaCl, DA then added to the aggregation 

solution for SERS measurements), c) DA SERS spectra by PostNP, and d) DA SERS spectra by PreNP. e) 

Scores of PC1 from spectra in b-d) vs spiked DA concentrations. f) A log–log plot of e), with noise levels 

dashed. 
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Figure 2.19 By PostNP protocol, a) 100 μM DA SERS spectra influenced by the concentration (0 – 1mM) 

of Fe(III) when it is pre-incubated with dopamine. b) DA SERS peak 633 cm-1 intensity changes along 

with concentration change of Fe(III). 

To get the best DA SERS spectra, the concentration of Fe(III) was always optimised beforehand since 

it has significant influence on DA SERS signal intensity. For example, with protocol PostNP, Figure 2.19a 

shows different DA SERS spectra by adding different concentrations of Fe(III) (from 0 to 1mM), and 

Figure 2.19b shows SERS peak intensity at DA 633 cm-1. DA shows strongest SERS signal when the Fe(III) 

concentration is 100 uM. This is because lower concentration of Fe(III) could not provide enough ‘Fe(III) 

glue’ to bind DA to Au surface so the DA shows relatively weak SERS signals, and on the other hand 

concentrations of Fe(III) higher than 100 μM result in unwanted Fe(III)-induced aggregation of AuNPs 

through screening-induced reduction of their Coulomb barriers, which dramatically decreases the 

ability of Fe(III) to capture DA into hotspots. Overall, there is an optimised Fe(III) concentration for the 

best DA SERS sensing, which is 100 μM in my experimental condition. 

 

2.6.2 Characterisation of Fe(III)-DA complexes in solution at various pH 

The key role of Fe(III) complexation in enhancing this DA assay requires a careful characterisation of 

the complexes between Fe(III) and DA that are formed in the pre-incubation stage of PostNP. 
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Figure 2.20 Evolution of the extinction spectra of the complexes of DA and Fe(III) in a) acidic to basic 

(A to B), and b) basic to acidic (B to A) pH titration. Inset of a) shows pristine DA without Fe(III). c) 

Extinction spectra peak wavelengths from (a, b) vs pH. Regions where Fe(III)DA, Fe(III)DA2 and 

Fe(III)DA3 dominate shaded red, green and blue. See experimental details in Section 7.3. 

As stated in Figure 2.4, the Dopamine-Fe(III) complexes mode is highly dependent on pH. UV-Vis 

extinction spectra (See Section 7.8 for experimental details) of these complexes of Fe(III) and DA are 

measured as the solution pH is titrated from acid to base (Figure 2.20a) and base to acid (Figure 2.20b). 

In the UV–vis range, according to literature the mono-complex has doublet peaks at 406 nm and 759 

nm, whilst the bis- and tris-complexes have single peaks at 575 nm and 492 nm respectively136. The 

fraction of these species in different solution pH can thus be extracted (Figure 2.20c), giving three 

regions in a step-like curve (shaded colours denote the Fe(III)DA, Fe(III)DA2 and Fe(III)DA3 regions). 

Interestingly, pH titration from base to acid does not completely reverse to the original acid state. This 

is likely due to irreversible oligomerisation between DAs bound via Fe(III) at high pH. Several hours are 

needed for full DA polymerisation (pDA) at pH > 10141 , so during the 30-minute measurement here 

DA disassociated from Fe(III) partially oligomerises and cannot return to the monomer even at low 

solution pH.  

2.6.3 Raman scattering/SERS of Fe(III)-DA complexes  

Despite the clear involvement of Fe(III) in bringing DA into the plasmonic gaps, it is so far unclear in 

which form it is bound. Raman spectroscopy at 785 nm is thus now used to check the gap contents. 
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Figure 2.21 a) Evolution of Raman signals from Fe(III)-DA complexes vs pH at 50 mM DA with 50 mM 

Fe(III). b) Raman intensity of 530, 591, 641, 1270, 1321, 1489 cm-1 lines (arrows in a) as solution pH 

changed from acid to base. c) Shift of Raman peaks initially at 1270, 1321, 1489 cm-1 vs pH. Red, green, 

blue regions indicate Fe(III)DA, Fe(III)DA2, Fe(III)DA3 dominating species. Lines are guides to eye. d) 

SERS of DA obtained from protocol PreNP at pH 3.1 and 6.7. e) SERS intensity of DA at 632 cm-1 as pH 

changed from neutral (N) to base (B) (red squares, then to acid, dashed), and from N to acid (A) (black 

circles, then to base, dashed). 

Initially the Raman spectra was calibrated with the Fe(III)-DA complexes in solution without AuNPs 

(Figure 2.21a). The covalent coordination binding is through lone pair electrons between the central 

Fe(III) and the deprotonated hydroxyls of DA (Figure 2.18a).136  The Raman intensities increase 

significantly with increasing solution pH up to 10, particularly for peaks at 530, 591, 641, 1270, 1321 

and 1489 cm-1 (all absent without DA). This directly tracks the amount of DA bound to each Fe(III), as 

seen in Figure 2.21b. At lower pH, a higher fraction of the hydroxyl groups is protonated preventing 

their coordination to Fe(III), leading to a far weaker Raman intensity. This is surprising since the 785 

nm laser is near-resonant with electronic transitions seen in adsorption at low pH (Figure 2.20 a&b) 

which should give resonant Raman, and the result must be due to much higher Raman cross sections 

for Fe(III)DA3, from electronic delocalisation across the complex. By contrast, the Raman intensity 

drops suddenly for pH>10 since black sediments forms and Raman signal is overwhelmed by photo 

luminescence of sediment, which is likely due to polymerisation between DAs (oligomerisation)141. 

The fluorescence generated by these newly-formed oligomers is seen as a rising background under 

the Raman spectrum (Figure 2.21a, 2000 cm-1). Small spectral shifts (Δν < 1%) of the Raman peaks 
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(Figure 2.21c) show Δν∝ pH for 1270, 1321 cm-1 but reveal a jump for pH ≈7 at 1489 cm-1 coinciding 

with regions of dominant Fe(III)DA or Fe(III)DA3.  

Compared to the concentrated 1M DA solution required to capture these Raman measurements (LOD 

~100 mM), aggregated AuNPs are vital to provide SERS amplification when the analyte concentration 

is very low, < 1 μM. SERS spectra are typically more complicated and shifted compared to Raman, 

since signatures of surfactants on AuNPs (e.g. citrates) are also amplified, while chemical shifts from 

bond hybridisation with the metal also occur. Helpfully, SERS contributions from surfactants are 

insignificant, and the SERS spectra of Fe(III)-DA complexes in AuNPs match their solution Raman 

spectra. As before, at low pH DA protonation results in partial dissociation of DA from Fe(III)136, 

eliminating the characteristic DA SERS peaks leaving only protonated surfactant molecules peaks.  

While SERS peak shifts with pH are absent, the SERS intensities change depending on the direction of 

pH titration (Figure 2.21e). Initially the colloidal AuNPs are buffered to pH 6.3, and are then shifted in 

either acidic or basic directions. For increasing pH, the SERS intensity drops irreversibly at pH>10 (no 

recovery for subsequent pH→3). Minimal SERS increase is seen from pH 6.3 to >7.5, in contrast to the 

Raman (Figure 2.21b). This suggests that in terms of SERS, the higher Raman cross-section Fe(III)DA3 

complex is unable to form, perhaps because at least one of the available DA binding sites on Fe(III) is 

occupied by surfactant citrates at the AuNPs. Permanent oligomerisation between DAs bound to Fe(III) 

for pH > 10 seems to kill their Raman cross section, perhaps by detaching them from SERS-enhancing 

Fe(III). On the other hand, initial acidification to pH 3 protonates DA, cleaving it from Fe(III) so the SERS 

disappears. It also seems to disassociate the Fe(III) from citrate on the AuNPs because even returning 

to pH 6 restores <10% of the signal, suggesting the active sites in the gap are now locked up. The 

optimal PreNP protocol assay is identified around pH~7-8, where multiple DA complexation with Fe(III) 

is favoured. 

DFT calculation at weakly alkaline environment was carried out to correlate to the experimental data, 

as shown in Figure 2.22. The calculated Raman spectra in Figure 2.22 b shows Raman peaks of trimer 

mode Fe(III)DA3 complex. These marked peaks can correlate well to experimental data (Figure 2.22 a) 

which were measured at pH = 7.5, proving again that the dominant species is the trimer binding mode 

in weakly alkaline environment. The complex molecular structure is shown in Figure 2.22 c and the 

assignments of these peaks to chemical bonds vibration modes are shown in Table 2.4. 
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Figure 2.22 Raman spectra of dopamine + Fe(III) mixture from a) experimental measurement of 

DA+Fe(NO3)3 water solution at pH = 7.5; b) DFT calculation of trimer mode Fe(III)DA3; c) trimer mode 

Fe(III)DA3complex molecular structure. DFT calculations were carried out with dried samples (no 

water molecules involved). 

Raman Shifts (cm-1) Assignments 

815 In-plan benzene stretching; pO-Au stretching 

1266 CH in-plane ring deformation 

1316 NH bending 

1489 CC in-plane ring asymmetric deformation 

Table 2.4 Assignments of DA+Fe(III) Raman peaks to chemical bonds vibration modes 

Raman	Shifts	(cm )
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2.6.4 Proposed mechanisms for binding of Fe(III) and DA 

 

Figure 2.23 Proposed sequestration of DA in optical hotspots between aggregated AuNPs comparing 

PreNP and PostNP. In PreNP: (A) Fe(III) chelates surfactant citrate on AuNPs, (B) DA diffuse to these 

sites and chelate to Fe(III), (C) Fe(III)DA complex migrates to hotspots. In PostNP: Fe(III)DA, Fe(III)DA2 

and Fe(III)DA3 formed in solution diffuse to citrates and migrate to the hotspots. (D) Single DA can 

potentially chelate with two Fe(III) only in the gap regions. 
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These above characterisations of DA SERS sensing efficacy for PreNP and PostNP protocols, and the 

complexation of DA and Fe(III), allow for a detailed discussion of the mechanisms by which DA reach 

the hotspots after they are added to AuNPs aggregate solutions (Figure 2.23). 

Figure 2.23 shows schematics for the two protocols. For protocol PreNP, Fe(III) coated AuNPs are 

aggregated by NaCl firstly, and free dopamine molecules diffuse close to or into the hotspots from 

bulk solution by binding to Fe(III). In the PreNP scenario, pre-incubation allows each Fe(III) to bind to 

citrate on the AuNPs (the surfactant used in typical synthetic routes for AuNPs). This allows DA 

molecules to attach to the AuNPs surface through binding to the citrate-complexed Fe(III) on the 

AuNPs. It then appears that these complexes migrate across the surface into the hotspots to give a 

LOD of < 1 nM DA in water. This hypothesis is favoured by recent work using a similar platform where 

AuNPs aggregation is achieved through cucurbituril[5] (CB[5]) complexation81. In that system, ethanol 

and methanol migrate to the more hydrophobic hotspots between AuNPs bridged by CB[5]. It is also 

possible that hydroxyls can link two Fe(III) in the hotspot (Figure 2.23a, process D), although Fe(III) 

only covers AuNPs very sparsely.   

By contrast in the PostNP scenario, citrate-coated AuNPs are aggregated by NaCl firstly, and 

Dopamine-Fe(III) complexes diffuse to the Au surface and bind to citrate by Fe(III). Complexes of Fe(III) 

and DA form in advance of addition to the aggregate solution. These presumably bind to the AuNPs 

surface and thence into the hotspots by a similar mechanism as in PreNP. The high fraction of 

Fe(III)DA2 in PostNP which is buffered to pH 6.3, contrasts with PreNP where individual DA diffuse 

onto the aggregates. The latter has a nearly hundred-fold lower LOD, but gives only 50% of the SERS 

strength of the former. These likely result from the complex binding, multiple chelation, and surface 

migration mechanisms involved. 

2.6.5 Summary 

In this section, DA SERS was systematically analysed by AuNPs-Citrate-Fe(III)-DA structured substrate. 

We compared two distinct protocols (‘PreNP’ and ‘PostNP’) which differ in the order of steps for 

forming SERS sensing complexes, affecting both the LOD and the DA SERS intensities. Characterising 

complexation of Fe(III) and dopamine (DA) in different pH suggests that Fe(III)DA2 dominates in 

PostNP detection, whilst in PreNP it is the monomeric Fe(III)DA that is seen. When the pH in solution 

is extremely acidic (basic), protonation (deprotonation) of the hydroxyl bonds of DA becomes 

competitive to their binding to Fe(III), leading to a decrease (increase) in SERS. Full optimisation is thus 

crucial for DA SERS sensing, which improves the ability of DA to bind to the surface of AuNPs and 

migrate to the vicinity of the hotspots. The dopamine limits of detection were 0.01 to 0.1 μM by 
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dopamine-Fe(III)-AuNPs complex SERS, which enables to perform fast detection of multiplexed 

neurotransmitters (NTs) at physiological concentrations. 

2.7 Overall summary 

In this chapter, the Raman spectra of dopamine at different pH environments is discussed. Density 

functional theory (DFT) calculations was carried out to help understand the dopamine molecules’ 

resonance modes. Dopamine concentration series for Raman spectra were carried out to determine 

the detection of limit of dopamine in pure water which is in the range of 100 mM to 250 mM. In order 

to decrease detecting limit of dopamine, the Raman signal was enhanced by surface enhance Raman 

spectroscopy. Gold nanoparticles were introduced as the main SERS substrates for dopamine 

detection. The AuNPs assembly process, dopamine-AuNPs binding methods by either CB[n] molecules 

or Fe(III) ions and weak binding directly by dopamine molecule its self was discussed.   

Time-resolved extinction spectroscopy was used to track the AuNPs aggregates formation process.  

CB[n]-induced and NaCl-induced AuNPs aggregation processes both show three extinction spectra 

features (‘monomer’ mode, ‘dimer’ mode and ‘aggregate’ mode) which indicate that the plasmonic 

modes of complex aggregates are governed by these three chain subunits. Dopamine LOD was 1 μM 

for NaCl-induced AuNPs aggregates SERS, and was 0.1 to 1 μM for CB[n]-induced AuNPs aggregations 

SERS, which reaches the level of physiological dopamine concentration in urine. 

Iron ion(III) was also introduced as a binding agent for dopamine and AuNPs. The protocols, the 

binding mechanism, and the sensing results were discussed. Protocol PreNP and PostNP were applied 

in this system. Compared to SERS spectra from NaCl-induced aggregates, protocol PreNP gives 10 

times higher signal intensity and protocol PostNP gives 20 times higher signal intensity. The LOD is 1 

nM for protocol PreNP and 10 nM for protocol PostNP.  

Dopamine-Fe(III) complexes modes are highly dependent on environment pH. When pH is low, 

monomer mode Fe(III)DA dominates the system, and the Raman intensity is relatively low since mono 

binding mode shows relatively weak electromagnetic resonance. When pH rises to neutral, dimer 

mode Fe(III)DA2 becomes the dominant species and when pH is high, the dominant species is the 

trimer mode Fe(III)DA3. The signals increase as pH increases since dimer and trimer modes’ electron 

clouds are more delocalised so have stronger electronic resonance and give out stronger Raman 

signals. PH influence on Dopamine-Fe(III) complex SERS was also tested. With PreNP protocol, when 

pH rises from acidic to neutral, SERS signal increases dramatically due to the change from monomer 

mode to dimer mode, which shows more electronic resonance ability than monomer mode. However, 

it is a challenge to imply SERS for higher pH environment since the instability of dopamine in basic 
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environment and the SERS signals are easily covered by photo luminescence from polymerized or 

oxidised dopamine.  
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Chapter 3 Other Neurotransmitters Raman/SERS Sensing 

Apart from dopamine, there are more than 40 of other NTs discovered in human body.142 Among all 

these NTs, catecholamine is of the most important members due to their roles as neuromodulators in 

the central nervous system and as hormones in the blood circulation.143,144 The molecule of a 

catecholamine consists of a catechol and a side chain amine. Typically, dopamine (DA), 

Norepinephrine (NEPI), DOPA and epinephrine (EPI) are most widely discussed catecholamine 

(molecular structure see Figure 3.1).  

