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Abstract 
 

Micro- and nanoplastics have a harmful impact on human health with potential to damage 

organs. The harmful effects of the latter (i.e. nanoplastics) on human health are of 

particular concern because nanoplastics are smaller in size than microplastics, which 

makes the nanoplastics greater in surface area to volume. Consequently, nanoplastics 

have greater capacity to absorb persistent organic pollutants, ions, pathogens and other 

harmful contaminants present in the environment. The smaller size of nanoplastics also 

makes nanoplastic penetration through cell wall and tissue possible, therefore, 

nanoplastics pose more of a threat to human health as compared to microplastics. In order 

to get better knowledge about the occurrence, transport and toxicological impact of 

nanoplastics, there is a need to be able to reliably and accurately detect these tiny 

particles. Whilst in the near past an increase in the research on development of analytical 

techniques for detection of nanoplastics has been noticed, but in comparison to 

microplastics detection, there is a dearth in the analytical tools that can achieve 

reproducible and cost-effective detection of nanoplastics, with the existing technologies in 

a pre-mature phase of development. Of the existing analytical techniques, Surface-

Enhanced Raman Scattering (SERS) has demonstrated great potential in the field, albeit 

there is still a lot of research required for developing SERS substrates suitable for 

nanoplastic detection. 

To this end, the work presented in the thesis was carried out to develop low-cost SERS 

substrate based on gold nanoparticles, for the reliable detection of low concentrations of 

nanoplastics in water. Three different methodologies were devised and tested to form 

ordered assemblies of closely packed gold nanoparticles to be used as SERS substrates 

detecting low concentrations (of at least 1 µg/mL) of 50 nm and 100 nm pristine 

polystyrene nanoplastics in dH2O. The reliability of the methodologies and subsequently 

the homogeneity of the prepared substrates was checked using the parameter coefficient 

of variation (CV%). The obtained CV% values lower than 15% proved the reliability of the 

substrates. Furthermore, the practicality of the developed substrates for detection of real 

world nanoplastics was demonstrated by detecting nanoplastics released from hot 

insulated cup and food preparation gloves. The methodologies and SERS substrates 

presented in this thesis overcome the state of the art, therefore contributing to the field of 

nanoplastic detection through the use of SERS. 
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Preface 
 
 
This thesis documents work done on the detection of nanoplastics through the use of 

surface enhanced Raman spectroscopy (SERS). To this end, different SERS substrates 

were designed, prepared, characterized using Rhodamine 6G (R6G) dye, before being 

evaluated in their detection of nanoplastics, both for pristine commercial particles and for 

environmentally found ones. To understand the relevance and importance of the work 

presented, the first chapter of the thesis is dedicated to the background of micro and nano 

plastics, including the history of plastic development, production and use, and their 

formation from macro plastics.  
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Chapter One 

 

Introduction 
The English term "plastics" has its linguistic roots in Greek vocabulary, being traced to 

"plastikos" or "plastos," signifying "fit for moulding" or "moulded," respectively. This 

nomenclature is a direct reflection of plastic's intrinsic quality of malleability, affording it 

the capacity to undergo casting, compression, and extrusion processes to assume a 

diverse array of shapes and forms [1] and thus become ubiquitous in the modern world.  

 

1.1 The history of plastics  

The history of plastics, or hydrocarbon-based polymeric materials, can be traced back to 

circa 1600 BC when ancient Mesoamericans manipulated rubber, refined from latex – an 

emulsion of polymer microparticles in water, to create objects such as balls, figurines, and 

bands [2]. The production and use of plastics, hydrocarbon based polymeric materials 

within a subset of polymers, has since evolved until today where their use can be found 

in almost every aspect of life.  

The contemporary modification of naturally plastic materials and their use dates to 1844 

and Charles Goodyear 's innovative acquisition of an American patent for a natural rubber 

processing technique [3]. It involves heating the rubber in the presence of sulphur, a 

vulcanization process, to produce a product with the remarkable ability of retaining nearly 

all of the rubber’s original elasticity while concurrently enhancing its chemical resistance 

across a broader spectrum of temperatures [4]. The next breakthrough came in 1856, with 

the first patent to encompass the first man-made, or synthetic, plastic, denominated 

"Parkesine," a hardened form of nitrocellulose, and attributed to Alexander Parks [5], 

although it was not a commercial success. The first commercially successful manmade 

plastic however came in 1869 when John Wesley Hyatt, an American innovator, 

developed a procedure to organically process cloth, ivory dust, and shellac, thereby 

pioneering a polymer dubbed "celluloid", which was used to manufacture combs, billiard 

balls and cinema reels at affordable rates[6].  

The era of modern plastics began in 1907 with the development of the first fully synthetic 

plastic, Leo Bakeland’s Bakelite, from fossil fuel derived phenol [7]. However, plastics did 

not gain popularity until the 1920s when substances, later termed as plasticizers, were 

discovered and added to them to easily vary their otherwise unremarkable and rigid 

properties according to their application – for a greater variety of plastics still. One of the 



A.Bibi, PhD Thesis, Aston University, 2024  22 

most important examples of this is the transformation of the rigid and brittle polyvinyl 

chloride (PVC) in 1926 to plasticized PVC, which is found in omnipresent in modern 

building and construction work [8]. Polyethylene (PE), the most widely used type of plastic 

today, is a variant of low density Polyethylene (LDPE) which itself was accidentally 

invented in 1933 by E.W. Fawcett and R.O. Gibson at Imperial Chemical Industries (ICI) 

Limited [9]. Thereafter acrylic nylon, polymer and polyethylene terephthalate (PET) were 

synthesised for the first time in 1935, 1936 and 1941 respectively [1].  

In addition to plasticizers, nearly all plastic materials contain notable proportions of 

chemical additives for various purposes, including enhancing functionality (e.g., flame 

retardants and plasticizers), providing colour (via pigments), making cheaper (e.g. fillers 

such as calcium carbonate), and mechanical reinforcement the plastics (e.g., using glass 

fibres) [10,11]. Notably, these additives do not undergo polymerization with the plastic 

monomers and therefore, not being chemically bonded to the polymer have the potential 

to detach and enter the surrounding environment [11]. The subsequent section focusses 

on broad the classifications of plastics. 

 

1.2 Classification of Plastics 

Plastics can be broadly classified into two categories based on their origin: (a) natural, or 

non-synthetic, plastics; and (b) synthetic plastics. Natural plastics are derived from 

naturally occurring resources and can further be classified into two main categories: (i) 

plant-based and (ii) animal-based. The former, such as cellulose, rubber and starch, are 

derived from the stems, leaves, and seeds of plants, and typically contain polymers that 

can be processed to exhibit plastic-like characteristics. The latter, such as chitin and 

shellac, are derived from animal sources, primarily through extraction or processing 

specific constituents. Natural plastics often require minimal processing to extract or modify 

the naturally occurring polymers and can be put through simple chemical or mechanical 

treatments to enhance their properties or form them into usable shapes. Being conducive 

to biodegradability, and thus a diminished environmental impact, natural plastics serve as 

sustainable alternatives to their synthetic counterparts. 

Synthetic plastics have traditionally been produced through a series of complex chemical 

processes from fossil fuels such as natural gas, or much more commonly, crude oil. 