As stated in Chapter 2, Fe(III) can bind to catechol via two OH groups (binding affinity logK = 43.8136) 

on benzene, and this helps ultratrace DA SERS sensing with AuNPs-Citrate-Fe(III)-DA complex 

substrate. Therefore, other catecholamine NTs are likely to be detected by the same protocol to 

ultratrace concentrations. In this chapter, the ultratrace sensing of other catecholamine NTs will be 

ultimately discussed, before which, the distinguishment of these NTs will be studied by their finger 

printing Raman signatures. For comparison, non-catecholamine NT serotonin (Sero in Figure 3.1) 

which shows weaker binding affinity to Fe(III) (logK = 7136), will also be included and discussed. 

 

Figure 3.1 Neurotransmitters examined 
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3.1 Raman spectroscopy of other NTs 

3.1.1 Raman of pure NT in solvents 

 

Figure 3.2a) Raman of NTs in water; b-f) NTs DFT Raman spectra for DA, NEPI, Dopa, EPI, Sero 

respectively.  DFT calculations were carried out with dried samples. 
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Like dopamine the Raman spectra of other catechol neurotransmitters was firstly examined, as shown 

in Figure 3.2a. The figure shows Raman spectra of all the five NTs in water solution. DA, NEPI, EPI and 

Sero are at a concentration of 1 M, and DOPA is at concentration of 0.1 M due to its poor solubility in 

water. Because of this, the Raman intensity of DOPA is much weaker than the other four NTs even 

though it is saturated. From Figure 3.2a, it can be seen that the spectra of Sero stands out from others 

due to its distinguishable structure and its unique Raman peaks which are marked by black arrows.  

For DA, NEPI and EPI, they show similar Raman spectra with subtle differences between each other, 

as marked by arrows in red, orange and blue in Figure 3.2a. The assignments of these peaks to 

chemical bonds interactions are shown in Table 3.1, correlated by the DFT calculation of NT single 

molecule Raman spectra as shown in Figure 3.2b-f. These NTs (apart from DOPA) all have their unique 

Raman peaks that can allow them to be distinguishable from each other at a concentration of 1 M, 

although due to the poor solubility of DOPA the spectra is not good enough to distinguish the peaks. 

 

Table 3.1 Assignments of NTs unique Raman peaks to chemical bonds vibration modes based on DFT 

calculations.  
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Using the same protocol as DA, the NEPI and Sero concentration series for Raman detection was 

carried out to determine the LOD, as shown in Figure 3.3. In Figure 3.3 a and d, NT Raman intensities 

increase as concentration increases from 0 mM to 1000 mM. The Raman spectra in the fingerprint 

region only show peaks with samples of concentration above 100 mM, indicating that the LOD is above 

100 mM in pure water solution for both NEPI and Sero. Figure 3.3 b and e show the PCA analysis result 

PC0 and PC1, where PC0 spectra can match the Raman spectra of sample without analyte and PC1 can 

be correlated to the major variation NT spectra. In Figure 3.3 c and f., the PC1 scores increase 

dramatically when the NTs concentration is above 100 mM for both cases, so the LOD for Raman is 

around 100 mM for NEPI and Sero in water. Again, this value is 5 to 7 orders of magnitude above the 

level in body fluids which is normally between 0.01 to 1 μM. Therefore, SERS should also be introduced 

to enhance the LOD for these other NTs. 

 

Figure 3.3 a) NEPI d) Sero Raman concentration series in pure water. b,e) Raman spectra of PC0, PC1 

after PCA analysis, and sample without analyte for NEPI and Sero respectively. c,f) PC1 scores vs NEPI 

and Sero concentrations respectively with noise level dashed. 
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3.1.2 Raman of a mixture of 2 NTs solutions 

Knowing that every NT shows some unique Raman peaks in their single NT solution, it becomes 

appealing to discover whether they show the same unique Raman peaks in mixture solvents. The 

Raman measurements for mixtures of 2 NTs were carried out and the comparison to that of single NT 

Raman spectra, Figure 3.4. The unique Raman peaks for each NT are marked in different colours and 

the purple coloured spectra in each figure represents the mixture’s Raman. By comparing the 3 spectra 

in each figure, we can find that the mixture shows the same unique Raman peaks as the single NT 

solution, even though the intensity is weaker due to diluted concentration of each component. From 

Figure 3.4 b), e), h) and j), we can see that when DA, NEPI, EPI or Sero mixed with DOPA, the mixture 

shows exactly the same peaks as DA, NEPI, EPI or Sero with lower intensity due to very weak impact 

from low concentration of DOPA.  
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Figure 3.4 Raman spectra of every 2 NTs mixtures compared to that of single NT. 
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It was shown that when DA, NEPI, or EPI mixed with Sero, the mixture’s spectra show unique peaks 

from both components and all these peaks are easy to distinguish due to Sero’s distinguishable 

molecular structure from other three, Figure 3.4 d, g and i. When it comes to the mixture of every 2 

of DA, NEPI and EPI, it is not that straight forward to tell the mixture’s peaks from single component’s 

due to similar molecular structures of the three, Figure 3.4 a), c) and f). However, weak peaks show 

up in mixture’s spectra which can correlate to that of pure DA, NEPI or EPI spectra, which indicates 

that in mixture solution, Raman can still help to distinguish these NTs even though they have similar 

molecular structures. 

3.1.3 DFT experiments for the study of a mixture of catechol NT DA and non-catechol NT Sero 

To further evaluate the catechol NT sensing behaviour in the presence of non-catechol NT, a mixture 

of DA and Sero were examined.  

It was shown in Figure 3.4d that DA and Sero are distinguishable from each other by Raman spectra 

when they are mixed in water. DFT calculations were carried out to evaluate the structure of these 

two molecules in pure water, as shown in Figure 3.5. Two structures were calculated, one structure is 

formed by neutral DA molecule and neutral Sero molecule, namely DA + Sero, as shown in Figure 3.5 

a and b, the other structure is formed by protonated DA and protonated Sero, namely DAH + SeroH, 

as shown in Figure 3.5 c and d. Both DA and Sero are protonated on amino group of the alkyl chain. In 

Figure 3.5 b, it is shown that the two molecule DA and Sero tend to stay apart and in Figure 3.5 d, it is 

shown that the pronated DAH amino group forms hydrogen bond with the OH group of SeroH. The 

assignments of typical chemical bonds interaction to the calculated peaks are shown in Table 3.2, 

where hydrogen bonds interactions are marked in red colour. Hydrogen bond interactions can be 

found with structure DAH + SeroH, at peaks 1598, 1028, and 208 cm-1, but not in DA + Sero structure. 

By comparing the Raman intensity of two structures, the DAH + SeroH structure shows twice the 

intensity of DA + Sero. This is because the hydrogen bond enhances the molecule’s polarizability, and 

the electron cloud of the whole molecule becomes more easily deformed so has enhanced intensity 

compared to single molecules. Therefore, the peaks of hydrogen bonded structure generally shows 

higher Raman intensity than individual molecules. 
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Figure 3.5 DFT calculated Raman spectra of structure a) DA + Sero; c) DAH + SeroH; Complex structure 

of b) DA + Sero; d) DAH + SeroH. DFT calculations were carried out with dried samples. 

 

Table 3.2 Assignments of Raman peaks to chemical bonds interactions for two complex structures. 

To evaluate the dominant structure in the real-world system, a comparison of the experimental Raman 

data with DFT calculation results of both structures was carried out, as shown in Figure 3.6. The 

structure DAH + SeroH shows more correlated peaks to experimental data than that of DA + Sero, 

which indicates that there is more hydrogen bonded structure than individual molecules in water. 

Besides, as red marked in Figure 3.6 b, hydrogen bonds peaks 1598 and 1028 cm-1 can be correlated 

to experimental data, with peak 1598 cm-1   red shifted to 1615 cm-1, so DAH + SeroH can be one of the 

contributions to peak 1615 and 1028 cm-1 of the mixture. However, there can be many other 

structures in the real-world system, for example, complex formed by multiple DAH linked by hydrogen 
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bonds, complex formed by multiple SeroH linked by hydrogen bonds or complex formed by more than 

1 DAH and SeroH molecule. All these complexes exist simultaneously and contribute to the Raman 

spectra measured in real-world system. 

 

Figure 3.6 Mixture DA and Sero Raman experimental data correlated to DFT calculation of structure 

a) DA + Sero; and b) DAH + SeroH. 
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3.1.4 Raman sensing of catechol NTs (DA, NEPI) in non-catechol NT (Sero) solution with and 

without Fe(III) 

 

Figure 3.7 a) DA d) NEPI Raman concentration series in 100 mM Sero solvents. b, e) Raman spectra of 

PC0, PC1 after PCA analysis, and sample without analyte of DA and NEPI respectively. c, f) PC1 scores 

vs DA and NEPI concentrations respectively, with noise level dashed. 

With the existence of NT Sero (100 mM), a Raman concentration series of DA and NEPI were were 

collected to determine the LOD. In Figure 3.7 a and d, similar as single analyte sensing, DA/NEPI Raman 

intensities increase as concentration increases from 0 mM to 1000 mM and the fingerprint DA/NEPI 

Raman peaks are only shown when concentration is above 100 mM, which indicates that the LOD is 

above 100 mM in 100 mM Sero solution for both DA and NEPI. Figure 3.7 b and e show PCA analysis 

result PC0 and PC1, where PC0 spectra matches the Raman spectra of pure Sero (black spectra) and 

PC1 can be correlated to the major variation DA/NEPI spectra. In Figure 3.7 c and f, it shows the PC1 
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scores increase as DA/NEPI concentration increases and we can find the LOD is about 100 mM for both 

cases. Comparing with Figure 2.7 where the LOD for DA in water is 100 mM, and Figure 3.3 where the 

LOD for NEPI in water is 100 mM, the existence of non-catechol NT Sero does not influence the Raman 

detection of catechol NTs in water.  

 

Figure 3.8 Raman concentration series of a) DA; b) NEPI; and c) Sero solvent in the existence of Fe(III) 

(100 mM) 
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Since AuNPs-Fe(III)-NTs complexes can be used for NT Raman enhancement, to first understand the 

Raman detection of Fe(III)-NT complex is important. Figure 3.8 shows Raman concentration series of 

DA, NEPI and Sero in the presence of Fe(III) (100 mM). From Figure 3.8 a&b, peaks of DA and NEPI can 

be seen when the concentration is above 10 mM. Compared to the LOD in Figure 2.7 for DA in pure 

water, and for NEPI in pure water, which are both 100 mM, the LOD is 10 mM when there is Fe(III) ion 

in solution (Figure 3.3). Therefore, Fe(III) ion can help enhance catechol NTs Raman signals. This is due 

to the formation of complex Fe(III)-NT as mono binding mode in acidic environment and dimer mode 

in neutral environment, as illustrated in Figure 2.4. The complexes enhance the polarizability of NT 

molecule. The electron cloud of molecules becomes more easily to deform so has enhanced electronic 

magnetic vibration intensity compared to single molecules. To distinguish Fe(III)-DA from Fe(III)-NEPI, 

the peak differences are marked in Figure 3.8 a and b, where DA shows a singlet peak at 1310 cm-1 

while NEPI shows a doublet peaks at 1300 cm-1 and 1328 cm-1 at high concentration. For the case of 

non-catechol NT Sero, the Raman peaks only show up when the concentration is above 100 mM, so 

the LOD of Sero is about 100 mM with the existence of Fe(III). Comparing to Figure 3.3 where the Sero 

Raman LOD is 100 mM in pure water, the LOD with Fe(III) has not been improved. This is because Sero 

only has one OH group in benzene and the binding affinity to Fe(III) is not as strong as the catechol 

does (Fe(III)-Sero log K = 7, Fe(III)-Catechol log K = 43.8). Not as strong complexes can be formed to 

enhance the Sero Raman signals so the Raman signal intensities are at the similar level with and 

without Fe(III). 

Further, DA Raman concentration series were carried out in the presence of both Serotonin and Fe(III), 

as shown in Figure 3.9 a-c, where 10 mM, 50 mM and 100 mM Sero were tested respectively for DA 

concentration series sensing with 100 mM Fe(III). When Sero concentration is low at 10 mM, DA can 

reach the LOD around 10 mM, as same as Figure 3.8 a, where there is no Sero involved. Therefore, 

low concentration of Sero does not influence the detection of DA in Fe(III) solvent. However, when 

Sero’s concentration goes up to 50 mM and 100 mM, as shown in Figure 3.9 b and c, the Raman signal 

of Sero dominates the spectra with tiny DA peaks spikes at high concentrations. This indicates that 

even though the Fe(III) binding affinity to Sero is much weaker than that of DA, large amount can still 

have a huge influence on the sensing of DA. When a high concentration of Sero is premixed with Fe(III), 

the binding complex formed and the additional DA need to overcome the energy barrier to bind with 

Fe(III). The result indicates that the energy barrier is a bit higher that DA can not compete with pre-

bound Sero. The same result applies to NEPI as shown in Figure 3.9 d, where when 100 mM Sero pre 

mix with Fe(III), little NEPI can be detected.  
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Figure 3.9 DA Raman concentration series with 100 mM Fe(III) in Sero solvent of a) 10 mM; b) 50 mM 

and c) 100 mM respectively. d) NEPI Raman concentration series with 100 mM Fe(III) in Sero solvent 

of 100 mM. 

3.1.5 Raman sensing of catechol NT (DA) in catechol NT (NEPI) solution with and without Fe(III) 

DA and NEPI both have a catechol structure and show similar Raman spectra both with and without 

Fe(III), as shown in Figure 3.4a and 2.30 a&b. It is crucial to determine the detection limit of one in the 

presence of the other one. DA concentration series were carried out in 500 mM NEPI solvent with and 

without Fe(III), as shown in Figure 3.10. PCA was applied for data analysis because it is difficult to tell 

the subtle change in spectr, as shown in Figure 3.10 a&d at low DA concentrations.  

In Figure 3.10a, when Fe(III) is not involved, the DA peak at 1028 cm-1 appears at high concentration 

and NEPI peak at 1050 cm-1 shows in nearly all spectra apart from 1000 mM DA concentration where 

the broad DA 1028 cm-1 peak covers 1050 cm-1 position. This result can be correlated to Figure 3.4 a. 