Production from the latter consists of: distillation - the separation of heavy crude oil into 

lighter fractions; cracking - the generation of monomers from the hydrocarbon chains 

resulting from the distillation process; and polymerization - the linking of hydrocarbon 

monomers to form polymers [12]. While crude oil remains the primary source of carbon 

for the fabrication of synthetic plastics, a wide source of sustainable biomass sources, 
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including terpenes, vegetable fats and oils, food waste, bacteria, carbohydrates and lignin 

and cellulose [11] are also being used to produce a diverse range of others, collectively 

known as bioplastics. Although the discovery of bioplastics dates back to 1926, when 

Maurice Lemoigne first produced polyhydroxybutyrate (PHB) from bacteria like Bacillus 

megaterium, it wasn’t until the 1970’s oil crisis that the need for substitutes of petroleum-

based products increased, marking a pivotal moment in the exploration of bioplastics as 

viable alternative synthetic plastics [12]. It is of note however that whilst the absence of a 

crude oil origin makes bioplastics more environmentally friendly they are not necessarily 

a more sustainable alternative in every scenario, but can have promising applications 

when managed properly, e.g. for single-use items like biodegradable bottles and 

packaging films [12,13]. As the properties of plastics depend upon the different monomers 

that they are made from, their structure and their formulation [1], subsequently synthetic 

plastics can be further classified as either thermoplastics or thermosets. Thermoplastics 

include the most commonly used plastics, such as PE, PVC, PET, polypropylene (PP) 

and polystyrene (PS). They are plastic polymer materials that become pliable or 

mouldable at certain elevated temperatures and solidify upon cooling, permitting repeated 

cycling of melting, reshaping, and solidification, for multiple reuses across diverse 

applications. Changes to the physical attributes of thermoplastics during the heating and 

cooling processes, occur without any alterations to their chemical bonds or structural 

configuration. Commonly used thermosets, or thermosetting plastics, include 

polyurethanes (PUR), unsaturated polyester, silicone, epoxy, melamine, phenolic, and 

acrylic resins. Unlike thermoplastics, however, they do undergo a chemical change upon 

heating, forming an irreversible three-dimensional network of bonds, instead of linear or 

branched chains, and so cannot be remelted once set, making their recycling 

challenging. Most fibre reinforced polymers (FRPs), where the strength of plastics is 

enhanced through addition of fibres, are based on  fibres being added to thermosets, 

which creates further challenges for recycling [10]. Table 1.1 shows the most commonly 

used plastics, their types and applications.  
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Table 1.1: Plastics used and their applications 

Polymer Type Applications 

PET Thermoplastic 
Packaging of food and other retail items, beverage bottles, food photographic films, 

insulated clothing. 

High density 

polyethylene 

(HDPE) 

Thermoplastic bottles containing milk, toiletries, detergent, and other cleaning products. 

PVC Thermoplastic Pipes, hoses, cable insulation, window frames, raincoats, shower curtains 

LDPE Thermoplastic  bags, food and other packaging, plastic film 

PP Thermoplastic packaging consumer products, transportation 

PS Thermoplastic Packaging, food containers, CD cases 

 

Polymethyl 

methacrylate 

(PMMA) 

Thermoplastic 
automotive lights, lenses for glasses, shatter-resistant panels for windows, 

skylights, signs and displays, LCD screens, bathtubs, furniture, acrylic nails 

PUR Thermosetting foam products such as mattresses, pillows, insulation. 

Polyester Thermosetting fishing nets, carpets, ropes, clothing, sportswear, air filters 

Polyamides (PA) Thermosetting textiles, automotive industry, carpets, kitchen utensils, sportswear  
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1.3 Plastic Production 

Since the early 1800’s plastics have contributed towards the development of the society 

through their wide range of applications and usage in daily life. Subsequently plastic 

production has followed a rising trend with annual production increasing from 2 million 

tonnes (Mt) in 1950 to nearly 460 Mt in 2019, an average annual growth of nearly 10%  

(Figure 1.1a) [14,15], with the production in 2050 predicted to be quadruple that at 1480 

Mt, of which more than 50% will be produced in Asia (Figure 1.1b) [16]. 1950 is considered 

the start of plastic mass production [10] even though plastic products were produced and 

used extensively in World War II both as a result of the shortage of other materials and 

because of the diverse properties that they offer, due to the lack of data prior to that year.  

 

Figure 1.1: (a) Global annual production of plastics in million tonnes from 1950 to 2019 [15] (b) 

Production of plastics globally vs production of plastics in Asia (in million tonnes) with projections 

up to 2050 [16] (c) Region-wise global production of plastics as per 2019 [16] (d) Global plastic 

produced in Mt distributed by polymer type for the year 2015 [17]. 

The estimated cumulative global production of plastics in 1950 was between 4 to 8 Mt [18] 

by 1950, which since rose to a staggering 9540Mt by 2019 [19] of which more than half 

was produced just in the previous 19 years (Figure 1.1b) [16]. Between 1950 and 2019, a 

drop in annual global production has only taken place three times (Figure 1.1a), 1975 and 

1980, corresponding to the global oil crisis, and 2008 resulting from the worldwide financial 

crisis which also produced similar decreases in production of various other resources [10], 
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[15]. Post 2019, the only other downward trend occurred in 2020 due to the pandemic of 

COVID19, with global plastic production falling from 368Mt to 367Mt [20].  

In regard to the regional distribution of plastic production, Asia and the Commonwealth of 

Independent States, or CIS (which includes Armenia, Azerbaijan, Belarus, Kazakhstan, 

Kirghizstan, Moldavia, Uzbekistan, Russia, Tajikistan, Turkmenistan, Ukraine) together 

has the largest share at 54%, followed by North America (USA, Canada and Mexico) and 

Europe at 19% and 16%, respectively. Africa and the Middle East, and then Latin America 

contributed the least with rates of 7% and 4% respectively [16]. Within the 54% share of 

Asia and CIS, the leading contribution within Asia comes from China at 32%, making it the 

largest global producer and consumer of plastics [20-22], fundamentally due to its rapid 

20th century industrial development [23]. Globally, by polymer type, the plastic most 

produced in 2015 was PP, closely followed by LDPE, as seen in Figure 1.1d [17]. The 

production rate of different plastic types is directly associated with their usage. It is of note 

that certain countries are endeavouring to produce last plastic, as of 2021 Japan and 

European countries were among the few that produced less plastic compared to 2017, 

with reductions of 1% and 4%, respectively (Table 1.2). The same table shows that 

production share percentages for North America, Latin America and Asia (excluding 

China, Japan, and the CIS) remained consistent across the two years [22].  

Table 1.2: Region wise distribution of plastic production as a percentage of global production, for 

the years 2017 and 2021 [22]. 

Region 2017 (%) 2021 (%) 
China 29 32 

Japan 4 3 

CIS 2 3 

Asia (remaining countries) 17 17 

EU 19 15 

Middle East & Africa 7 8 

North America 18 18 

Latin America 4 4 

 

With the production of plastics derived from fossil fuels still growing, the world will have 

ever more plastic [10] and so it is of interest to see how plastics are used (section 1.4) 

and what is their fate once they have fulfilled their intended purposes (section 1.5). 

 

1.4 Plastic use 

Plastics are used widely in various aspects of modern life due to desirable properties such 

as versatility, durability, flexibility, impermeability and cost-effectiveness, and the way they 

are used can be classified into two groups: (a) commercial use and (b) regular use. 

Commercial use refers to the use of plastics by industries for commercial purposes, 
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whereas regular use refers to the daily use of plastics by people all over the world. Since 

their discovery, for many years plastics were used in the majority for commercial purposes 

by large industries, but over the years excessive use of plastics has become common in 

every household.  

As seen in the previous section, PP and PE are the prevalent plastics primarily due to 

their low production cost, flexibility, light weight, impermeability and their adaptability for a 

diverse array of product applications [1], in food packaging, household items, shopping 

bags, plastic wrap, door frames, and construction materials [24]. Figure 1.2a [25] shows 

that in 2015 the dominant use of plastics in Mt was seen by packaging industry at 42% 

[26], which since increased in 2021 by 2% [22], thereafter the building and construction 

industry, which primarily uses PVC [27], at 19% [25], although this had dropped by 1% in 

2021 [22]. The third placed textile industry consumes nearly all synthetic fibre production, 

primarily for the production of clothing, but also for a variety of other items such as carpets, 

upholstery, and household textiles [28]. Other industries of use include transportation, 

electrical and electronic equipment, machine parts, consumer products as well as medical 

equipment and supplies, making plastics ubiquitous [25].  

 

 

Figure 1.2: (a) Global production rate (Mt) allocated by industrial sector according to 2015 [25] (b) 

mean product lifetime (years) of various plastic products [29]. 

With regards to the mean lifetime of the plastics used in those industrial sectors (see 

Figure 1.2b), measured as time from manufacture to disposal, in 2015 packaging had the 

shortest mean product lifetime [29], although it was seen to be the largest user and thus 

the largest waste producing sector. Every year, the average European discards 172.2 

kilos of packaging waste, and with 19.5% being plastic that equates to 34.5 kilos of plastic 

packaging per capita per annum [30]. However, it should be noted that the mass of plastic 

waste generated is not directly the mass produced, it also depends on polymer type and 

the lifespan of the final product. For example, although the building and construction 

sector is the second largest producer of plastic products (65 Mt in 2015), because their 

mean product lifetime of 35 years is the highest of all sectors (Figure 1.2a and b), it 
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produces less waste over a short period compared to others [25,29]. Further discussion 

on plastic waste is presented in the next subsection. 

 

1.5 Plastic Waste 

With approximately 40% of all plastics products discarded within one month the fate of 

plastic at the end of its useful life is a growing source of concern [31]. In terms of waste 

produced nationally a study from 2016 shows that the United States of America generated 

the most waste in total and per capita [32] whilst the United Kingdom, Russia and 

Germany also generate a considerable amount of plastic waste per capita per annum 

(Figure 1.3). However, in reality it is some of the world's largest corporations amongst 

others, who are responsible for the majority of the litter with over half of the plastics used 

in consumer products, primarily in the form of disposable packaging [16]. They include oil 

companies such as ExxonMobil, Chevron, Shell, and Total; chemical companies such as 

DowDuPont, BASF, SABIC, and Formosa Plastics; well-known consumer goods 

conglomerates Procter & Gamble (P&G), Unilever, Nestlé, Coca-Cola, and PepsiCo; and 

waste management leaders such as SUEZ and Veolia. 

 

Figure 1.3: (a) Total plastic waste generated (Mt) by the top 10 countries (b) plastic waste generated 

per capita (kg/year) for the top 10 countries [32]. 

Therefore in order to get an idea of the top polluters around the world, the Plastic Soup 

Foundation (Netherlands) collected and analysed data from World Clean-up Day 2020 

[32] (Figure 1.4a) which shows that CocaCola is the largest plastic polluter with 19,826 

pieces of plastic from its products found in 39 different countries [32]. According to another 

international study, Break Free from Plastics Audit 2020 [33], Coca-Cola products were 

the most likely to end up in the environment due to Coca-Cola's decision in 1978 to switch 

from its iconic glass bottles to single use PET bottles. The same report also recognised 

Coca Cola, PepsiCo, and Nestlé as the top three global polluters. The remaining brands 

named by the audit as the world's top polluters are also major multinationals that produce 

not only food, beverages, or household items, but also their packaging [16,33]. The 
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situation of plastic waste is bleak as according to UN, every year the Earth is additionally 

burdened by approximately 300 million tonnes [34].  

 

Figure 1.4: (a) Number of plastic pieces collected of waste from products of international brands 

with the corresponding number of countries the waste was found in [32] (b) Plastic waste produced 

by a few international brands in million tonnes [16].  

The quantitative findings presented on plastic waste frequently raises the question: What 

is the global framework for managing generated waste? Figure 1.5a shows how different 

methods for managing global plastic waste have evolved since 1950 and whilst it is clear 

that prior to 1980 it was neither incinerated or recycled, those methods of handling the 

waste have since increased by 0.7 percent annually [26]. The same figure shows that as 

of 2015 almost 55% of global plastic waste was discarded, 25% was incinerated, and only 

the remaining 20% was recycled [35]. Recycling can be done by one of two ways: (a) 

Mechanical recycling (shredding, cleaning, and re-compounding) (b) chemical recycling 

(depolymerizing and repolymerizing).  

 

Figure 1.5: (a) Fate of global plastic waste according to disposal method from 1980 to 2015 [35] (b) 

Fate of cumulative plastic waste generated and disposed of globally from 1950 to 2015 with 

projections up to 2050 [26]. 

Out of the two, the latter is more expensive but produces higher-value material. Recycling 

and reuse helps the environment by reducing primary production, and therefore extraction 

of unsustainable fossil fuels, and the avoidance of landfilling plastic waste, replacing for 

greater environmental benefits [36].  Without recycling or reuse the only way to remove 

non-biodegradable plastic waste from the environment is through thermal destruction, 

typically through incineration, with or without energy recovery, with all the environmental 

and health effects [10] that it has. The final waste management option, discarding, can 
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take the form of managed landfills, unmanaged dumps, or release into the natural 

environment. This is also the eventual fate of all plastics as they cannot be recycled nor 

reused indefinitely [37]. 

Figure 1.5b shows the cumulative waste in Mt disposed of through the three different 

methods since 1950 along with simple extrapolations up to 2050 (represented by dashed 

lines) based on historical trends. From those extrapolations for cumulative waste disposal 

rates can be determined year on year, which by 2050 will probably have increased to 50% 

and 44% for incineration and recycling rates, respectively, and the discarding of plastic 

waste reduced to a mere 6% [26]. Clearly however, even if incineration and recycling of 

plastics results in a reduction in the amount of plastic discarded in the environment every 

year, there is no denying the environmental pollution caused by plastic waster already 

discarded. Furthermore, the discarded macro plastics upon degradation can lead to an 

additional type of pollution, potentially worse, in the form of micro and nanoplastics 

(MNPs).  

 

1.6 Micro and Nano Plastics (MNPs) 

Recent research has shown that the presence of MNPs is having adverse effects on the 

ecosystem and everything within it [38]. The following sub-sections will focus on: (i) the 

origins of MNPs including the challenges associated with having a standard definition of 

MNPs and the different types of MNPs based on their origin; (ii) a brief description of how 

MNPs enter the environment and the human food chain; (iii) the impact MNPs have on 

the environment, human beings and other living beings; (iv) the importance of the 

detection of MNPs followed by a brief description of the different analytical techniques 

used to identify them and a comparison of them.  