After PCA analysis, PC0 matches with NEPI Raman spectra very well and the 1050 cm-1 NEPI peak is 

marked in orange in Figure 3.10 b. PC1 can be correlated to DA spectra where its 1028 cm-1 peak is 

marked in red. The PC1 scores change along DA concentration as shown in Figure 3.10 c and the DA 

LOD can be determined at around 100 mM, which is consistent with the result of single DA solution as 

shown in Figure 2.7a. This indicates that the existence of NEPI has little influence on DA Raman 

detection. 
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When Fe(III) is involved, the DA singlet peak at 1310 cm-1 appears at high concentration and NEPI 

doublet peaks at 1300 cm-1 and 1328 cm-1 are found in nearly all spectra apart from 1000 mM DA 

concentration where the broad DA singlet 1310 cm-1 peak covers the NEPI doublet peaks, as shown in 

Figure 3.10d. This result can be correlated to Figure 3.6 a&b. After PCA analysis, PC0 matches with 

Fe(III)-NEPI complex sample and the doublet NEPI peaks are marked in orange in Figure 3.10 e. PC1 

can be correlated to Fe(III)-DA complex spectra where its 1310 cm-1 singlet peak is marked in red. The 

PC1 scores change along DA concentration as shown in Figure 3.10 f and the DA LOD can be 

determined at around 10 mM, which is consistent with the result of single Fe(III)-DA solution as shown 

in Figure 3.8 a. This again indicates that the existence of NEPI has little influence on DA Raman 

detection in Fe(III) environment. 

 

Figure 3.10 DA Raman concentration series in 500 mM NEPI solvents a) without and d) with 100 mM 

Fe(III). b, e) Raman spectra of PC0, PC1 after PCA analysis, and sample without analyte DA for the case 
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without and with Fe(III). c, f) PC1 scores vs DA concentrations for the case without and with Fe(III), 

with noise level dashed. 

 

3.2 SERS sensing of other NTs 

The above Raman spectra were all obtained at high concentration because they show very weak 

Raman signals when the concentration is below 10 mM. In order to detect lower concentration of 

other NTs, the AuNPs-Fe(III)-NT complex system was introduced to do SERS for all the other NTs, by 

both protocol PreNP and PostNP. 

The SERS spectra show subtle differences between all of these NTs as shown in Figure 3.11a. 

Considering that the molecular structures of these NTs resemble each other, except for differing 

functional groups on the other end of the hydroxyl NT terminus, it is clear why their SERS spectra are 

similar (though distinguishable). Since there is only one hydroxyl bond in SERO, whilst two in the other 

molecules, it is most likely that the weaker SERS intensity of SERO is due to weaker binding. This again 

emphasises how bidentate Fe(III) chelation is vital to this assay. 

The low LOD for PreNP protocol suggests that unassisted solution diffusion of soluble NTs to the 

hotspots followed by chelation to localised Fe(III) in the hot spot provides an efficient assay. To 

compare these assays, PCA scores for DA, DOPA, NEPI and EPI were obtained from PreNP protocol vs 

NT concentration (Figure 3.11b).  The concentration series from 1 pM to 1M were tested for all the 

NTs. Despite their chemical similarity, both signal strengths and LODs (Figure 3.11c) are significantly 

different. For NTs with two hydroxyls, LODs of DA, EPI and NEPI are much lower than DOPA; while DA 

has the highest signal strength, DOPA is the lowest of this set. This implies that whether or not the 

functional groups in a NT have net charge influences their ability to diffuse onto the surface of AuNPs 

in PreNP protocol and subsequent migration to the hotspots. The reason that DOPA has the worst LOD 

and signal strength among NTs with two hydroxyls probably results from the additional negative 

charge of the carboxylate (which the other NTs do not have), that is repelled from the negative surface 

charge of the citrate-coated AuNPs.   
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Figure 3.11 a) Normalised SERS of NTs, where NEPI, EPI, DOPA and SERO are norepinephrine, 

epinephrine, L-DOPA and serotonin, respectively. b) PC1 for NTs in using PreNP on linear and log plots. 

Noise levels are dashed. Shared red region gives physiological concentrations of NTs in urine. c) Table 

giving limits of detection (LODs) of NTs using PreNP.   

3.3 summary 

In this chapter, using the same protocol as in Chapter 2, other neurotransmitters including 

norepinephrine (NEPI), DOPA, epinephrine (EPI) and serotonin (SERO) were tested by SERS using the 

same complexes scheme of AuNPs-Citrate-Fe(III)-NTs. DA, EPI and NEPI all reach LOD at 1 nM, which 

is below the range of physiological concentration. DOPA and SERO show lower detecting sensitivity 

and the LOD is around 100 nM.  
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Chapter 4 Liquid-liquid Interfacial Substrates for SERS Sensing 

4.1 Background and motivation 

In Chapter 2&3, SERS sensing was obtained by Au nanoparticles aggregates suspended in aqueous 

solution and analytes dissolved in water detected by SERS when they are located in plasmonic 

hotspots. Even though this method provides high sensing sensitivity, its applications are limited to the 

detection of aqueous solution samples. When it comes to the analytes sensing in an oil phase, or when 

analytes both in aqueous and oil phase need to be detected, a substrate which can contact oil phase 

or both aqueous and oil phase could be a good option. In Chapter 4, a film-shaped AuNPs SERS 

substrate at water-oil interface will be demonstrated using Au nanoparticles self-assembly at liquid-

liquid interface, forming a two-dimensional SERS substrate, which can adsorb and help detect analytes 

in both liquid phases.   

4.1.1 Nanoparticles self-assembly at liquid-liquid interface 

Self-assembly refers to the process that nanoparticles or other discrete components spontaneously 

organize into ordered structures, due to specific interactions or driven by their environment.87 The 

assembly of nanoparticles at liquid–liquid interfaces is becoming a central topic both in surface and 

colloid science, since the soft liquid–liquid interface affords a platform for the assembly and chemical 

manipulation of nanoparticles, where the nanoparticles are highly mobile and their assemblies can 

rapidly densely pack. Promisingly, the uniformity of liquid-state interfacial nanoparticle arrays is much 

superior to the random aggregates in solvents or the fixed arrays on solid surface.145 On liquid-liquid 

interfaces, nanoparticle self-assembly could be achieved by either functionalizing nanoparticles or 

adding electrolyte into the solution containing nanoparticles. The nanoparticle assembly process is 

driven by either van der Waals or electrostatic forces into mono or multi layers at the interfaces.  

The theory of the nanoparticle stability on liquid-liquid interface was fully studied for the past century. 

Ramsden146 and Pickering147 were the first scientists to study the stabilization of emulsions where 

colloidal particles are adsorbed to the interface of two immiscible liquid phase. This kind of emulsion 

is called a Pickering Emulsion, which can either be water-in-oil (o/w) or oil-in-water (w/o), depending 

on the particles wettability.148  For nanoparticles, one liquid can wet them more than the other liquid, 

making the less wetting liquid as the dispersed phase. As shown in Figure 4.1a,149 if the contact angle 

θ (measured in water phase) is less than 90°, then the particles are hydrophilic and the emulsion tends 

to be oil-in-water type. If the contact angle θ is more than 90°, then the particles are hydrophobic and 

the emulsion tends to be water-in-oil type.150 
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Pieranski151 investigated the thermodynamics of nanoparticles at the water-air interface by analysing 

a monolayer of spherical particles. The driving force of the particles moving from bulk solution to 

interface is the reduction of the Helmholtz energy, E. This theory is also applicable to liquid-liquid 

interfaces. The Helmholtz energy E is determined by 

𝐸(𝑧) = 𝜋𝑅2𝛾𝑂/𝑊 ∙ [(
𝑧

𝑅
)

2
+ 2 (

𝛾𝑃/𝑂

𝛾𝑂/𝑊
−

𝛾𝑃/𝑊

𝛾𝑂/𝑊
) ∙

𝑧

𝑅
+ 2 (

𝛾𝑃/𝑂

𝛾𝑂/𝑊
+

𝛾𝑃/𝑊

𝛾𝑂/𝑊
) − 1]                                  (1) 

Where z is the distance of the particle centre from the water/oil interfaces, R is the effective radius of 

the nanoparticle, 𝛾𝑂/𝑊, 𝛾𝑃/𝑊, and 𝛾𝑃/𝑂 are the interfacial tensions between oil and water, the particle 

and water, and the particle and oil, respectively. The minimum in E (Emin) occurs when 

𝑧 =
𝛾𝑃/𝑊−𝛾𝑃/𝑂

𝛾𝑂/𝑊
∙ 𝑅                                                                        (2) 

Therefore, when the particle moves from the oil phase to the interface, the energy change is 

∆𝐸 = 𝐸𝑚𝑖𝑛 − 𝐸𝑃

𝑂

=  −
𝜋𝑅2

𝛾𝑂/𝑊
[𝛾𝑂/𝑊 − (𝛾𝑃/𝑊 − 𝛾𝑃/𝑂)]

2
                                    (3) 

where Ep/o is the energy when the nanoparticle is located in the oil phase, and locating the particle at 

the interface leads to a decrease in the energy, which makes the system more stable (Figure 4.1b). 

Along with Young's equation 

𝛾𝑃/𝑂 − 𝛾𝑃/𝑊 =   𝛾𝑂/𝑊𝑐𝑜𝑠𝜃                                                       (4) 

 

The energy change can also be expressed as 

∆𝐸 = −𝜋𝑅2𝛾𝑂/𝑊(1 + 𝑐𝑜𝑠𝜃)2                                                  (5) 
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Figure 4.1 a) Position of a small spherical particle at a planar water/oil interface for a contact angle 

measured through the aqueous phase less than 90° (left), equal to 90° (centre), and greater than 90° 

(right). b) Estimate of surface energy well. c) Variation of the energy required to detach a single 

spherical particle exhibiting a contact angle of 90° from a planar water/oil interface (of interfacial 

tension 50 mN m−1) with particle radius at 298 K. d) Variation of the desorption energy of a spherical 

particle at a planar water/oil interface as a function of the contact angle; the particle radius is R = 10 

nm and the interfacial tension is 36 mN m−1.149 

From Equations 3 and 5, the Helmholtz energy changed is determined by the R of the particle and the 

wettability of the particle(θ). As for R, since ΔE is proportional to R2, the energy keeping nanoscale 

particles at the interface are significantly less than that for micrometre scale particles. Therefore, 

thermal energy on one hand gives mobility to the nanoparticles, but on the other hand also induce a 

desorption energy to the nanoparticles from the interface, making the nanoparticle arrays dynamic or 

‘liquid‐like’ in nature at the liquid-liquid interface. Binks152 analysed this for particles of different R in 

an alkane/water system (θ = 90°, γow = 50 mN m−1) where, as shown in Figure 4.1c, particles with R less 

than 0.5 nm are easily detached from the interface (several kBT of desorption energy, where kB is the 

Boltzmann constant, and T is the absolute temperature). 

As for θ, the desorption energy change along with θ for the water/toluene system (γow = 36 mN m−1), 

was analysed for 10 nm radius silica nanoparticles (Figure 4.1d).153 A maximum desorption energy was 

observed when θ is 90°. Deviations away from 90° lead to a rapid decrease in desorption energy. For 

θ between 0° and 20° or between 180° and 160°, the energy is 10 kBT or less so the nanoparticles are 

more easily to be removed from the interface into the liquid, indicating the strong effect of particle 

surface wettability θ on the interfacial stability.  

This stability theory was proved by a number of researchers by using different solvents systems and 

different types of nanoparticles. Russell154 used CdSe nanoparticles with different sizes, and found 

that nanoparticles with less than 1.6 nm diameters were not able to stabilize the emulsion while larger 

nanoparticles did. To keep the Helmholtz energy at minimization level, the larger nanoparticles tend 

to stay at the liquid interface and smaller particles are forced away from the interface. Wang155 

analysed influence of the nanoparticle wettability by tuning the contact angles of the nanoparticles 

with different ligands. By making the nanoparticles hydrophilic, they are stabilised in water phase. By 

changing the capping ligands to hydrophobic, an interfacial entrapment of the nanoparticles was 

achieved.  
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4.1.2 Interfacial substrates for SERS 

Due to the unique properties of self-assembled nanoparticles film, using interfacial Au/Ag 

nanoparticles arrays as SERS substrates has been developed into a novel sensing approach.156 Gia and 

co-workers157 generated plasmonic colloidosomes as 3D-SERS platforms by self-assembly of 

perfluorodecanethiol functionalized Ag nanoparticles at the interface of water and decane. 

Ultrasensitive SERS detection of multiphase toxin was achieved with this platform. A SERS sensing 

platform was established by Yang158 for RNAs with interfacial gold nanoparticle film at water-oil 

interface. This sensing protocol was an indirect detection by adding RNA molecules to a solution 

containing carboxyrhodamine (ROX) and DNA strands functionalized by methylene blue (MB). When 

RNA was added, it interacted with DNA molecules so that methylene blue molecules were released so 

the SERS signals of free methylene blue molecules increased. At the same time, free ROX molecules 

bound to DNA molecules so that free ROX SERS signals decreased. The SERS intensity ratio of MB and 

ROX molecules were monitored to show the quantitative level of RNA added to the mixture. The paper 

showed a LOD of 1.10 atto molar for miRNA 155, which showed significantly weaker SERS signal by 

itself. NaCl was used by the Edel’s research group159160 to increase the ionic strength of the aqueous 

phase to drive the Au nanoparticles to self-organize at the water-dichloroethane interface. A droplet 

Au nanoparticle array on a coverslip can be used as a versatile substrate for quantitative SERS sensing 

of analytes including toxins, narcotics, explosives and other hazardous chemicals. Wei and co-

workers161 reported a calixarene-based surfactant containing several hydrocarbon tails, providing 

strong repulsive forces, which has been successfully employed for the fabrication of highly ordered, 

close-packed gold nanoparticle arrays by self-assembly of large-diameter gold nanoparticles (up to 

170 nm in diameter) at the air/water interface and using it for airborne molecule sensing. Using L-

cysteine modifiers, Liu162 demonstrated SERS sensing of trinitrotoluene with gold nanoparticle film 

formed at water and dimethyl carbonate interface. The trinitrotoluene (TNT) molecules were 

adsorbed onto the gold surface by forming Meisenheimer complexes with L-cysteine modifiers while 

other molecules of similar structures could not. It provided a highly selective and sensitive sensing 

protocol of TNT down to 50 fM. 

In this chapter, gold nanoparticle 2D arrays are developed with the special ‘glue’ molecule CB[n] as 

well as simply by NaCl, and the arrays are analysed as SERS sensing substrates in different forms.  This 

method will provide a versatile protocol for direct SERS sensing of various analytes. The stability of the 

interfacial arrays will be studied and furthermore, microdroplet interfaces will be used as the gold 

nanoparticle array template for SERS sensing. This could provide huge potential for its applications in 

microfluidic SERS sensing.  
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4.2 Interfacial Substrate Stability and SERS Sensing 

4.2.1 Stability influenced by contact angle and AuNPs/cluster size 

The gold nanoparticles used in these experiments were purchased from BBI and the gold nanoparticles 

in the suspension have a negative surface charge due to the adsorption of citrate and gold‐chloride 

anions. The two liquid phases are water mixed with ethanol (50 vol%) and chloroform. The ethanol is 

added to adjust the gold nanoparticles surface charge density to form stable arrays at liquid-liquid 

interface. According to research by Vanmaekelbergh,163 the addition of ethanol to water gradually 

decreases the surface charge of gold (Figure 4.2a), likely because of competitive adsorption of ethanol 

molecules,164 which displace the citrate or gold‐chloride anions from the gold surface. About half the 

original charge density is preserved upon further addition of ethanol (when ethanol is 50 vol% and 

more), and the gold sol remains stable. When a layer of oil liquid is introduced above this solution, 

gold nanoparticles quickly adsorb at the water/oil interface. The nanoparticles coverage of the 

water/oil interface increases gradually with the decrease of the surface charge density on the gold 

nanoparticles.  Figure 4.2b and 4.2c show in situ optical microscope pictures of the nanoparticle layer 

after addition of 17 and 38 volume % of ethanol, respectively. Upon the addition of 17 % of ethanol, 

islands of gold nanoparticle form (Figure 4.2b) and they extend and coalesce to a coherent monolayer 

as the ethanol content increases (Figure 4.2c). 
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Figure 4.2 Formation of an interfacial monolayer of gold nanoparticles by charge reduction.163 a) 

Decrease of the surface‐charge density of the gold nanoparticles on adding ethanol to the aqueous 

sol consisting of Au nanoparticles with a diameter of () 4.5 nm and (•) 16 nm, respectively. b) 

Microscope image of the oil/water interface after addition of 17 vol% ethanol to gold sol: the coverage 

is low and islands of gold nanoparticles are visible. c) Microscope image of the oil/water interface after 

addition of 38 vol% of ethanol to gold sol: the gold nanocrystals form large domains that consist of a 

dense layer of nanocrystals.  
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A fixed ethanol concentration of 50 vol% was chosen for water/chloroform system. From Equations 5 

in Section 4.1.1, when a nanoparticle array is formed at the liquid-liquid interface, the Helmholtz 

energy changed is influenced by the wettability of the particle(θ) and the particles dimension. Since 

CB[n] molecules will be introduced for binding analytes on gold nanoparticles surface, the 

nanoparticle arrays stability with CB[n] is very important before all the SERS sensing is carried out.  