 

1.6.1 The origin of MNPs 

Scientific observations of small plastic debris using continuous plankton recorder (CPR) 

surveys in bodies of water date to the 1960s, but the first evidence of sea borne plastic 

debris was reported in 1972, in the western Sargasso Sea [39,40]. Thereafter, plastic 

debris was reported in the North-Western Atlantic Ocean [41] and South Atlantic Ocean 

[42], and inside animals [43]. Investigations into the source of the plastic debris revealed 

that macroplastics discarded in the environment when exposed to atmospheric agents 

such as sunlight and ocean waves, results in photo-oxidation and abrasion deteriorating 

the material into the smaller plastic debris [44]. Another mechanism identified for the 

breakdown of macroplastics into plastic debris is their biodegradation by microorganisms 

in the environment [45]. Prior to 2004, and Thompson et al. [46] introducing the term 
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“microplastic” (<0.5cm) for the first time, no universally accepted terms existed to describe 

these tiny plastic particles, instead being commonly referred to as "plastic pellets" [42] and 

"plastic particles" [41,43]. Since then further size classification has taken place by L. 

Lebreton et al. [47]: with megaplastic (>50 cm), macroplastic (5-50 cm), mesoplastic (0.5-

5 cm) and microplastic (<0.5 cm). Further sub-classifications then followed with large 

microplastics (1-5 mm) [48], small microplastics (0.3-1 mm) [49], and nanoplastics 

(<0.3mm) [50]. The size-based definition of nanoplastics has since changed, but no 

standard definition has been reached. This is because whilst most researchers use the 

conventional definition of nanoparticles, recognised in the ISO standard [51,52] as having 

dimensions ranging from 1 to 100 nm in all three directions [53-55] (and thus microplastics 

are larger than 100nm but smaller than 5mm), many define them as being of less than 1 

micron (and thus a higher lower limit for microplastics), which confusingly is also the ISO 

standard for nanoplastics. Further controversy then lies in a sub-division of microplastics 

based on their origin or source, being either primary or secondary. Some define primary 

microplastics as those being produced intentionally for commercial applications, such as 

within the form of microbeads [56], cosmetics and nurdles [57], whilst secondary 

microplastics result from the degradation of larger plastic products once they are in the 

environment [58]. Other definitions of primary microplastics includes one that also adds 

microplastics that are directly released into the environment from the use of products that 

bear them, such as through tyre abrasion and laundering of synthetic garments [59] and 

another goes beyond that to also include microplastics that are generated from spills of 

products such as paints during the production of any product, whilst the microplastics 

resulting from the peeling and flaking of paints are secondary microplastics [60] 

 

1.6.2 Introduction to the Environment 

There are many different routes through which MNPs enter the environment (Figure 1.6).  
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Figure 1.6: Various pathways for the introduction of MNPs into the environment [61]. 

They can enter soil through landfill leaching, and agricultural practices and products, whilst 

many microplastics enter the aquatic environment from waste water treatment plants 

(WWTPs) [62-65]. Micro/nano beads, which are present in personal care products [66] 

like facial cleansers [67], often find their way into wastewater systems upon the use of 

these personal care items and despite their management at WWTPs, every day 

approximately 8 trillion of them are released from them into the aquatic environment just 

in the United States alone [54]. Within the soil microplastics can be consumed by 

organisms such as earthworms whose digestion can lead to their breaking down into 

smaller MNPs, another pathway for their entry into the environment [68]. MNPs that make 

their way into the air, water, and soil via these various routes can enter living beings via 

ingestion, inhalation and dermal contact [69]. For ingestion, aquatic organisms may 

consume microplastics while filter-feeding or mistaking them for food, accumulating in 

their gut before translocating to redistribute in other tissues and systems of [70,71]. 

Therefore although only mussels and clams are eaten whole, and therefore also their guts 

[72], MNPs can enter the human food chain from all aquatic species if consumed directly 

or indirectly by humans. Another potential source for MNPs to enter the human food chain 

is through the ingestion of organisms that have inhaled airborne MNPs whereupon they 

accumulate in their tissues. In addition to the ingestion of MNP bearing organisms, edible 

items such as honey [73], beer [74] and salt [75] are common sources for MNP ingestion, 

as are exposed meats or other food products, whilst it can also take place indirectly 

through the release of MNPs from food packages and containers [76]. Humans can also 

be exposed to MNPs directly through the inhalation of airborne MNPs arising from 
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atmospheric fallout, wave action in aquatic environments or the application of wastewater 

treatment sludge on agricultural land. Dermal contact specifically takes place through the 

use of care products [66,77]. Summarizing, MNPs are found throughout the ecosystem, 

including freshwater [48], saltwater [78], ice cores [79], soil [80], air [77], plants [81], 

various organisms [82], and even the human body [44]. 

 

1.6.3 Harmful Effects of MNPs 

The preceding sub-section illustrated how MNPs enter the ecosystem and the human food 

chain, and within this sub-section a comprehensive understanding of the full extent of their 

impact on the environment and living organisms is provided through considering their 

toxicity and associated harmful effects. For their potential impact on human health, 

experiments have taken place where mice were exposed to MNPs, within which they were 

found to accumulate in vital organs such as the liver, kidney, and gut [83]. Furthermore, 

energy and lipid metabolism indicators suggested prejudicial consequences, there was a 

significant reduction in total cholesterol (T-CHO) and triglyceride (TG) levels and lipid 

droplets were detected in the liver, suggesting that MNPs can cause lipid metabolism 

problems and liver inflammation in mice. Compared to controls, mice exposed to PS 

microplastics were also found to have less intestinal mucus and significant changes in the 

richness and diversity of their gut bacteria [84,85]. Results obtained from other animal 

models demonstrated that exposure to MNPs can lead to other adverse effects, including 

oxidative stress [86], diminished cell viability [87], neurotoxicity [88], genotoxicity [89], 

heightened reactive oxygen species (ROS) [90], inflammation [91], endocrine disruption 

[92], and reduced reproductive capacity [93]. The manifestation of these toxicities is 

influenced by several interacting factors, such as the MNPs' disruptive, penetrating, 

absorbing, and endocytosis capabilities [94], whilst the diverse ways in which MNPs enter 

and interact with cells and tissues also plays a crucial role [95,96], their size being key, 

with smaller particles exhibiting greater harm than larger ones [97,98].  

Nonetheless, although nanoplastics are small enough to cross cell-wall boundaries and 

damage cell nuclei [99], the primary concern for MNP toxicity frequently arises from the 

molecules and metals they can transport, which are thus considered the primary toxins 

[100-102]. Among these primary toxins are a variety of environmental pollutants such as 

polycyclic aromatic hydrocarbons, pesticides, chlorinated biphenyls, and heavy metals 

such as cadmium, zinc, nickel, and lead once in the human body they can be released to 

accumulate in the tissues, causing harm to health [103,104]. Furthermore, biological 

contaminants such as algae, fungi, bacteria, viruses, and other microorganisms can also 

attach to the MNPs in the environment to cause damage to human health, including 
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through diseases such as viral infections, gastrointestinal disorders, asthma, migraines, 

or dermatitis, and in the most serious cases, chronic pathologies such as heart disease 

or osteoarthritis [105] can be cause by the ‘bio-corona’ of the MNPs. Moreover antibiotics 

may bind to the surface of MNPs and upon entering the human body potentially favour the 

emergence of antibiotic resistance with drastic impacts for the human race, whilst 

dispersants and preservatives used to suspend plastic particles may contribute to 

observed toxicological effects [86]. In addition to the adsorption of contaminants, additives 

used to improve the properties of plastics during their manufacture, such as plasticizers, 

flame retardants, stabilisers, and antioxidants, are known to leach into the environment, 

particularly during the formation of MNPs. Some of these plasticizers and additives are 

linked to the induction of endocrine disruption, with Bisphenol A (BPA), a widely used 

additive in plastic manufacturing, being one such example, with numerous studies 

showing its potential to cause a variety of diseases, including breast cancer, infertility, and 

cardiovascular [106]. It should be noted however that the nature and quantity of the 

aforementioned compounds adsorbed onto and/or leached out from MNPs are dependent 

upon the physical and chemical properties of the MNPs, the prevailing environmental 

conditions, and the intermolecular forces established between the components and the 

plastic particles [107]. Nevertheless, it is evident that human exposure to MNPs is 

inevitable, subjecting individuals to equal risks from the adverse effects linked to ingested 

MNPs, the contaminants adsorbed by them, and the additives leached from these 

particles. 