The contact angles (θ) of water/CHCl3/Au systems, measured in water phase are shown in Figure 4.3. 

Au films were immersed in water phase (containing 50 vol% ethanol) and then a tiny drop of pure 

CHCl3 were carefully injected on the Au film by syringe. Three different Au surface coating formats 

were analysed: uncoated, CB[7] coated and citrate coated, as shown in Figure 4.3 a, b and c 

respectively.  CB[7] and citrate were coated on Au film surface by dipping the films in 1M CB[7] solution 

and 1M sodium citrate solution for 24h. The contact angles (θ) were obtained by measuring the angles 

in microscopic bright image photos (5X).  

With the uncoated Au film (Figure 4.3a), the contact angle is significantly more than 90°, which means 

the Au has much higher affinity to oil than to water. According to Figure 4.1d, Au nanoparticles with 

no coatings have very low desorption energy from the interface to bulk phase, and they tend to be 

easy to move into oil phase. For Au film coated with CB[7] (Figure 4.3b), the contact angle is nearly 

equal to 90°, which means the CB[7] coated Au has as much affinity to oil as to water. Au nanoparticles 

coated with CB[7] have highest desorption energy from the water/chloroform interface to bulk 

solution, so they tend to stay at the interface. For Au film coated with citrate (Figure 4.3b), the contact 

angle is slightly less than but very close to 90°, which means the citrate coated Au (partially replace by 

ethanol molecules) has slightly larger affinity to water as to oil. In this case, Au nanoparticles have a 

moderate desorption energy from the water/chloroform interface to bulk solution, so they can form 

arrays at interface though less stable than CB[7] coated Au nanoparticles. Therefore, both CB[7] and 

citrate coated gold nanoparticles can form 2D arrays at water/chloroform interface in terms of contact 

angle and the adding of CB[7] can make the arrays even more stable.  
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Figure 4.3 Bright field images and schematics of contact angles (θ) of water/CHCl3/Au systems, 

measured in water phase for different Au coating formats:  a) uncoated Au by flame annealing; b) CB[7] 

coated Au; c) Citrate coated Au, respectively. 

The second influential factor is the particle dimension and two different systems were compared: Au 

nanoparticles (initially coated with citrate) with and without CB[7] added.  

For system with CB[7] involved, Au nanoparticles solution were firstly mixed with CB[7] solution in a 

Teflon tube. Then ethanol and chloroform were added, and after 10 seconds waiting, a black film was 

formed at the interface and the upper bulk water phase became colourless (Figure 4.4a), which 

indicates that all of the Au nanoparticles transferred to the interface from the water solution in 

seconds. After carefully removing most of the chloroform with syringe, the remained drop of 

chloroform surrounded by AuNPs film at the bottom of water phase was then taken out by a plastic 

pipet and dropped on a clean smooth gold substrate. After 24h, the Au nanoparticles film was dried 

out. The SEM images in Figure 4.4 b and c show that the film was formed by Au nanoparticles clusters 

ranging from nanometer scale (a few single nanoparticles) to sub-micron scale (a large number of 
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nanoparticles). In this case, a cluster as a whole, is the unit transferring from bulk phase to interface, 

so the R in equation 5 is the size of the cluster which ranges from nanometers to sub-micron. 

However, for system without CB[7] involved, ethanol was directly added into Au nanoparticles 

solution before chloroform. The colour of the water phase remained red after shaking, as shown in 

Figure 4.4d, although a fine film was observed at the water/oil interface. It took 12h for all the Au 

nanoparticles to transfer from water phase to interface, making the water phase colourless, indicating 

that the film forming process without CB[7] is significantly slower and has much less driving force than 

the process with CB[7] involved. In SEM images of Figure 4.4e and f, the film was formed by single 

layer of individual Au nanoparticles and shows better uniformity than the large cluster formed film in 

Figure 4.4b and c. In this case, the R in equation 5 is the size of a single nanoparticle 30 nm, which is 

much less than the clusters size, making the Helmholtz energy change less than the clusters system, 

so the film formed by single nanoparticles is less stable than the one formed by large clusters.  

Overall, CB[7] can help to stabilize the interfacial 2D Au nanoparticles arrays in two ways: one is to 

change the contact angle (θ) of water/CHCl3/Au systems to 90°, and another is to enlarge the cluster 

size R by making AuNPs into sub-micron scale aggregates. Addition of CB[7] can help to decrease the 

film formation time from 12h to 10s, making it a much quicker and more convenient process.  

 

Figure 4.4 a) Image of AuNPs+CB[7] arrays at water/chloroform interface. 1 mL water solution of 60 

nm Au nanoparticles coated with citrate were firstly mixed with 50 μL of CB[7] water solution (200 

μM) in a Teflon tube (2 mL). The colour of the solution turned to purple immediately from red. Then 

0.5 mL of pure ethanol and 0.5 mL of chloroform was added. After vigorously shaking and 10 seconds 
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waiting, a black film was formed at the interface and the upper bulk water phase became colourless, 

which indicates that all of the Au nanoparticles transferred to the interface from the water solution in 

seconds. b)&c), SEM images for dried arrays from AuNPs-CB[7] system; d) Image of AuNPs (without 

CB[7]) arrays at water/chloroform interface. Ethanol was directly added into Au nanoparticles solution 

before chloroform. The colour of the water phase remained red after shaking e)&f), SEM images for 

dried arrays of AuNPs (without CB[7]). 

4.2.2 Interfacial substrates for SERS Sensing  

SERS sensing was carried out on different formats of interfacial AuNPs arrays. The AuNPs arrays shown 

in Figure 4.4e&f, even though is very uniformly assembled, are too loose to remain stable under the 

laser, since the array exposed on the detecting spot tends to move apart once the laser is triggered. 

The Raman signal obtained, in this case, is too weak to be observed in-situ or in the water/chloroform 

interface. However, the arrays formed by aggregates clusters, as shown in Figure 4.4b&c, are stable 

enough under the laser shining point and can provide SERS signals of analytes as SERS substrates.  

4.2.2.1 Wet SERS substrates 

Two different methods were used to help make AuNPs aggregates to form stable cluster arrays at 

water/chloroform interface: CB[7] and NaCl. NaCl was used to aggregate Au nanoparticles before 

ethanol and chloroform were added (See Section 7.4 for more details). SERS was measured from the 

top of the Teflon container, with laser focusing on the surface of the film at water/chloroform 

interface through a 5X Nikon lens (See Figure 4.5, see Section 7.5 for experimental details).  
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Figure 4.5 a) Schematic illustration of SERS measurement from the top of the container, with Raman 

detecting spot focusing on the AuNPs arrays at water/chloroform interface. b) Top: a picture of the 

water/chloroform interfacial arrays formed by AuNPs aggregated by CB[7], taken by mobile phone 

from the top of the Teflon container. Bottom: a microscopic bright field image of the arrays taken by 

5X Nikon lens. c) Top: a picture of the water/chloroform interfacial arrays formed by AuNPs 

aggregated by NaCl. Bottom: a microscopic bright field image of the arrays taken by a 5X Nikon lens. 

Dopamine was used as the SERS signal testing molecule for both systems (System for AuNPs 

aggregated by CB[7] see Figure 4.6a, and system for AuNPs aggregated by NaCl see Figure 4.6b) were 

added to the Teflon container after the aggregates film was formed. A concentration series from 0 to 

100 M were carried out. Each concentration SERS data was obtained by taking the average of 3 

measurements. For both systems, the SERS spectra intensity increases with the concentration 

Dopamine characteristic SERS peak at 1640 cm-1 was specially analysed in Figure 4.7. For arrays formed 

by AuNPs aggregated by CB[7], the LOD is around 100 nM while the LOD is 10 nM for NaCl aggregated 

AuNPs system. However, the AuNPs-NaCl system shows larger error bar than the AuNPs-CB[7] system, 

which is because it has less compacted array structure than AuNPs-CB[7] system (as shown in Figure 

4.5 b&c) and the film pieces tend to move around on the interface with the high laser energy, resulting 

in less consistency of the SERS sensing data. Moreover, the data of AuNPs-NaCl system saturated when 

the concentration is above 10M, which means the detecting range is from 10 nM to 10 M. However, 

the data for AuNPs-CB[7] system did not saturate at 10 M, showing a higher upper sensing range.  
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Figure 4.6 SERS spectra of dopamine (concentration from 0 to 100 M) measured on AuNPs arrays at 

water/chloroform interface. a) AuNPs aggregated by CB[7]; b) AuNPs aggregated by NaCl. 
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Figure 4.7 Dopamine characteristic SERS peak 1640 cm-1 increases with the increase of concentration. 

Black: LOD at 100 nM for AuNPs-CB[7] sytem; Red: LOD at 10 nM for AuNPs-NaCl system. 

4.2.2.2 Dried SERS substrates 

Even though the sensing of dopamine shows high sensitivity on wet interfacial AuNPs arrays, the data 

consistency is not perfect due to the arrays’ high mobility on liquids interface while detecting. 

Potentially, dried AuNPs arrays could help solve the problem of mobility. The AuNPs arrays were taken 

onto a smooth gold surface and were dried out for 24 hours. The arrays’ structure and sensing 

property as a SERS substrate were then analysed.  

To compare the structures of AuNPs arrays from the two systems, tilted SEM images of 45° and 75° 

were carried out (See Section 7.6 for experimental details). The film can then be observed from the 

direction of its cross section (Figure 4.8). AuNPs arrays formed by AuNPs-CB[7] system tend to 

assemble as a compacted and uniform multilayer film, while the arrays tend to form a single layer film 

by NaCl aggregated AuNPs. This structure explains why the AuNPs-CB[7] arrays tend to stay in one 

piece in the wet state (Figure 4.5b) since the AuNPs show strong binding affinity to each other by CB[7]. 

However, NaCl does not help in the same way as CB[7], so the arrays tend to form a single layer with 

weaker affinity and stay in separate pieces in wet state (Figure 4.5c). 

cm
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Figure 4.8 45° and 75° Tilted SEM images of AuNPs arrays formed by CB[7] triggered aggregates (left) 

and NaCl triggered aggregates (right). 
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Figure 4.9 a) SERS mapping of dopamine’s 1285 cm-1 peak across a 1200 μm × 200 μm area on dried 

AuNPs-CB[7] arrays for a series of samples (dopamine concentrations of 0 nM, 0.15 nM, 15 nM, 1.5 

μM and 150 mM respectively); b) Averaged 1285 cm-1 peak intensity vs dopamine concentration on 

dried AuNPs-CB[7] arrays. The LOD is between 0.01-1 M. 

The uniformity of dried AuNPs arrays is not good enough to provide the same SERS data at different 

detecting spots. Therefore, taking SERS measurements over a certain array surface area and doing 

data average over this area can be a solution to overcome the poor data consistency at different spots. 

For dried AuNPs-CB[7] arrays, in order to get more accurate and consistent sensing data, SERS 

mapping was carried out for different concentrations of analytes dopamine. A series of dopamine 

samples were prepared (concentration of 0 nM, 0.15 nM, 15 nM, 1.5 μM and 150 mM respectively). 

For each concentration, 1 l of the sample was drop-casted on the dried arrays and after the drop was 
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dried completely, SERS spectra were mapped across 1200 μm × 200 μm areas in 10 μm intervals, with 

0.1 s integration time by a 785 nm laser and a 20X lens NA 0.75. As shown in Figure 4.9a, the SERS 

intensity of dopamine’s 1285 cm−1 peak is extracted for each spatial position to give a map of SERS 

emission, normalized to the incident laser power. It is obvious that as the concentration of the samples 

increase, the overall peak intensity of dopamine increases. By calculating the average SERS intensity 

of 1285 cm-1 for the mapping area, the intensities of 1285 cm-1 vs concentration can be plotted as 

Figure 4.9b, in which we found that the LOD is between 10 nM to 1 M. 

The same protocol was explored with dried AuNPs-NaCl arrays, however the SERS mapping 

measurement was difficult for this system, since a large amount of NaCl crystals among the AuNPs 

arrays significantly influenced the data reproducibility. This SERS mapping method therefore, can only 

be applied to systems without salt.  

4.2.2.3 Microdroplet interfacial substrates 

Microfluidic droplets are an efficient tool to provide a confined space for chemical reactions, including 

the AuNPs-CB[7] aggregating process and the AuNPs assembly process at water/oil interface. Using 

microfluidics, a droplet interface as a template for SERS sensing provides a potential protocol for on-

chip optical sensing.  In this section, a simple microfluidics device was designed to generate interfacial 

AuNPs arrays on a microdroplets interface. As shown in Figure 4.10, AuNPs were firstly mixed with 

CB[7] solution to generate AuNPs aggregates. These aggregates in aqueous phase were then mixed 

with EtOH, before confronting the CHCl3 oil phase. Then aqueous microdroplets were generated in 

continuous flowing oil phase of CHCl3. The reason why EtOH was added after aggregates were formed, 

was that the EtOH could inhibit the aggregating process if it was added before CB[7], as the extinction 

spectra shown in Figure 4.10 b&c. In Figure 4.10b, with the rising aggregates band between 700 to 

800 nm and decreasing mono mode at 530 nm, the extinction spectra trend shows that AuNPs can 

aggregate smoothly with CB[7], without EtOH involved. However, when EtOH was firstly mixed with 

AuNPs, the aggregating process did not happen even CB[7] was added afterwards, as shown in Figure 

4.10c. See experimental details in Section 7.7 and 7.9. 
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Figure 4.10 a) Microfluidic chip designed to generate aqueous droplets containing AuNPs-CB[7] arrays 

on water/chloroform interface. Detecting spot on the outlet channel marked with red dot. Microfluidic 

chip was designed with the help of Dr Ziyi Yu from Abell group and was generated in house. See 

chapter 7 for details.  b) Extinction spectra of AuNPs solution after mixing with CB[7]. c) Extinction 

spectra of AuNPs solution mixed with EtOH, then mixing with CB[6]. 

The droplets were collected in a glass cuvette reservoir. The observing light path was changed by 90° 

in order to observe the droplet horizontally (see Section 7.9 for experimental). The bright field image 

of the droplet is shown in Figure 4.11a, where the AuNPs arrays on the bottom half of the droplet 

interface can be clearly observed via 5X lens. The droplet was not fully covered by the AuNPs arrays 

since the specific surface area is so large that the AuNPs extracted from the water droplet can only 

cover part of the droplet, even though the AuNPs were concentrated by 10 times before injected into 

the microfluidic channel.  

SERS were measured from top of the droplet vertically with 5X lens. The CB[7] characteristic Raman 

peak at 830 cm-1 was mapped over the area of the droplet cross section at different horizontal planes 

(Z0, Z1 and Z2 in Figure 4.11b). From the Figure 4.11 c, d and e, we can see that the bright half ring 
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representing concentrated CB[7] molecules on AuNPs arrays on the droplet interface, become smaller 

when the detecting z plane is from  Z0, Z1 to Z2. At horizon plane Z2, the half ring becomes a bright spot 

since the only the bottom of the droplet was measured. This result shows that the AuNPs arrays can 

assembly at the water/oil microdroplet interface, and be as a SERS substrate for analytes from water 

phase (CB[7] in this experiment) 

 

Figure 4.11 a) The bright field image of the droplet covered with AuNPs arrays at interface, observed 

horizontally. b) Droplet schematic showing SERS mapped horizon planes Z0, Z1 and Z2. c, d, e) The SERS 

mapping of CB[7] Raman peak at 830 cm-1, over the area of the droplet cross section at z = Z0, Z1 and 

Z2 respectively.  



92 
 

 

Figure 4.12 a) Schematic of simultaneous SERS sensing of MV in water phase and MB in chloroform 

phase, by AuNPs arrays at microdroplet interface. b) SERS spectra of MV in water, MB in chloroform, 
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compared with none analytes involved. c) Raman spectra of pure MV solution. d) Raman spectra of 

pure MB solution. 

Further exploration was implemented by dissolving methyl viologen dichloride (MV, 10 M) and 

methylene blue (MB, 1 M) into water and chloroform respectively before the liquids were injected 

into the microfluidic channels (Figure 4.12a). The SERS spectra (Figure 4.12b) detected on the droplet 

interfacial arrays shows that both MV in water phase and MB in oil phase can be clearly identified by 

corresponding to their characteristic Raman peaks (Figure 4.12 c and d). This provides a practical 

protocol for multiphase SERS sensing with microfluidic droplets.   

4.3 Summary 

In this chapter, Au nanoparticle 2D arrays were developed with the CB[n] molecules as well as by NaCl, 

and the arrays are analysed as SERS sensing substrates in different forms. The stability of the interfacial 

arrays was studied in terms of the influences from AuNPs surface wettability and AuNPs/clusters sizes. 

AuNPs covered CB[7] or citrate tend to stay at the water/chloroform interface and show high 

desorption energy. AuNPs clusters assembled by CB[7] are more stable at the interface than un-

aggregated single AuNPs, due to higher Helmholtz energy change. 

Quantitative SERS sensing was carried out on wet and dried AuNPs interfacial arrays, both of which 

showing a LOD down to nM levels. Furthermore, microdroplets interfaces were used as the gold 

nanoparticle array templet for SERS sensing, which provide huge potentials for its applications in 

microfluidic SERS sensing. SERS sensing of analytes from multiple phases were also analysed in this 

chapter to further widen its application scenarios. This method provides a versatile protocol for direct 

SERS sensing of various of analytes. 
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Chapter 5 SERS sensing in droplet-based microfluidics  

5.1 Background and motivation 

5.1.1 SERS in droplet-based microfluidics 

Droplet-based microfluidics has been proved to be a promising platform for performing chemical and 

biological experiments with ultra-small volumes (picoliter to nanoliter) (see section 1.1). The ability to 

analyse the contents in a droplet qualitatively and quantitatively is crucial to broaden the applications 

of droplet-based microfluidic systems. Microfluidic approaches can provide consistent geometries, so 

detection in microchannels can be implemented in a strictly controlled environment, allowing 

repeatable signals be detected.  As one of the optical sensing techniques used on microfluidic chips, 

SERS can be an alternative technique to fluorescence-based detection with its label-free detecting 

ability on the chemical structure of molecules. To implement SERS sensing in droplet-based 

microfluidics can help minimize the required sample volumes, the integration time, and decrease the 

damage to the target analytes, which is especially important for biological analytes. In chapters 2, 3 

and 4, SERS sensing was analysed systematically and quantitatively by AuNPs aggregates in bulk 

aqueous solution and on assembled AuNPs arrays at water/oil interface. With all the understanding 

on the nature of AuNPs aggregates SERS measurements, integrating the AuNPs aggregates substrates 

with droplet-based microfluidics can potentially provide a powerful sensing platform for in-situ 

detection. 

The first application of Raman spectroscopy in droplet-based microfluidics system was reported by 

Cristobal.165 Two non-fluorescent compounds mixed within one droplet were detected at different 

points along the microfluidics channel, by using the high resolution Raman spectroscopy (Figure 5.1a). 

For other examples, chemical reaction processes166 as well as UV-induced polymerization167 were 

monitored in droplet microfluidics by Raman spectroscopy. Chemical synthesis was reported with 

SERS sensing with droplet-based microfluidics.168 Silver nanoparticles (AgNPs) were used as the SERS 

substrates in nanolitre droplets to monitor the reactants injected by a co-focusing structure. SERS 

measurements were carried out at different positions along the channel, which represented different 

chemical reaction time scales. In this way, the time-resolved changes of characteristic Raman peak 

intensities can be obtained in each droplet. Hantzsch synthesis of 2-aminothiazoles were monitored 

within the droplets, and chemical reaction conditions were optimised. Similarity, Fenton degradation 

process of dyes was analysed by online SERS in droplets.169 The sedimentation of iron ions was reduced 

efficiently in droplet system, compared to bulk solution system. The aggregation and sedimentation 

of the SERS substrate was also reduced, so that a stable reaction environment was provided within 
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droplets. The droplet-based microfluidic technique has also been proved to help improve the 

repeatability of SERS signals by eliminating the “memory effect”, which is crucial for the development 

of most optical sensing technologies with microfluidic channels.170  

 

Figure 5.1 a) Two fluids co-flow and form droplets at a flow focusing junction, then detected by Raman 

spectroscopy. 165 b) Schematic representation of a platform for microfluidic sorting of encapsulated 

protoplasts.171 

Microfluidic approaches can provide consistent geometries, so SERS detection in microchannels can 

be implemented in a strictly controlled environment, allowing repeatable signals be detected.  The 

SERS measurement in droplet-based microfluidics can help minimize the required sample volumes, 

the integration time, and decrease the damage to the target analytes, which is especially important 

for biological analytes. In addition, the microfluidic-SERS systems can help to combine many fluids 

manipulation processes, such as sample preparation, target separation and in situ detection into one 

experiment, which can help to significantly improve the sensing platforms’ effectiveness. Generally, 

microfluidic devices are made from glass, PDMS (polydimethylsiloxane) and other polymers, among 

which PDMS is the most widely used material. However, one problem with PDMS is that this is a 

Raman active material which may interfere with the SERS signal obtained from analytes in the 

channels. In order to solve this problem, confocal microscopy is usually applied as only a small volume 
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of sample is detected and the Raman signals of PDMS material can be effectively removed using this 

method. 

In this chapter, the same method as described in chapters 2, 3 and 4 was used to generate the AuNPs 

aggregates using CB[n] in microdroplets as SERS substrates, which could be used for chemical sensing 

in a high throughput way. CB[n] molecules have advantageous properties such as defining the gap size 

as 0.91 nm and binding small molecules inside CB[n] molecules so that the analytes can sit exactly 

inside the hotspots of the substrates. The aggregating process will be analysed systematically by dark 

field and bright field microscopy. As the results of chapter 2&3 and 4, CB[n] molecules are helpful for 

controllable assembly of AuNPs so that quantitative sensing is possible within microdroplets. Methyl 

viologen (MV), a typical Raman active molecule, which can strongly bind to CB[7] and CB[8] will be 

applied as a test analyte for the microdroplets SERS sensing system. The MV SERS scanning in flowing 

droplets will also be discussed. Additionally, to understand the aggregates behaviour in droplets, the 

position of aggregates in microdroplets will be analysed based on the bright-field images, videos and 

SERS spectroscopy. 

5.1.2 Droplet-based microfluidics high-throughput sorting  

Recently, droplet-based microfluidics has gained increasing popularity as a platform for high-

throughput culture, manipulation, sorting, and analysis of up to millions of individual cells under 

diverse conditions.172–176 This approach is based on nanolitre-volume aqueous microdroplets which 

spatially separate individual cells from one another during processing. Different properties have been 

used for the quantitative analysis of chemicals inside droplets to trigger the dielectrophoretic force, 

for example, fluorescence spectroscopy which is successfully commercialised. Typically, as shown in 

Figure 5.1b, on-chip sorting of droplets containing protoplasts from wild type cells were implemented 

using dielectrophoresis force.171  An optical detection setup integrated into the microfluidic channel 

was used for high-throughput quantification of fluorescence emitted by individual encapsulated 

protoplasts. As the microdroplets passed through the objective field of view, they were illuminated by 

a laser. The emitted fluorescence signal was collected and simultaneously, a pulse generator 

connected to a high-voltage power supply was triggered. The triggered electrode pulse could deform 

the fluorescent positive microdroplets and target them to a small ‘positive’ channel for collection. If 

the microdroplet was empty or contained protoplast lacking detectable fluorescent signals, the 

detector then sent no signal and the microdroplet passed through the larger ‘negative’ channel. The 

droplet-based microfluidic system integrated with electrodes in this way can rapidly measure and 

automated sort the individual encapsulated protoplasts based on their fluorescence intensity. To date, 

droplet-based microfluidics has primarily been applied to bacteria,177–180 unicellular eukaryotes,181,182 
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and non-adhesive mammalian cells.183,184 Other sensing techniques, such as absorption spectroscopy, 

Raman spectroscopy, and droplet morphology are actively under development for droplets screening. 

185 

The aim of this project is to address some fundamental problems related to developing a 

microdroplets-SERS sensing system, which can potentially be built as an effective microdroplets high-

throughput sorting system in the future. The prospect of utilizing this platform for characterization 

and screening of individual microdroplets is highly attractive. For example, microalgae are a potential 

source of sustainable biofuels because they have the ability to produce high value products, such as 

β-carotene, omega-3 oils and ethanol.  In order to optimise the microalgae aquaculture, it is crucial to 

screen the most productive cell species and microdroplet based screening platform could be an 

efficient technique to achieve this. 

There are several basic problems to solve in this project, for example, fundamental aspects of gold 

nanoparticle aggregation in microfluidics, SERS in microdroplets at one droplet scale and SERS 

scanning of flowing droplets. In this chapter, these fundamental problems are analysed systematically 

and thus we build a foundation for further research on microdroplets-SERS sensing sorting system.  

5.2 AuNPs aggregates formation in microdroplets 

AuNPs-CB[n] aggregates are important SERS substrates both in microdroplets and in microgels. Before 

examining the SERS sensing property of microdroplets and microgels, it is important to understand 

the SERS substrates assembly process and potential issues that may affect SERS sensing behaviour, 

such as refractive index matching between the water and oil phases.  

Dark-field scattering (See Section 7.1.3) has been used to spectroscopically characterise the AuNPs 

self-assembly process with CB[5] both in bulk solution and in a microfluidic channel. Figure 5.2a shows 

that the formation of aggregations in bulk solution being tracked by dark-field spectra. In the 

experiment, CB[5]: AuNP concentration ratio was 20 × 10−9 μM mL , which means the assembly 

process was diffusion-limited (refer to Figure 2.1), with assembly time of 7 seconds. The ‘monomer’ 

mode at around 530 nm was observed, corresponding to the single nanoparticles or transverse mode 

of aggregates chains. ‘Dimer’ and ‘aggregate’ modes were observed upon adding CB[5] . The dominant 

spectra trend shows noticeable red shifts, which means long chains of AuNPs aggregates were formed 

with longer time. With the comparison of experimental data to simulated data (solid black dots, 

showing the wavelength of the scattering spectra versus the number of nanoparticles per chain on 

the right-hand axis, data supplied by Dr Andrew Salmon of Cavendish Lab NP group/ Abell research 

group), it indicates that several AuNPs form the active chains.  
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Based on the analysis of AuNPs assembly in bulk solution, the same process was examined in 

microfluidic droplets. Figure 5.2c shows the microfluidic device used in this research and the bright 

field image of the flowing droplets. The continuous oil phase is FC40 with surfactant Pico-Surf2. Due 

to the different reflective index of water (n = 1.333) and FC40 (n = 1.290), there is a strong reflection 

on curved water-oil interfaces under the light illumination. This reflection is a strong interference 

factor, compared to the relative weak dark-field spectroscopy from nano aggregations. Therefore, it 

is necessary to match the reflective index of oil phase to that of water phase. According to previous 

work in the group,128 the refractive index of FC40 is matched by adding 33.2 v/v% 1,3-bis 

(trifluorometryl)-5-bromobenzene (n=1.427, Sigma-Aldrich). Figure 5.2b left and right show the 

microdroplets in reservoir in reflective index unmatched and matched oil respectively. The boundary 

of water and oil phases can be clearly seen when the oil is not refractive index-matched, while in the 

refractive index-matched oil, the boundary can be hardly seen. 

The dark field spectra of droplets at different channel positions are shown in Figure 5.2d. When AuNPs 

and CB[5] was just mixed at the ‘Y junction’, only The ‘monomer’ mode was observed, which means 

the AuNPs have not been aggregated. After the droplets generated and flowed by position 1-4, the 

longer wavelength mode dominated the spectra, despite the fact that the ‘monomer’ mode still 

existed. The spectra measured from position 2, 3 and 4 were fairly the same, showing that there was 

no noticeable change on aggregates after position 2. The aggregation process finished before position 

2 (distance from mixing point is approximately 250 μm), which took 2 ms flowing time from the mixing 

point. The time for aggregation process in microdroplets is much shorter (2 ms) than that in bulk 

solution (7 s), since the mass transfer is vastly accelerated within the flowing microdroplets due to the 

inner circular chaotic advection.  

The AuNPs in microdroplets collected in the reservoir after the outlet channel are shown in Figure 

5.2e and Figure 5.2f. Nothing can be observed in droplets when there is no CB[5] added (Figure 5.2e), 

however AuNPs aggregates (bright dots) can be clearly observed with CB[5] involved under the dark 

field microscope(Figure 5.2f). A possible sketch of aggregates with several AuNPs attached by CB[5] 

molecules is shown in Figure 5.2g.  
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Figure 5.2 a) Dark field scattering spectra of AuNPs aggregating in bulk solution (left axis) and 

simulated wavelength of the scattering spectra versus the number of nanoparticles per chain (right 

axis, data supplied by Dr Andrew Salmon of Cavendish Lab NP group). 1 mL of 60 nm AuNPs from BBI 

was mixed with 100 μl of 1 mM CB[5], and scattering spectra were obtained with 1000 ms internal 

time and 3 ms integration time.  b) Microdroplets in reflective index unmatched (left) and matched 

(right) oil FC40 (with 5 wt% Pico-Surf2, Dolomite). c) Microfluidic chip device (left) and bright-field 

image of flowing droplets in microfluidic device just after generated (right). The device was made by 

PDMS bonding to a glass base, with the main channel width of 20 μm and height 20 μm. There are 
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three flow inlets (AuNPs suspension, CB[n] solution and oil phase, respectively) and one flow outlet. 

The AuNPs are 60 nm purchased from BBI and the concentration of CB[5] is 10 mM, with the same 

flow rates of 100 μl/h. The flow rate of continuous oil phase is 250 μl/h. d) Darkfield scattering spectra 

of AuNPs aggregations in microfluidic droplets, measured at the microfluidic device positions 1, 2, 3, 

4 as well as the ‘Y junction’ where AuNPs and CB[5] were mixed. e)&f) AuNPs in microdroplets 

collected in the reservoir after the outlet channel. e) No aggregates in droplets when there is no CB[5] 

added in droplets. f) AuNPs aggregates can be clearly observed under dark field microscope. g) A 

possible sketch of aggregates with several AuNPs attached by CB[5] molecules.  