 

1.6.4 MNP Analysis 

Given the presence of MNPs in the environment and human food chain and subsequently 

the impact of these particles on human health, it is clear why the omnipresence of MNPs 

has been recognized as a huge threat to the ecosystem and all life forms within it. This 

had led to the commitment of numerous stakeholders to their proper management and 

thus regulatory measures [108] including global legislative measures such as the 

Microbead-Free Waters Act of 2015 in the USA [109] which has restricted or banned the 

production and use of primary MNPs such as microbeads, Senate Bill (S.B.) 1422 of 2018 

[110] requiring the California State Water Resources Control Board to develop testing 

methods for the control of microplastics release in drinking water, S.B. 1263 of 2018 [111] 

requiring the California Ocean Protection Council to implement strategies to mitigate 

microplastics pollution in the marine ecosystems, and Commission Regulation (EU) 

2023/2055 - The Microplastics Restriction of 2023 [112] restricting the production of 

synthetic polymer microparticles on their own or intentional addition of such particles to 
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other products. However, to enforce such regulatory measures and legislations, there is 

a need for standardized analytical techniques for MNPs, with current procedures, 

compared to those for microplastic analysis being also laborious and challenging. The 

analysis of MNP samples in all matrices can be broadly categorised into two steps: 

sampling and identification (Figure 1.7). While the identification step aligns with the focus 

of this thesis and will be explored in greater detail, a cursory overview of the sampling step 

will also be provided to offer a comprehensive understanding as the methods used within 

the former are often determined by those used within the latter, which are typically matrix 

dependent.   

 

Figure 1.7: Overview of MNP analysis process consisting of sampling and identification [61]. 

 

1.6.4.1 MNP Identification 

The detection, identification and enumeration of MNPs in matrix samples are intricate 

tasks due to their diverse shapes, sizes, and colours, being difficult, if not impossible, to 

achieve by a single analytical technique with combination of two or more usually employed 

[113]. Those techniques can be broadly classified based on the information they provide, 

falling into two categories: visual identification and chemical identification. The time 

consuming chemical analysis of MNPs is typically performed following a visual analysis, 

often with an optical microscope, to aid in the identification of smaller and less 

conspicuous MNPs, serving as a discriminative step to identify potential MNPs from other 

particles [61]. This reduces the risk of false-positive identifications and thus provides more 

accurate data on the number and type of MNPs.  
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1.6.4.2 Visual Identification 

Large microplastics, whose sizes range from 1 to 5 mm, are typically visible to the naked 

eye whilst an optical microscope becomes a necessity for viewing smaller microplastics 

between 0.3 to 1 mm. Through the use of either techniques they can be distinguished 

from non-plastic materials by characteristics such as morphology, colour, and light 

transmission properties, however simply relying on these characteristics can be 

misleading, resulting in false positive and/or negative instances and thus overestimation 

or underestimation of the amount of microplastics in a sample [114]. Other visual 

identification techniques are also used, especially for smaller particles, and Figure 1.8 

shows a bibliometric analysis of the Web of Science’s (WOS) database (from the early 

1970’s until mid-2023) for literature published on the visible detection of MNPs. It includes 

the microscopy techniques of stereo or dissecting microscopy, fluorescence microscopy, 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic 

force microscopy (AFM), dark field, and hyperspectral imaging techniques. The number 

of publications per year for the visual identification of MNPs, both for review and research 

articles, can be seen in Figure 1.8a, whereas Figure 1.8b lists the ten countries that have 

published the most research in that area and Figure 1.8c depicts the distribution of 

publications in a map chart.  
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Figure 1.8: Bibliometric analysis done on publications in WOS from 1970 until 2023 on the visible 

analysis of MNPs: (a) number of articles published annually, (b) the 10 counties that have published 

the most research, (c) map chart showing the worldwide distribution of research done in the field. 

 

Typically, microscopy based techniques for visual identification of MNPs fall within the 

following four groups: (a) optical microscopy [115,116], (b) fluorescence microscopy 

[117,118], (c) scanning probe microscopy (SPM) [119,120], and (d) electron microscopy 

(EM) [121,122]. Optical microscopy magnifies the visible light image of an object, thereby 

making detection of microplastics and its structural properties possible, however, the 

diffraction limit makes it ineffectual for detecting sub-micron microplastics and thus 

nanoplastics. Fluorescence microscopy, although also restricted by the diffraction limit, 

has been reported [123] to successfully detect much smaller particles (down to sub-micron 

range) due to the emission from the dyed particles. Nevertheless, chemical additives 

and/or environmental contaminants within MNPs may also exhibit fluorescent properties 

and so fluorescence microscopy can lead to an overestimation [61]. Unlike the previous 

two techniques, SPM and EM are not optical techniques and so are not diffraction limited; 
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therefore they have the potential to detect nanoplastics, with the former technique having 

the ability to provide very detailed morphological information for MNPs [121]. That with 

said both require highly expensive equipment that must be operated by specially trained 

and skilled personnel, making them expensive techniques. In general, although the 

aforementioned visual techniques are used for the detection of MNPs, they cannot provide 

the necessary information on their chemical composition to identify them and they can 

provide misleading information due to the limited, commonly morphological, information 

they can provide. Techniques that provide the necessary chemical identification of MNPs 

will be covered in the following subsection.   

 

1.6.4.3 Chemical Identification 

Visual techniques can identify impurities within samples extracted from ‘real world’ 

matrices, that remain following even optimal sample preparation, as MNPs. The 

avoidance of this type-I error is the fundamental reason for coupling visual identification 

(for morphological and quantitative information) with chemical identification (for plastic 

type and chemical properties), with the most commonly used analytical techniques for the 

latter broadly classified into: (i) thermal techniques and (ii) spectroscopic techniques. 

These techniques are discussed in detail in the subsequent subsections; with 

spectroscopic techniques more so as they are more relevant to this thesis. Figure 1.9 

shows a bibliometric analysis done using the Web of Science’s (WOS) database from the 

early 1970’s till date, for literature published on the chemical identification of MNPs whose 

techniques include Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, 

X-ray photoelectron spectroscopy (XPS), energy-dispersive x-ray spectroscopy 

(EDX/EDS), Nuclear Magnetic Resonance (NMR), photoluminescence spectroscopy, and 

mass spectrometry. 
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Figure 1.9: Bibliometric analysis done on publications in WOS from 1970 until 2023 on the chemical 

analysis of MNPs: (a) number of articles published annually, (b) the 10 counties that have published 

the most research, (c) map chart showing the worldwide distribution of research done in the field. 