5.3 SERS in microfluidics 

5.3.1 SERS in flowing droplets  

As stated in previous, by putting target analytes inside CB[n] molecules, SERS can be detected by this 

aggregates-CB[n]-analytes complex. Before moving forward to the microfluidic SERS sensing for 

analytes that are of interest, some fundamental problems of microfluidic SERS sensing need to be 

solved first. These studies can be facilitated by using strong Raman-active analytes such as methyl 

viologen (MV).  MV SERS detection in bulk solution, in microdroplets, and positioning aggregates in 

microdroplets will be discussed in this chapter.  
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Figure 5.3 a) Raman/SERS spectra of CB[7] and MV in different conditions. CB[7] and MV solution are 

both 1 mM in water. b) SERS spectra of different MV concentrations detected by colloidal AuNPs-CB[7] 

aggregates. MV solution (25 μl) mixed with CB[7] solution (1 mM, 25 μl), then 250 μl of AuNPs (60 nm) 

were added. 

Raman, as well as SERS spectra of CB[7] and MV in different conditions, are shown in Figure 5.3a. From 

SERS signals of MV on a gold mirror (blue), the strong peaks of 843, 1202, 130, 1658 cm-1 and weak 

peaks of 1291, 1556 cm-1 can be clearly observed. These peaks can also be obtained in the mixture 

solution of AuNPs and MV (red), although they are all blue shifted (842.9 to 839.6 cm-1, 1202 to 1190 

cm-1, 1302 to 1293 cm-1, 1556 to 1539 cm-1 and 1658 to 1643 cm-1, respectively). The assignments of 

some of the above MV SERS peaks to chemical bonds are shown in Table 5.1. These blue-shifted peaks 

are also shown in the spectra of AuNPs-CB[7]-MV system, where CB[7] SERS signals (751, 831, and 

1191 cm-1) can simultaneously be observed by correlating with the AuNPs-CB[7] SERS spectra (light 

green). Among these 3 peaks of CB[7], 751 cm-1 is from CB[7] molecules, while 831 cm-1 slightly 

overlaps with MV’s blue shifted 840 cm-1 peak and 1191 cm-1 overlaps with MV’s blue shifted 1190 

cm-1. For the system of pure MV or MV-CB[7] mixture, no SERS signal can be observed as no gold 

substrates are involved.  

 

MV on AuNPs-CB[7] 

SERS Peaks (cm-1) 

Assignment 

1190 s (N-CH3) 

1293 δ (H-C-C) 

1302 s (C-C) 

1534 s (C-N) on ring 

1643 s (C-C) on ring 

Table 5.1 Assignments of the MV Raman peaks to chemical bonds 

The Figure 5.3b shows SERS spectra of different concentrations of MV dissolved in 1 mM CB[7] solvent. 

Theses spectra are all measured in bulk solution without any microfluidic device. When the 

concentration is higher than 0.025 mM, all the five characteristic MV peaks can be clearly observed, 
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while with lower concentrations, peak 1293 cm-1, 1535 cm-1 and 1643 cm-1 are weak. Therefore, the 

concentrations below 0.025 mM are not suitable for analysis of microfluidic SERS due to low signal 

intensities.  A concentration of 0.25 mM was chosen to do the following microfluidic SERS analysis. 

 

 

Figure 5.4 a) Microfluidic device for observing SERS. The channel width along Y axis is 55 μm, and the 

channel height along z axis (perpendicular to x-y plane) is 50 μm. The CB[7] concentration is 1 mM 

with 0.25 mM MV dissolved in it. b) The laser source through a lens in bright field image; c) the SERS 

detecting point of the system is in the shape of a column; d) scheme of droplets flowing in the 

channel; e) methyl viologen SERS in flowing microdroplets. 

To observe the SERS signals from flowing droplets inside microfluidic chips, two different 

morphologies of microfluidic chips were used: one for droplet generation (Figure 5.2c, the flow rates 

for oil phase, AuNPs solvent and CB[7]@MV are 40 μL/h, 20 μL/h and 20 μL/h respectively) and 

another for observing the SERS signal (Figure 5.4a). The reason that different chips were used for 

generation and observing is that, the droplets size is highly correlated to droplets generation 

frequency, which means that the SERS detection frequency could hardly be tuned if the droplet size is 

fixed. In order to manipulate the detection speed and evaluate the factors affecting the detection of 

results, the flowing frequency should be tuneable while the size of the droplets is fixed. Therefore, a 

separated microfluidic device needs to be introduced for SERS detection. By analysing high-speed 
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video of the droplet generation, the generation frequency can be measured at approximately 1000 

per second.  

The droplets containing AuNPs aggregates then were collected into a 1ml plastic injection syringe, 

with small amount of oil phase prepared beforehand to prevent droplet deformation or coalescence 

during the collection process. These collected droplets in an oil mixture then were re-injected into the 

observation device as the dispersed flow, along with the same oil phase injected as the continuous 

flow to adjust the frequency of the droplet in the outlet channel where SERS signals were detected.  

The detecting point of the system is in the shape of a column, as shown in Figure 5.4c, with the column 

base in x-y plane and height h along z axis. The diameter of the column base is defined as d, which can 

be calculated by equation 𝑑 =
1.22𝜆

𝑁𝐴
,186 where 𝜆   is the excitation laser wavelength and NA is the 

numerical aperture of the optical lens. The height h can be estimated approximately by ℎ =
π𝑑2

2𝜆
. The 

SERS droplets detection process was observed with Raman microscope using an Olympus long-

distance 50X objective with NA = 0.5, and 785 nm excitation laser. Therefore, the detection spot has 

a diameter d = 2 μm in x-y plane and h = 8 μm, which are all shorter than the channel dimensions, 

allowing the detection spot be fully embedded inside the channel. Figure 5.4b shows the laser source 

through a lens in bright field image, which is in a shape of a sheet rather than a spot. The sheet length 

in y-axis is around 35 μm and the width along x-axis is about 4 μm in the sheet centre. The sheet 

volume can also fully cover the detecting volume inside droplets.  

Microdroplets containing Au aggregates with and without analyte MV were generated, collected and 

then injected into the detection device. One typical droplet size is 20 μm, whose flowing scheme in 

the channel is shown in Figure 5.4d. The SERS spectra of droplets with and without MV in flowing 

microdroplets in the detection device is shown in Figure 5.4e. The sample containing MV shows extra 

peaks at positions 840 cm-1, 1293 cm-1, 1535 cm-1 and 1643 cm-1 with a peak 1190 cm-1 overlapping 

with that of CB[7]. High concentration of AuNPs (𝐶 = 2.6 × 1012/𝑚𝐿) is crucial in this experiment 

since in microfluidic channels, low concentrations of AuNPs (𝐶 = 2.6 × 1011/𝑚𝐿) do not provide 

strong enough MV SERS signals that can compete with the complicated background signals from oil 

phase and PDMS.  

5.3.2 Aggregates position in microdroplets 

When carrying out SERS analysis in moving microdroplets, it is important to find the proper confocal 

plane of the droplets, where the AuNPs aggregates have the highest possibility to be located.  
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Aggregates from two different AuNPs concentrations were analysed. Figure 5.5a and b show images 

of flowing microdroplets in a microfluidic channel and reservoir respectively, with a high concentration 

of 60 nm AuNPs (𝐶 = 2.6 × 1011/𝑚𝐿). While flowing in the microfluidic channel, aggregates can 

hardly be observed with bright field microscopy because the aggregates are at a very early stage of 

the assembly so the size is too small. However, by the time the droplets were collected in the reservoir, 

the aggregates were always large in size, and can be observed under bright field microscopy (Figure 

5.5b). With low concentration of AuNPs (𝐶 = 2.6 × 1010/𝑚𝐿), even after a long assembly time of 10 

min, only small aggregates could be observed under dark field microscopy. In the video of droplets 

under darkfield microscopy, it was found that the aggregates move following a track of a circle in one 

half of the droplet, as illustrated in Figure 5.5d. In the microfluidic channels, the droplets inner flow is 

similar to those in the reservoir, and the AuNPs aggregates follow the half circulating movement in 

the droplets when they are in channels. 

 

Figure 5.5 a-c) Images of microdroplets in microfluidic channels and reservoir. a) Microdroplets 

flowing in a microfluidic channel. Aggregates of AuNPs can be hardly observed with bright field 

microscopy because the aggregates are at a very early assembling stage and the aggregates size is too 

small to be observed. b) Droplets collected in the reservoir after 10 min since the AuNPs were mixed 

with CB[7]. The AuNPs aggregates were large enough (up to a few μm in dimension) to be observed 

under bright field microscopy. The inlet AuNPs concentration used was 𝐶 = 2.6 × 1011/𝑚𝐿. c) With 



105 
 

a lower concentration (𝐶 = 2.6 × 1010/𝑚𝐿)of AuNPs, after the same assembly time 10 min, only 

small aggregates can could be observed under dark field microscopy. d) Sketch illustrating that the 

AuNPs aggregates follow a half circulating movement in the droplets in the x-y plane.  

There is a question as to what is the position of aggregates along the z axis. After the microdroplets 

are resident in the reservoir for 1 hour, they stop moving and so do the aggregates (Figure 5.6a and 

b). By examination of the z axis SERS scanning at the point of the large aggregates (Figure 5.6c), MV 

was dissolved in CB[7] to be a SERS marker on the AuNPs aggregates in droplets. SERS spectra of MV 

along z axis were shown in Figure 5.6 e-f). The z = 0 position was found and set when the edges of all 

the microdroplets can be clearly seen in refractive index unmatched oil. Figure 5.6e-f shows that the 

spectral intensity increases as z increases when z is below 12 μm, but decreases as z decreases when 

z is above 12 μm. The position z = 12 μm shows the strongest SERS signal of MV, which means the 

AuNPs aggregates stay on the plane which is 12 μm under the sphere centre.  Also, after plotting the 

SERS intensity of 1643.1 cm-1 (one of MV SERS peaks) versus z axis, position of the AuNPs aggregates 

can be clearly found at z = 12 μm. When z is over 10 μm, the signal intensity increases sharply as z 

increases, until z reaches 12 μm, but drops sharply when z is over 12 μm until z reaches 14 μm. 

Therefore, confocal planes at z = 10 μm to z = 14 μm are all good for detection by SERS, among which 

z = 12 μm is the best position.  

In stationary microdroplets (d = 50 μm), the aggregates are observed moving in half circles on the 

confocal plane which is 12 μm below sphere centre. This conclusion was drawn from stationary 

microdroplets, however, in moving droplets, this detection plane might change due to the complex 

influences on aggregates from inner circulating flowing, gravity force and interfacial tension.  
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Figure 5.6 a-b) Images of stationary microdroplets under dark microscopy after the microdroplets 

were resident in the reservoir for 1 hour (20X and 50X magnification respectively). c) Sketch of z axis 

SERS scanning from z = 0 μm, which is the confocal plane of sphere centre. The scanning step was 1 

μm. The yellow dot represents AuNPs aggregates in a stationary microdroplet. d) MV peak 1643.1 cm-

1 SERS intensity versus z axis. 0.5 mM of MV was initially dissolved in 1 mM CB[7] solution to be a SERS 

spectra marker on the AuNPs aggregates in the droplets. e-f) Full MV SERS spectra results from z = 0 

to 12 μm and 12 to 20 μm respectively. 

Raman	Shifts	(cm ) Raman	Shifts	(cm )
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5.3.3 SERS scanning of flowing microdroplets 

SERS scanning of flowing microdroplets is a fundamental technique for high throughput droplet 

sorting based on SERS spectra in microfluidic channel. 0.5 mM MV was dissolved in 1 mM CB[7] as a 

SERS marker to be examined by SERS scanning in flowing microdroplets. 

The Renishaw Raman Spectrometer has a minimum integration time 0.01s, and the minimum gap 

between every two scans is 0.02s. Consequently, to find the matched integration times for certain 

flowing rates is important. Here, different integration times were tested for stable slowly flowing 

droplets. A typical SERS scanning raw data is shown in Figure 5.7a, which shows 200 continuous SERS 

scans with an integration time of 0.01s, time intervals as 0.02s. In Figure 5.7a, the distinguishable 

peaks of MV, CB and oil phase can be easily observed with those spectra which have significantly high 

intensity.  However, Figure 5.7a is not easy to analyse since a huge number of scans are put into one 

figure. The 200 SERS mapping along scans is shown in Figure 5.7b, which can be an alternative way to 

analyse the raw data. The colour bar represents the intensity on the certain Raman shifts, where the 

distinguishable peaks of MV, CB and oil phase can be easily observed. The droplets containing MV can 

be detected and distinguished in flowing assays. 

Furthermore, since the background intensity is so high that it may cover some information in the 

scanning map, the background is subtracted by the smoothing curve of each spectrum. As shown in 

Figure 5.7c, the above spectrum is raw data, and the bottom one is the spectrum after background 

subtraction. Figure 5.7d shows the SERS intensity at peak 1646 cm-1 (MV) along with scans before and 

after background subtraction. The figure on the right shows a clearer signal intensity change along 

with continuous scans. Some of the scans show significantly high intensity which means that enough 

SERS aggregates and analytes are passing through the detecting spot during one measurement. Others 

showing little intensity are because no droplets are passing by during one measurement and only oil 

is detected. Those with medium intensity can be the measurements of combining oil and a small 

amount of SERS substrates which pass through the detecting spot.  

Therefore, ideally, the signal of MV (eg 1646 cm-1) and oil (eg 756 cm-1) should show an inverse 

relationship. By using the same approach to obtain the intensity changes of oil peak at 756 cm-1, and 

combining the result with that of MV peak 1646 cm-1, Figure 5.8 a-d represent the results of integration 

time 0.01s, 0.05s, 0.1s and 1s, respectively. The intensity of 1646 cm-1 vs intensity of 756 cm-1 was also 

plotted as shown in Figure 5.8 e-h, representing integration time of 0.01s, 0.05s, 0.1s and 1s 

respectively.  By comparing the data of these four integration times, we can see that the inverse 

relationship between these two peak intensities gets less and less clear with the increase of 

integration time. Specifically, when the integration time is 0.01s or 0.05s, most data sit in the region 
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near the diagonal, close to the high intensity region of 756 cm-1. This is mostly because the droplets 

space is quite large compared to the droplet diameter, and when the integration time is short, oil 

phase is more likely to be exposed in the detecting spot during measurements and water droplets are 

less likely to be detected even though they can potentially show higher intensity once detected. While 

for the case with long integration time such as 1 second, the volume of oil passing by the detecting 

spot is roughly the same for each scan. Therefore, the oil SERS intensity does not change significantly.  

However, the intensity of MV still varies even though there are similar amounts of droplets passing 

through the detecting spot. This is because the AuNPs aggregates keep moving around inside the 

droplets while flowing, so the amount of aggregates passing by the detecting point is random. To 

address the problem, generating even smaller droplets could be an effective approach. Once the 

droplets containing aggregates are small enough (d < 2 μm), the detection spot can cover the whole 

droplets (along all x, y and z axis) and all the AuNPs aggregates inside droplets can be assured to be 

detected. Once this issue is solved, the absolutely quantitative SERS sensing within flowing 

microdroplets could be achieved so that SERS based microdroplets sorting system can be built and 

applied to further cell screening. 
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Figure 5.7 a) A typical SERS scanning of 200 continuous flowing droplets measured with an integration 

time of 0.01s, time intervals as 0.02s. 0.5 mM of MV was initially dissolved in 1 mM CB[7] solution to 

be a SERS spectra marker on the AuNPs aggregates in the droplets. Droplets generating frequency is 

about 25/s; b) SERS mapping along scans. The colour bar represents the intensity on the certain Raman 

shifts, where the distinguishable peaks of MV, CB and oil phase can be easily observed; c) Each SERS 

spectrum before and after background subtracted; d) MV SERS intensity at peak 1646 cm-1 of each 

spectrum along scans before and after background subtraction. 

 

Figure 5.8 a-d) Intensity changes of oil peak at 756 cm-1 (red) and MV peak at 1646 cm-1 (blue), 

integration time is 0.01s, 0.05s, 0.1s and 1s respectively; e-h) intensity of 1646 cm-1 vs intensity of 

756 cm-1, integration time is 0.01s, 0.05s, 0.1s and 1s respectively. 
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5.4 Summary and outlook 

In this chapter, a number of fundamental problems related to droplet-based microfluidic SERS sensing 

were analysed. AuNPs aggregated by CB[n] were generated in microdroplets as SERS substrates, which 

could be used for chemical sensing in a high throughput way. The AuNPs aggregating process has been 

analysed systematically by dark field and bright field microscopy. SERS in microdroplets has been 

further explored. Methyl viologen, as a SERS marker, was tested in flowing microdroplets when the 

AuNPs are in high concentration. The position of aggregates in microdroplets has been explored based 

on the images, videos and spectra. In stationary microdroplets (d = 50 μm), the aggregates were shown 

to be moving in a half circulating movement on the confocal plane which is 12 μm below droplet 

sphere centre. The positioning of aggregates can help when detecting SERS signals from aggregates, 

helping to get the strongest spectrum of analytes. Then the inverse relationship between signal of MV 

and oil was observed by SERS scanning online in flowing droplets, when the integration time is as short 

as 0.01 to 0.05s.  

These results can potentially be helpful for building an effective microdroplets high-throughput SERS 

sorting system in the future. For example, microalgae, which have ability to produce high value 

products such as ethanol, could be an application of this system. In order to optimise the microalgae 

aquaculture, it is crucial to screen the most productive cell species effectively and microdroplet based 

SERS screening platform could be an efficient label free sensing technique to achieve this. Using the 

similar protocol as neurotransmitters in Chapter 2&3, ethanol was systematically analysed in bulk 

solution by SERS using CB[6] as the host-guest molecule. The results show that with AuNPs-CB[6]-

ethanol system, the ethanol detection limit can get down to 0.001 vol% in water solution. See Section 

6.2.2 for details of SERS detection on trace ethanol in water solution. However, these explorations 

were implemented in bulk ethanol solution rather than in the microfluidic channel. There are still 

many challenges in order to detect trace ethanol in flowing microfluidic droplets quantitatively and 

even more challenges in order to detect the ethanol produced by microalgae cells encapsulated by 

flowing droplets. Apart from the challenges brought by the unmatched SERS integration time and the 

droplet flowing time, the challenges from the background noises, the system complexity and the SERS 

signal reproducibility all can provide interesting and meaningful research topics to future researchers.  
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Chapter 6 Summary and Outlook 

6.1 Summary 

Dopamine is one of the important catecholamine neurotransmitters, however its concentration in 

body fluid system is only 0.01-1 μM138, and there are many kinds of interfering substances for example 

amino acids, nucleic acids, glucose, therefore it is difficult to distinguish dopamine from other 

molecules in body fluids by conventional detection methods. Raman spectroscopy can identify 

corresponding molecules based on the characteristic peaks of substances, so is a useful method to 

detect dopamine or other neurotransmitters.  

In chapter 2, a simple and efficient ‘mix-and-measure’ method was used to form a liquid sensing 

platform by Raman/SERS. The basic research of dopamine Raman/SERS sensing in water solution was 

covered. Firstly, dopamine Raman spectra at different pH environments is discussed. Density 

functional theory (DFT) calculations were carried out to help understand the dopamine molecules’ 

chemical bonds resonance modes. A Dopamine concentration series for Raman spectroscopy were 

carried out to determine the detection of limit of dopamine in pure water which was measured to be 

in the range of 250 mM.  

Further, in order to decrease LOD of dopamine, the Raman signal was enhanced by surface enhance 

Raman spectroscopy (SERS). Gold nanoparticles were used as the SERS substrates for dopamine 

detection. The AuNPs assembly process, dopamine-AuNPs binding methods by either CB[n] molecules 

or Fe(III) ions and weak binding directly by dopamine molecule to Au surface was discussed. Time-

resolved extinction spectroscopy was also applied to track the AuNPs aggregates formation process.  

CB[n]-induced and NaCl-induced AuNPs aggregation processes both show three extinction spectra 

features (‘monomer’ mode, ‘dimer’ mode, ‘aggregate’ mode) which indicate that the plasmonic 

modes of complex aggregates are governed by these three chain subunits. Dopamine LOD was 1 μM 

for NaCl-induced AuNPs aggregates SERS, and was 0.1 to 1 μM for CB[n]-induced AuNPs aggregations 

SERS, which reaches the level of physiological dopamine concentration in urine. 

Iron (III) was also introduced as a binding agency for dopamine and AuNPs. Two distinct protocols 

(‘PreNP’ and ‘PostNP’) are compared, which differ in the steps for forming SERS sensing complexes, 

affecting both the LOD and the DA SERS intensities. Characterising complexation of Fe(III) and 

dopamine (DA) in different pH suggests that Fe(III)DA2 dominates in PostNP detection, whilst in PreNP 

it is the monomeric Fe(III)DA that is seen. When the pH in solution is extremely acidic (basic), 

protonation (deprotonation) of the hydroxyl bonds of DA becomes competitive to their binding to 

Fe(III), leading to a decrease (increase) in SERS. Consequently, the dopamine limits of detection 1 to 
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10 nM by dopamine-Fe(III)-AuNPs complex SERS, which enables to perform fast detection of 

multiplexed neurotransmitters (NTs) at physiological concentrations.  

In chapter 3, other neurotransmitters including EPI, NEPI, DOPA and SERO are tested by SERS using 

the same complexes scheme of AuNPs-Citrate-Fe(III)-NTs. DA, EPI, and NEPI can all reach LOD at 1 nM, 

which is below the range of physiological concentration. DOPA and SERO however, show lower 

detecting sensitivity and the LOD is 100 nM. 

In chapter 4, Au nanoparticle 2D arrays were developed with the CB[n] molecules and by using NaCl, 

and the arrays are analysed as SERS sensing substrates in different forms. The stability of the interfacial 

arrays was studied in terms of the influences from AuNPs surface wettability and AuNPs/clusters sizes. 

AuNPs covered CB[7] or citrate tend to stay at the water/chloroform interface and show high 

desorption energy. AuNPs clusters assembled by CB[7] are more stable at the interface than un-

aggregated single AuNPs, due to higher Helmholtz energy change. Quantitative SERS sensing was 

carried out on wet and dried AuNPs interfacial arrays, both of which showing a LOD down to nM scale. 

Furthermore, microdroplet interfaces were used as the gold nanoparticle array templet for SERS 

sensing, which provide huge potential for its applications in microfluidic SERS sensing. SERS sensing of 

analytes from multiple phases were also analysed in this chapter to further widen its application 

scenarios. This method provides a versatile protocol for direct SERS sensing of various of analytes. 

In chapter 5, a number of fundamental problems related to droplet-based microfluidic SERS sensing 

were discussed. AuNPs aggregated by CB[n] were generated in microdroplets as SERS substrates, 

which could be used for chemical sensing in a high throughput way. The AuNPs aggregating process 

has been analysed systematically by dark field and bright field microscopy. SERS in microdroplets has 

been further explored. Methyl viologen, as a SERS marker, was tested in flowing microdroplets when 

the AuNPs are in high concentration. The position of aggregates in microdroplets has been explored 

based on the images, videos and spectra. In flowing microdroplets (d = 50 μm), the aggregates were 

shown to be moving in a half circulating movement on the confocal plane which is 12 μm below 

droplet sphere centre. The positioning of aggregates can help when detecting SERS signals from 

aggregates, helping to get the strongest spectrum of analytes. Then the inverse relationship between 

signal of MV and oil was observed by SERS scanning online in flowing droplets, when the integration 

time is as short as 0.01 to 0.05s.  
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6.2 Future work 

6.2.1 NT SERS sensing in body fluids 

In chapter 2&3, the dopamine SERS sensing LOD is lower than 1 M and other NTs are around 1 M. 

However, these NTs were all analysed in pure water solution which makes the detecting environments 

much less complicated than real human body fluids. To further explore this sensing method for body 

fluids, artificial urine and artificial cerebrospinal fluid (ACSF) were introduced for dopamine SERS 

sensing with CB[7]. The results in Figure 6.1 and 6.2 show that the DA LOD could reach 1 M in artificial 

urine and 0.1 M in ACSF by PCA analysis. However, the nature of DA SERS sensing within these 

complicated environments is not clearly understood. Future work could focus on the understanding 

of interactions among the main contents in urine or ACSF while SERS sensing with AuNPs aggregates. 

Improving the LOD for different NTs in body fluids could be a further research aim on the basis of 

above fundamental principles. 

 

Figure 6.1 a) SERS spectra of DA in artificial urine. 294 L of 60 nm AuNPs was firstly mixed with 6 L 

of 1 mM CB[7] solution in plate well holder. 15 L of DA sample dissolved in 15 L artificial urine in 

different concentrations were then added to the AuNPs-CB[7] mixture. SERS were measured with 1 s 

integration time with 798 nm trigger laser under 5X lens. b) PC1 scores vs DA concentrations in urine 

after PCA analysis. 
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Figure 6.2 a) SERS spectra of DA in ACSF. 294 L of 60 nm AuNPs was firstly mixed with 6 L of 1 mM 

CB[7] solution in plate well holder. 15 L DA sample dissolved in 15 L ACSF in different concentrations 

were then added to the AuNPs-CB[7] mixture. SERS were measured with 1 s integration time with 798 

nm trigger laser under 5X lens. b) PC1 scores vs DA concentrations in ACSF after PCA analysis. 

6.2.2 SERS sensing of algal metabolite ethanol in microdroplets 

The results of chapter 5 are potentially helpful for building an effective microdroplets high-throughput 

SERS sorting system in the future. Traditionally, fluorescent spectroscopy was used for cell soring in 

microfluidics.175 SERS could be an alternative technology which can bring many advantages such as 

getting rid of labelling procedures and reducing the complexity of sorting. Microalgae, which have 

ability to produce high value products, such as ethanol, could be an application target of this system, 

since microalgae can be cultured in microdroplets.187 In order to optimise the microalgae aquaculture, 

it is crucial to screen the most productive cell species effectively and microdroplet based SERS 

screening platform could be an efficient label free sensing technique to achieve this.  

Using the similar protocol as NTs in Chapters 2&3, ethanol, one of algae’s metabolites, was 

preliminarily analysed in bulk solution by SERS using CB[n] as the host-guest molecule. Scherman and 

co-workers, have described that among CB[n] family members, CB[6] has a weak binding constant to 

ethanol (lg1.5 - lg1.9) detected by ITC, while CB[5], CB[7] and CB[8] have not been reported any 

binding effects with ethanol188. Therefore, it was decided to examine AuNPs-CB[6] system with low 

concentrations of ethanol. The following section will show some fundamental research results about 

ethanol SERS sensing, while there are still a number of challenges remaining for the future research in 

order to achieve the final goal of algae cell screening by microfluidic droplets SERS sensing. 
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Firstly, the Raman spectrum of pure ethanol was analysed, as well as the SERS spectrum of AuNPs-

ethanol system, as shown in Figure 6.3. The Raman spectrum of pure ethanol, shows 4 strong 

characteristic peaks at 876, 1043, 1082 and 1453 cm-1. Different concentrations of ethanol in water 

were tested, from 0.01 vol% to 10 vol%, as shown in Figure 6.3b. The four characteristic Raman peaks 

can be clearly found when the ethanol concentration is over 2.5 vol%. A linear relationship between 

the 876 cm-1 peak intensity and ethanol concentration (above 1 vol%) can be found as shown in Figure 

6.3c.  

When 80 vol% of 60 nm AuNPs solution was added to ethanol solutions, same concentration series 

was carried out as shown in Figure 6.3d. The same characteristics peaks of ethanol were observed and 

the same LOD can be found as 2.5 vol%. The 876 cm-1 peak intensity is linear to ethanol concentration 

when it is above 1 vol%, which shows that adding AuNPs is not able to help increase the ethanol 

detection limit, nor enhance the ethanol Raman intensity significantly, even though a small amount 

of AuNPs aggregates appeared in the samples since the change of AuNPs environment.  

The significant increasing of peak 1000 cm-1 intensity (signal from the polystyrene holder) as AuNPs 

were added in, was due to the change of the contact angle among aqueous solvent, AuNPs and the 

polypropylene holder. When the ethanol concentration is high (above 2.5 vol%), AuNPs tend to stay 

at the interface between the liquid and the solid holder to keep the lowest surface energy. Due to the 

AuNPs attached to the holder, when the sample is illuminated by the 875 nm laser, a strong SERS 

signal of the polypropylene at 1000 cm-1 can be detected. While when there is no AuNPs involved, 

only a weak signal of Raman at 1000 cm-1 can be detected.  
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Figure 6.3 a) Raman spectrum of 100% ethanol. b)&d) Raman spectra concentration series of ethanol 

in aqueous solution with (b) and without (d) AuNPs. c)&e) Relationship of 876 cm-1 intensities with 

ethanol concentrations without (c) and with (e) AuNPs. 

Introducing binding molecule CB[6] is an option to improve the detecting limit, which can aggregate 

AuNPs and locate ethanol molecules to the aggregates hotspots. PCA was used to process the SERS 

data (Figure 6.4). By correlating to the ethanol Raman spectrum (Figure 6.3a), the CB[6] SERS spectrum 

(Figure 6.4b) with components PC0 and PC1 (Figure 6.4a), the following conclusion can be drawn: PC0 

shows similar spectrum as CB[6], so PC0 mostly attributes to CB[6].  PC1 is similar to the Raman 

spectrum of pure ethanol, so PC1 attributes to the adding of ethanol. For the quantitative discussion, 

the relationship of PCs scores with ethanol concentrations are shown in Figure 6.4c and d. The PC0 

scores were kept constant as the ethanol concentration increases. PC1 shows a linear relationship 

when the ethanol concentration is above 1 vol%, and has a low-slope linear relationship when the 

ethanol concentration is below 1 vol%. By comparing this trend with that of the ethanol Raman spectra 

(Figure 6.4c and e), it can be seen that the spectra show the same trend at the high concentration 
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region (over 1 vol%) and this suggests that the PC1 is dominated by the ethanol Raman spectrum. 

With CB[6] as the  binding molecule, even with a lower ethanol concentration (below 1 vol%), PC1 

increases as the ethanol concentration increases and the detection limit can go down to 0.001 vol%. 

Therefore, adding CB[6] is helpful for trace ethanol detection. However, since the slope at low 

concentration is low, it is possible that the background noise could overlap with the ethanol signals 

when the detection environment is complex, so that quantitative detection can become difficult. Even 

though this system provides a possibility for quantitative trace ethanol detection, the requirement for 

the operating environment is demanding. 