 

1.6.4.4 Thermal Techniques 

In thermo-analytical techniques, a bulk sample is heated in an inert environment to high 

temperatures to examine decomposition patterns and by-products, allowing the chemical 

composition of the analyte to be determined. As the physical and chemical characteristics 

of polymers are dependent on their thermal stability [124] thermal techniques are therefore 

often used as a complementary technique to spectroscopic methods for a thorough 

analysis of MNPs, especially for less soluble MNPs and additives that are difficult to 

dissolve, remove, or hydrolyze [125]. The selectivity they offer makes them suitable for 

examining mixtures of diverse MNPs and thus highly appropriate for analysing complex 

environmental samples [126]. In contrast to spectroscopic techniques, which are primarily 

used for polymer identification, thermo-analytical techniques provide both qualitative and 

mass-based quantitative information [127], which is complementary to the quantitative and 
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morphological information from visual identification techniques that have limitations when 

converting particle count data to mass due to the highly variable morphology of 

microplastics that necessitate strong approximations when calculating shape and density. 

However, thermo-analytical techniques do not provide spatial resolution for allow for 

further analysis due to their destructive nature. Nevertheless, the popularity of these 

techniques for MNP analysis continues to grow due to the valuable information they offer 

on mass and concentration, and also particularly because of the lower limits of detection 

that they offer for nanoplastics compared to spectroscopic techniques [128]. Pyrolysis 

(PY) gas chromatography (GC) mass spectrometry (MS) (or PY-GC-MS) [129,130] and 

thermal extraction desorption (TED) gas chromatography (GC) mass spectrometry (MS) 

(or TED-GC-MS) [131,132] are both commonly used variants that share a very similar 

working principle whose thermally degraded sample fragments are separated by gas 

chromatography and characterized by mass spectrometry [133]. In comparison to TED-

GC-MS, Py-GC-MS offers greater sensitivity, enabling analysis of lower quantities of 

nanoplastics [134], but it is only suitable for simple matrices, whereas TED-GC-MS also 

works fine with complex matrices, even for those with organic and inorganic contaminants 

without any sample preparation [126]. Whilst PY-GC-MS and TED-GC-MS are both 

particularly attractive for bulk samples; the former is restricted by the size of the pyrolyzer 

making it unsuitable for large quantities of samples. Furthermore, whilst the thermal 

techniques provide data of analyzed plastic samples on a weight basis, their destructive 

nature results in quantitative information such as the number, size and shape of the 

analyzed particles being lost, although this can be avoided by first putting the sample 

through a visual analysis (see subsection 1.6.4.2). Finally, a significant drawback of the 

thermal techniques is their reliance on high-maintenance expensive equipment that 

necessitates specially trained and skilled personnel to operate them, rendering these 

techniques very costly and with most not being operable at Point of Site [113].  

 

1.6.4.5 Spectroscopic Techniques 

Spectroscopy is the wavelength-dependent study of the interaction of light with matter, 

and its ability to provide atomic and molecular identification allows for the chemical 

characterization of samples, and thus is largely used for the analysis of MNPs. To date 

the different types of spectroscopic techniques used for MNP detection are FTIR 

[135,136], Raman spectroscopy [137,138], XPS [67], [139], EDX [118], [140], and 

photoluminescence spectroscopy [141,142]. This thesis focusses on vibrational 

spectroscopy techniques, such as FTIR, but mostly Raman spectroscopy and its variant 

SERS, which are typically used in conjunction with optical microscopy as an integrated 
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approach for the chemical analysis of MNPs [143,144]. FTIR and Raman spectroscopy 

are complementary techniques that provide chemical analysis of MNP, either through a 

change in dipole moment or a change in polarizability, respectively. Both however have a 

sized based limit of detection for MNPs given the due minimum spatial feature resolution 

of each, which is 10 µm and 1 µm respectively, that has led researchers to combine them 

with electron microscopy, although with inevitable elevated analysis costs.  

FTIR spectroscopy consists of two steps: (i) the irradiation of a sample over a broad range 

of infra-red frequencies and, (ii) the Fourier transform of the obtained interferograms; 

following these steps a characteristic fingerprint spectra corresponding to specific 

molecular vibrations is obtained [145,145]. Three distinct modes of operation are 

commonly used for the FTIR analysis of microplastics: transmission [146,147], reflection 

[148,149], and attenuated total reflection (ATR) [150,151] with the choice of mode used 

determined by the specific physical properties of the microplastics within a sample. 

Although FTIR in transmission and reflection modes of operation provides resolution of 

just 10 µm; ATR-FTIR spectroscopy the significantly higher numerical aperture of ATR-

FTIR objectives have led to it successfully identifying nanoplastics present in facial scrubs; 

although the sample was of a few milligrams [67], [152]. 

In Raman spectroscopy, samples are irradiated with a monochromatic laser source of a 

wavelength typically between 500 nm – 800 nm. Vibrational, rotational, and other low-

frequency interactions between the light and its molecules and atoms cause shifts in the 

wavelength of the backscattered light from that of the incident laser light, with the 

detectable shifts forming a  substance-specific spectra [153]. Given that MNPs, like other 

substances, have unique Raman spectra, this technique can quickly identify them by 

comparing measured spectra to that of well-established libraries of reference spectra. 

Raman spectroscopy has been used in conjunction with confocality and to identify plastic 

particles of various sizes, including those smaller than the spatial resolution limit of 

conventional Raman spectroscopy of 1 μm [154]. The better resolution from confocal 

systems is attributed its specificity in providing signal from a particular point of the sample 

at a specific depth rather than an averaged signal, therefore supressing unwanted signal 

(noise) originating from the background [155]. 

Raman spectroscopy has many advantages over FTIR spectroscopy. Firstly, spectral 

analysis for FTIR can only be undertaken on dry sample due to significant water 

absorption by near-infrared light, whilst Raman requires minimum or no sample 

preparation (except for those with impurities that may be highly fluorescent). Secondly, 

unlike FTIR spectroscopy, the spectral intensities of Raman spectroscopy are proportional 

to the amount of sample, making it suitable for quantitative analysis. Nevertheless, Raman 
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spectroscopy has its own limitations, the most important being an inherently low-intensity 

signal and susceptibility to auto-fluorescence [156]. Additionally, Raman spectra are less 

sensitive to compositional changes, which is disadvantageous when the environmental 

impact on a sample needs to be studied [157]. To overcome the issues of low intensity, 

as well as to resolve particles of 1 µm or less in size, researchers have begun to use 

SERS, for greater sensitivity and improved resolution limits compared to Raman [158]. 

Chapter 2, where the state of art for Raman and SERs is presented, shows that SERS is 

the most promising technique and thus the predominant technique used in the 

experimental work presented in this thesis. Although SERS is the most promising there 

are technological limitations for its characterisation of nanoplastics and given the ‘dangers’ 

posed by them work in the experimental chapters focuses on the development of SERS 

for nanoplastics detection. 