 

Figure 6.4 a) PC0, PC1 and PC2 of AuNPs (60 nm, =  2.6 × 1010/𝑚𝑙 )-CB[6]-ethanol system. 250 μL of 

AuNPs solution was firstly mixed with 20 Μl of CB[6] solution (1 mM). After waiting for 10 min, 

different concentration of ethanol solutions in water (from 0 to 10 vol%) were added to the mixture. 

SERS spectra were obtained with Renishaw. b) CB[6] SERS. c,d) PC0 and PC1 scores vs. ethanol 

concentrations.  

All the above experiments were implemented in bulk ethanol solution rather than in the microfluidic 

channel. There are still many challenges in order to detect trace ethanol in flowing microfluidic 

droplets quantitatively and even more challenges in order to detect the ethanol produced by 

microalgae cells encapsulated by flowing droplets. Apart from the challenges brought by the 

unmatched SERS integration time and the droplet flowing time, the challenges from the background 
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noises, the system complexity and the SERS signal reproducibility all can provide interesting and 

meaningful research topics to future researchers. 
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Chapter 7 Experimental 

7.1 General 

7.1.1 Materials 

All of the materials mentioned in this thesis were used as purchased unless specified otherwise. 

Sodium chloride (NaCl), iron(III) nitrate nonahydrate (Fe(NO3)3 · 9H2O), dopamine hydrochloride 

(C8H11NO2 · HCl), epinephrine hydrochloride (C9H13NO3 · HCl), norepinephrine hydrochloride 

(C8H11NO3 · HCl), dihydroxyphenylalanine (DOPA, C9H11NO4), serotonin hydrochloride (C10H12N2O · 

HCl), artificial urine, ACSF, chloroform (CHCl3), ethanol (EtOH), methyl viologen dichloride (MV), 

methylene blue (MB), hydrochloric acid (HCl) and sodium hydroxide (NaOH) were purchased from 

Sigma Aldrich and used without further purification.  Batches of 60 nm AuNPs (100 mL) were 

purchased from BBI Solutions. Cucurbituril’s (CB[n]) were supplied from Professor Oren Sherman’s 

group in the Yusuf Hamied Department of Chemistry, University of Cambridge. 

Trichloro(1H,1H,2H,2H-perfluorooctyl) silane was purchased from Alfa Aesar. Silicon Elastomer base 

polydimethylsiloxane(PDMS) and curing agent were purchased from Dow Corning. 60 nm (𝐶 =  2.6 ×

1010/𝑚𝑙) and 80 nm (𝐶 =  1.1 × 1010/𝑚𝑙) gold nanoparticles in aqueous solvent were purchased 

from British Biocell International.  

7.1.2 Principal component analysis (PCA) 

Previous research in our group has proven that by using PCA, 0.1% methanol in water can be detected 

by AuNPs-CB[5] aggregates.81 In this thesis, principal component analysis (PCA) is widely applied to 

analyse the concentration series data for both Raman (Section 2.2) and SERS (Section 2.4, 2.5 and 2.6) 

spectra. Herein, the data of dopamine SERS spectra with AuNPs-CB[7] complex (Figure 2.16 a,c&e in 

section 2.4) will be used to demonstrate how PCA works. 

In Figure 2.16a, as higher concentration of DA was added, new peaks arise from some form of 

interaction with the CB[7]–AuNPs constructs. Quantifying such effects has proven difficult as SERS 

spectra suffer from inherent background fluctuations, preventing simple comparisons among peak 

intensities. By using PCA we can accurately identify and quantify the individual analyte components 

and correlate SERS intensities with analyte concentrations to extract new information. PCA expresses 

data in a new basis set of mathematically orthogonal components in order of decreasing variability, 

with the aim of detecting trends in noisy, variable data such as SERS spectra.81 This is particularly useful 

when we scan the concentration m of one analyte. In the case of this series of spectra, each 

component consists of an ‘eigenspectrum’ Ei(ν) (a set of spectral components which change together) 
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and a weight 𝑐𝑖 (often known as a PCA ‘score’) which gives the contribution of its associated Eigen 

spectrum to the measured spectrum. The contribution 𝑦𝑖  of a single component to the full spectrum 

at concentration m is then 

𝑦𝑖(𝑚) = 𝑐𝑖(𝑚)𝐸𝑖                                                          ( 1 ) 

Combining all the contributions yields the counts at each wavelength, reconstructing the measured 

spectrum 

𝑦𝑡𝑜𝑡(ν) = ∑ 𝑐𝑖𝐸𝑖(ν)𝑁
𝑖=1                                                              ( 2 ) 

where 𝑦𝑡𝑜𝑡 is the SERS emission at wavenumber ν. Igor was used to program the raw SERS spectra 

data and procedures were provided by Dr Bart de Nijs from Physics department. 

In Figure 2.16, the Eigen spectrum of the first component obtained using PCA (PC0, 𝐸1 ) closely 

resembles the spectra of sample without analytes (Figure 2.16c). The eigenspectrum of the second 

major component (PC1, 𝐸2) is attributed to DA since a steady increase in its corresponding scores is 

observed with the addition of analyte (Figure 2.16e). 

7.1.3 Optical Microscopy and Spectroscopy 

Various optical setups were used in the research. Au-CB aggregations were analyzed using an optical 

microscope (Olympus BX51 upright or Olympus IX71 inverted, Figure7.1), by both bright field and dark 

field microscopy. 5X, 20X and 50X MPLFLN-BD Olympus objectives were applied for imaging and 

spectroscopy. Infiniti cameras were coupled to the microscopes and the software Infinity Capture was 

used for image analysis. An Ocean Optics QE65000 spectrometer (300 – 1000 nm) was connected to 

optical microscopes by optical fibers (Ocean Optics QP600-2-VIS-BX), so that the scattering spectra 

could be detected from a confined optical spot (d = 40 μm) from samples. Tungsten-halogen lamps 

were used as the light source for reflective dark field scattering spectra and a white reflectance 

standard was used as a reference for spectra normalization.  

For the flowing microdroplets observation and analysis, a high-speed Phantom fast camera (V72, 

Vision Research) was used with transmission illumination. An Ocean Optics DH-2000-BAL 

spectrometer was used to perform bulk solution spectroscopy with UV-NIR transmission light source. 

Deionized water was used as a reference for spectra normalization in polystyrene cuvettes. 

Measurements of Raman scattering used an inVia™ confocal Raman microscope (Figure 7.2) using 5X, 

20X and 50X objectives. The 785 nm laser was first filtered by a clean-up filter, followed by reflection 

at a dichroic beam splitter and then focusing though the objective in order to excite from above a 

https://qmplus.qmul.ac.uk/pluginfile.php/1355528/course/section/422526/BR010%28EN%29-02-B_inVia_confocal_Raman_microscope.pdf
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target sample, which was placed on a motorised 3-axis microscope stage. Simultaneously, the 

scattering Raman signal from the excitation spot was collected through the same light path travelling 

back through the objective, passing through the dichroic beam splitter and a high-pass filter, and the 

signal dispersed by a grating and focussed on a TE-cooled back-thinned charge-coupled device (CCD) 

sensor collecting spectra on computer for post-analysis. The optimised depth below the surface of the 

liquid sample for laser excitation was determined by finding the maximum strength of the Raman 

signal by automated z-axis scanning.  

For liquid sample SERS measuring, 5X Nikon lens with 0.2 NA was normally used and full laser power 

(131.6 mW) was used. A black plastic multi-well plate (Figure 7.3) or a cuvette was used as container 

for analytes, and the acquisition time was normally 1s. For SERS in in-situ microdroplets, acquisition 

time was normally 10 seconds. For solid samples, 20X or 50X lenses were utilized with lower laser 

power (less than 5 mW) in order to avoid sample ‘burning’ by strong laser energy. 

 

 

Figure 7.1 Olympus IX71 inverted and injection pumps 
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Figure 7.2 Renishow InVia confocal Raman microscope. 

 

Figure 7.3 Multi-well plate used as liquid SERS sample container. 

7.1.4 AuNPs-CB[7] aggregates formation in solution 

1 mL citrate-stabilized AuNPs (60nm) was mixed with 100 μL of 1 mM CB[7] provided by the Sherman 

group. The CB[7]  solution was bubbled with nitrogen for 30 min. Sample mixtures were prepared by 

mixing AuNPs solution with other host guest molecule solutions or NaCl solution in 1mL quartz 

cuvettes. Extinction spectra were obtained with 1000 ms interval time and 3 ms integration time. All 

the extinction data were normalized to a white background reference.   
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7.2 Two protocols of PreNP and PostNP 

PreNP: 2 µL of 100 mM Fe(NO3)3 · 9H2O was first pre-incubated with 1998 µL of 0.288 mM 60 nm 

AuNPs for 10 min to form complexes of Fe(III)and citrate on the surface of AuNPs in an Eppendorf 

tube. 250 µL of these Fe(III)-coated AuNPs was aggregated with 50 µL of saturated NaCl for 5 min in a 

black polypropylene 96 well microplate (Greiner Bio-One Ltd). Subsequently, one or mixed types of 

NTs in water was pipetted into the well and mixed thoroughly and then left for 10 min. Finally, 23.7 

mW of 785 nm laser was loosely focused at an optimised depth below the liquid surface in the well 

and the acquisition of SERS was integrated for 10 sec.  

PostNP: Similarly, 10 µL of 45 mM Fe(NO3)3 · 9H2O was pre-incubated with 10 µL of NTs and 980 µL DI 

water for 10 min to form complexes of Fe(III)and NTs in an Eppendorf tube. 250 µL of 0.288 mM 60 

nm AuNPs was aggregated with 50 µL of saturated NaCl for 5 min in a well microplate.  Afterwards, 

the complex of Fe(III) and NTs was pipetted into the well and mixed thoroughly, and the sample 

solution remained undisturbed for 5 min. Consequently, 23.7 mW of 785 nm laser was used to excite 

the solution at an optimised focusing depth and SERS was collected for 10 seconds. 

7.3 Characterisation of Fe(III)-DA complexes in solution at various pH 

On the condition of Fe(III)/dopamine mole ratio as 1/6, pH of the Fe(III)-dopamine mixture (2 mL) was 

tuned from 3.0 to 12.1 by gradually adding 1 μL of KOH (1 M). Then 1 μL of HCl (0.2 M) was gradually 

added to tune down the pH from 12.2 to 2.8. 

7.4 Water/chloroform interfacial Au arrays by NaCl aggregated AuNPs clusters. 

Saturated NaCl solution was made by mixing an excess of salt into distilled water. 1 ml water solution 

of 60 nm Au nanoparticles from BBI coated with citrate were firstly mixed with 1 l of saturated NaCl 

in a Teflon tube (2 ml). After the colour of the solution turned to purple from red, 0.5 ml of pure 

ethanol was added to the Teflon tube. After mixing by shaking, 0.5ml of chloroform was added. 

7.5 SERS measured on the surface of the wet AuNPs film at water/chloroform 

interface 

Analytes (DA, MV or MB) were added after the AuNPs arrays were formed. For SERS measuring, 5X 

Nikon lens with 0.20 NA was used with Renishaw InVia confocal Raman microscope. Each SERS 

measurement was taken with 785 nm laser with 131.6 mW laser power and 1s integration time. Apart 

from adjusting the x-y-z stage, the Au film horizontal level in the Teflon tube can be tuned by removing 

the volume of top water phase and adding the volume of bottom chloroform phase.  
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To carry out a systematic concentration series SERS sensing of dopamine, a set of dopamine solution 

samples of different concentrations (0, 1, 5, 10, 50, 100, 1000, 10000, 100000, 1000000 nM) were 

firstly prepared. 1 μL of each sample was added in the Teflon tube for measurements. Each SERS data 

was obtained by taking the average of 3 measurements on the same spot for each dopamine 

concentration.  

7.6 Tilted SEM images of AuNPs arrays 

After carefully removal of most of the bulk chloroform with syringe, the remained drop of chloroform 

surrounded by AuNPs film at the bottom of water phase was then taken out by a hydrophobic plastic 

pipet and dropped on a clean smooth gold substrate surface. After 24 h, the Au nanoparticles film was 

dried out. The gold substrate, along with the dried Au nanoparticles film, was cut by a silicon knife 

carefully through the middle of the dried arrays, in order to let the cross section of the film be exposed 

and detected by SEM. The gold substrate holding the dried film was then place on tilted SEM holders 

(45° and 75°) and the images were taken from a titled direction of the sample’s cross section by SEM 

(FEI FEG XL30). 

Smooth gold substrates are prepared by e-beam evaporation of 100 nm gold layers onto a clean silicon 

wafer (Silicon wafers are purchased from SiMat). This is then heated to 60 °C, and small pieces of 

silicon glued to it and then cured before being peeled off to reveal a ultra-smooth gold surface. 

7.7 Microfluidics chips fabrication  

 AutoCAD 2010 (Autodest Inc.) was used to design the device and Microlithography was used for the 

dark-field mask printing. SU-8 2025 was spin-coated on a silicon wafer and then after baking, UV light 

was used on the wafer for the initiation of cross-linking of SU-8. After post-baking, propylene glycol 

monomethyl ether acetate was used to remove the non-cross linked SU-8 and then the designed 

masters were ready for next procedures. The above masters for the microfluidic chips were provided 

by Dr Ziyi Yu from the Abell research group, Yusuf Hamied Department of Chemistry, University of 

Cambridge. 

The microfluidic device was produced via standard soft lithography by pouring poly- (dimethylsiloxane) 

(PDMS, 20 g) along with a crosslinker (Sylgard 184 elastomer kit, Dow Corning, pre-polymer : 

crosslinker = 10 : 1 by weight) onto a silicon wafer patterned with SU-8 photoresist.189  It was then 

placed in vacuum for half an hour to remove dissolved gas. The PDMS was allowed to solidify at 90 ◦C 

for 12 h before being peeled off, after which holes punched for inlets and outlets using a 1 mm 

diameter biopsy punch. The enclosed microfluidic channels were formed by attaching the moulded 

PDMS replica onto a clean glass slide after exposure to oxygen plasma for 10 s in a Femto plasma 
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cleaner. To ensure permanent bonding, the complete device was baked overnight at 110 °C. The inner 

surface of the microchannels was hydrophobic modified by flushing 0.5 vol% trichloro(1H,1H,2H,2H-

perfluorooctyl) silane in FC40 through the channels. The channels were then dried in oven for over 20 

min at 75 °C. Plastic tubes (PORTEX, polyethene 1.09 mm OD), which were connected to 1 mL syringes 

(NORM-JECT), were used to inject liquids into microchips by pumps (Harvard Apparatus: PHD 2000; 

New Era: NE-4002x, NE-1000). The microchannels could be fabricated to various shapes and length, 

to satisfy the requirement of inlets orders.  

7.8 UV-Vis extinction spectra 

Extinction spectroscopy was performed on millilitre scale samples in standard UV-cuvettes with light 

path of 10 mm (volume 1.5–3 mL, Sigma-Aldrich) filled with a liquid sample, fixed in a cuvette holder. 

The extinction is defined by the attenuation of the incident light, I0, as: 

E(λ) = log(I0(λ)/I(λ))  

where E is the extinction and I is the transmitted intensity. 

7.9 AuNPs arrays on the droplet interface observed horizontally 

The droplets flowing from the outlet microfluidic channel were collected in a 1ml quartz cuvette filled 

with chloroform. Most of the droplets sink to the bottom of the cuvette and some attach to the side 

walls. The droplet shown in Figure 4.11a was the one attached on side wall which can be observed 

horizontally without interfere from other droplets. The cuvette was then put on the stage as in 

Figure7.2. The observing light path was adjusted by 90° with a 5X lens, so that the image can be taken 

from a horizontal direction.  
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