The preceding discussion highlights the inherent strengths and limitations of each 

analytical technique. While there is evidence supporting the complementary nature of 

combining two or more techniques for enhanced MNP detection results, existing literature 

indicates a lack of standardization across various aspects of MNPs, including the 

processes for sampling, sample preparation and analysis [159]. As work to standardise 

definitions, classifications, MNP sampling, sample preparation, detection, and risk 

analysis advances, it contributes to a more nuanced understanding of the origin and 

nature of MNP pollution and its adverse impacts, laying the groundwork for effective 

mitigation strategies and future research. 

 

1.7 Thesis Structure 

The body of this thesis is composed of six chapters with the following general content. 

The first focusses on the overall introduction of the problem, whilst the second presents 

the detection techniques relevant to the experimental work presented in later chapters 

and the state of the art for those techniques for MNP detection. After which there are three 

experimental chapters, with each having its own brief, standalone literature review for a 

better understanding of the conceptualization behind the experimental design. The final 

chapter summarises the principal findings and their relevance from the three experimental 

chapters, before providing a perspective on where and how parts of this work could be 

continued and/or used to advance research elsewhere.  

Despite having gained the attention of the research community due to its suspected higher 

risk (Chapter 1), bibliometric analysis of the last decade [38] still shows a lot less research 

has been done on the detection of NPs as compared to MPs” “This can be attributed to 

the challenges in detecting them through the use of current analytical technologies, with 
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Chapter 2 specifying where these lie for SERS analysis, the most promising technique, 

and thus the focus of experimental work in Chapters 3-5. The specific content of each is 

thus: 

Chapter one, ‘Introduction’, starts off with the history of plastics and their evolution over 

the time; it focuses on how mass production of plastics coupled with their improper discard 

has led to the dilemma of MNPs. Following the origin of MNPs and their introduction into 

the environment, the chapter continues with the toxicity of MNPs by such means, 

highlighting the adverse nature of the problem, following which the chapter focuses on its 

solution by detailing the MNP analysis process with a focus on the detection of MNP, 

particularly spectroscopic analytical techniques used for detection and identification of 

MNPs which concludes the first chapter.  

Chapter two, ‘Background’, integrates the overall theoretical concepts involved in the 

analytical techniques of Raman spectroscopy and SERS with detailed discussion and 

critical evaluation of the state of the art in MNP detection using these two techniques. The 

section on theoretical concepts starts off with the working principle of Raman 

spectroscopy, following the reason behind the need for SERS, and subsequently its 

working principle. The advantages offered and limitations of Raman spectroscopy and 

SERS are also discussed to give a comprehensive background of each of the analytical 

techniques. The chapter details the different aspects that need to be considered for MNP 

detection through these techniques, with special focus on the different types of SERS 

substrates developed and utilised for MNP analysis over time.    

Chapter three, ‘Utilising salt-assisted aggregation of gold nanoparticles for detection of 

nanoplastics’, is based on NaCl aggregation of AuNPs for detection of nanoplastics. The 

work presented in this chapter is the first ever instance of salt assisted aggregation of 

AuNPs for SERS based nanoplastic detection, unlike previous aggregation-based 

nanoplastic detection studies which used Ag nanoparticles (AgNPs) [160]. The developed 

methodology was also tested for nanoplastic detection in drinking water via spiking 

experiments. 

Chapter four, ‘Detection of nanoplastics through the use of surface enhanced Raman 

spectroscopy with controlled clustering of gold nanoparticles by forming hydrophobic 

SERS substrates’, following the uncontrolled aggregation of AuNPs achieved via salt, 

better controlled and sophisticated controlled clustering of AuNPs was attempted through 

the use of hydrophobicity. It describes how the surface of aluminium foil (ALF) can be 

modified to form a hydrophobic layer which can then be used to cluster AuNPs in a more 

organised manner resulting in a more homogeneous SERS substrate as compared to the 

previous approach of salt aggregation of AuNPs. 
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Chapter five, ‘Detection of nanoplastics through the use of surface enhanced Raman 

spectroscopy (SERS) substrates with islands of gold nanoparticles (AuNPs) formed with 

cucurbit[5]uril (CB[5])’ focuses on the development on a unique SERS substrate. The 

methodology developed in this chapter is much more sophisticated than both the salt-

assisted aggregation and hydrophobic clustering of AuNPs as it relies on surface 

functionalisation of ALF to systematically introduce a layer of AuNPs onto the ALF. The 

AuNP aggregates like islands formed due to CB[5] attach onto ALF via the layer of AuNPs. 

Chapter six, ‘Summary and Future Work’ compares and contrasts all the major findings 

of thesis with those found elsewhere in literature, therefore highlighting the importance 

and impact of the work presented with the thesis. The highlights are followed by a brief 

dive into potential future work which concludes the monograph.  
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Chapter Two 
 

Background 
 

2.1 Theory of Raman based techniques 

As seen in the previous chapter over the years various analytical techniques have been 

used for the detection, identification and quantification of MNPs. In this section, theoretical 

concepts of those analytical techniques relevant to the work carried out during the PhD, 

Raman and SERS, are briefly described to help develop a basic understanding of their 

working principles and parameters that require consideration when using them for MNP 

analysis.  

 

2.1.1 Raman Spectroscopy 

Raman spectroscopy is a non-destructive technique that provides in-depth information on 

the molecular composition and structure of an analysed substance [161], or analyte, 

through the analysis of light scattered from its chemical bonds. Usually, when high-

intensity light scatters from matter, it does with the same energy, and thus frequency and 

wavelength, as the incident light, and is known as elastic or Rayleigh scattering. However, 

some of the light, 1 in 106-108 photons, does so with a different energy, undergoing what 

is known as inelastic, or Raman scattering. The inelastic effect arises from an exchange 

of energy between incident photons and molecules within the scattering medium of the 

analyte, with the scattered light resulting in either a lower or higher energy or frequency 

(and thus a lower or higher wavelength), than the incident light, being known as Stokes or 

anti-Stokes Raman scattering, respectively (Figure 2.1a). The change in energy is 

associated with the vibrational energy levels of the electronic ground state for the 

molecules within the scattering media, and thus the observed Raman shifts provide a 

measure of the types and quantities of molecular vibrational energies, and thus a 

characterization of the sample. As only molecules whose vibrational energies are above 

the ground state prior to irradiation, which is less densely populated, can give rise to anti-

Stokes scattering, it is of comparatively lower intensity and thus it is the Stokes scattering 

that is usually observed in Raman spectroscopy (Figure 2.1b) [162]. With Raman 

scattering dependent on virtual states, all bond energies can be observed largely 

independent of the excitation wavelength making it a very powerful technique. 
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Figure 2.1: (a) The fundamental working principle of Raman scattering (b) A basic Jablonski 

diagram of the Rayleigh and Raman scattering processes. 

 

For smaller sizes of analyte, or particles, these can be characterized through combining 

Raman spectroscopy with an optical microscope, thus being known as micro-Raman 

spectroscopy or µ-Raman spectroscopy. The optical microscope in µ-Raman 

spectroscopy results in high magnification visualisation of a sample and thus the 

maximum collection of light to characterize microscopic samples, or microscopic sections 

of larger samples [163,164]. Additionally, spatially resolved Raman spectra from µ-Raman 

spectroscopy can be used to create chemical images of samples to enable the 

visualization of its molecular variations at micron scales [165]. Furthermore, the 

combination of a Raman spectrometer to an optical microscope with a spatial filter, 

commonly in the form of a pin-hole, results in a confocal Raman spectrometer, capable of 

high resolution chemical analysis of sub-microscopic samples or sub-microscopic 

sections of larger samples [166]. The confocal optics within a confocal Raman 

spectrometer allows for spatial filtering of the analysis volume within a sample, providing 

high resolution along both the lateral (x-y) and axial (z) axes [166,167]. Subsequently, 

confocal Raman spectroscopy provides the highest degree of spatial resolution, allowing 

for chemical analysis of samples along their depth, and thus suitable for the analysis of 

layered sub-microscopic or sub-microscopic sections of samples [167].  

Four different geometries can be used in Raman spectroscopy, chosen on the basis of 

the application and sample to be characterised, and are known as: Backscattering 

[155,157,168];  Transmission [169-171]; Spatially offset Raman spectroscopy (SORS) 

[172-174]; Universal Multiple Angle Raman Spectroscopy (UMARS) [175-177]. 

Transmission geometry is suitable for thin or non-highly absorbing samples as the 

illumination of sample and collection of Raman signal is done from opposing sides of the 

sample, thus allowing for the probing of the entire thickness of a sample, making it a 

popular choice when representative analysis of the bulk of a sample needs to be done 
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[178]. For diffraction-limited spot sizes Backscattering offers better spatial resolution, 

however, it cannot provide a detailed analysis of layered samples. SORS can provide that 

however as it introduces an offset when collecting the scattered signal with respect to the 

illumination, with increments in the collection offset increasing the intensity of the Raman 

signal of the inner layer compared to the outer layer [176]. Finally, UMARS is used to 

analyse samples embedded deep within highly scattering media as the collection direction 

is independent of the direction of illumination [176]. Thus, although traditionally the first 

two geometries were usually used, SORS and UMARS have become more and more 

popular recently.  

For all Raman spectroscopy geometries, the consideration of laser stability, line width, 

power and wavelength are crucial. The first two parameters determine spectral resolution, 

with a poor one corresponding to broadened spectra and the inability to resolve peaks for 

analysis. Thereafter, the choice of laser power and wavelength determines Raman signal 

intensity, being linearly dependent on laser power but also inversely proportional to the 

fourth power of the excitation wavelength which leads to a low intensity (see drawback i). 

This dependence on wavelength leads, where possible, to shorter wavelengths within the 

visible or even UV range being chosen over the near-infrared (NIR) or infrared (IR) region. 

Where possible, because samples that produce fluorescence (see drawback ii) and photo-

degradation that can obscure Raman spectral peaks do so more at lower wavelengths 

due to electronic excitation within molecules. With low intensities requiring signal 

integration and therefore long measurement times (see drawback iii) accumulated 

irradiation can damage samples (see drawback iv). Thereafter this choice is further 

convoluted given that there is a significant decrease in quantum efficiency for typical 

detectors at NIR and IR wavelengths that necessitates the use of considerably more 

expensive indium gallium arsenide (InGaAs) detectors [155]. 

(i) Low Intensity: As aforementioned, being inversely proportional to the fourth 

power of the wavelength, a Raman signal is of extremely low intensity that with 

said a lower frequency source is often used to resolve Raman signals as 

fluorescence diminishes at longer wavelengths [170]. 

(ii) Fluorescence: When the energy of an incident photon, and thus laser source, 

is nearly equal to the transition energy between two electronic states an 

electron can transition to a higher electronic state instead of a virtual state, that 

upon relaxation to the lower energy state results in broadband fluorescence 

which can mask the much lower intensity and narrower Raman signals [179]. 

(iii) Slow Measurements: With its low intensity, a long integration time is typically 

required to increase the signal to noise ratio (SNR) of the Raman signal to a 
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detectable level. This particularly true when Raman spectroscopy is used for 

single-particle analysis [121]. 

(iv) Destructive: Although Raman Spectroscopy is inherently a non-destructive 

technique it does involve focusing high-power lasers over a small area for long 

durations, which can result in damaging samples of a biological and polymeric 

nature [180]. 

With the majority of the drawbacks deriving from the low-intensity signal, various 

improvements and enhancements in optical sources and detectors over the years has 

resulted in an improvement of the SNR for Raman spectra, however, these there are 

limited particularly for small samples. For such samples, certain variants of Raman 

spectroscopy have been adopted [137,181,182,183], with the one of most relevance to 

this project being the only one discussed hereafter, surface-enhanced Raman scattering 

(SERS). 

  

2.1.2 SERS 

SERS was first identified in 1974 by M. Fleischmann and his colleagues when signal 

enhancement was observed for Raman scattering measurements of pyridine adsorbed on 

a rough silver electrode [184], although it was initially attributed to just an increased 

surface area due to the protrusions of its roughened surface [185]. In 1977, two groups, 

comprising of Jeanmaire and Van Duyne [186], and Albrecht and Creighton [187], 

independently identified this phenomenon and reported enhancement factors (EFs) of 105 

– 106, with the latter group correctly attributing it to plasmon excitation [185]. Since then, 

enhancement factors (EF) of up to 1014 have been observed [188,189], although values 

of only 105 – 108 are usually observed for entire SERS substrates [190,191]. 

It was Moskovits [192] who successfully identified that the enhancement was specifically 

due to the enhanced electric fields arising from the localized surface plasmons generated 

by the nanostructured metals. Surface Plasmons, predicted by R. Ritchie in 1957, are 

coherent delocalized electron oscillations that exist at any interface between two materials 

where the real part of the dielectric function changes sign across the interface, typically a 

metal-dielectric interface, such as a metal sheet in air. The charge motion in a surface 

plasmon always creates electromagnetic fields outside (as well as inside) the metal, with 

the two forming a total excitation, either as a surface plasmon polariton at a planar 

interface, or a localized surface plasmon for the closed surface of a small particle. Under 

resonant conditions those excitations become surface plasmon resonances, or SPR 

(Figure 2.2a), and local surface plasmon resonances, or LSPR (Figure 2.2b), 

respectively., with the latter arising when the SPR is confined to a particle size comparable 
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to the wavelength of incident light, causing the free electrons of the particle to collectively 

oscillate [193]. 

 

Figure 2.210: (a) Generation of a SPR when a metallic film is excited under resonant conditions by 

photons (b) Generation of LSPR when a metallic nanoparticle is under resonant conditions by 

photons. 

For LSPR, where there is no travelling wave, it specifically occurs in metallic structures, 

such as metal particles, that have a lateral size that is less than half the wavelength of its 

excitation source [194], leading to an enhancement of the electric field around them and 

thus enabling SERS (Figure 2.3) which is described hereafter.  

 

Figure 2.3: The SERS mechanism 

The metallic nanostructures, which are surrounded by a dielectric material (1), are usually 

fabricated from the nobel metals of gold (Au), silver (Ag), copper (Cu), platinum (Pt) and 

palladium (Pd) as their plasmon resonance frequencies fall within the visible to NIR range 

and so Raman modes within them can be excited by light in those wavelength ranges. 

Thereafter the metallic nanoparticle is excited by an incident electromagnetic field or 

appropriate wavelength, creating a local electric field around it (2), and when an analyte 

molecule enters its vicinity, the local electric field polarises the molecule resulting in 
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Raman scattering (3&4). The Raman scattered signal then interacts with the nanoparticle 

itself, in what is termed the re-radiation process (5), resulting in the enhancement of the 

Raman signal. The overall enhancement observed is a combination of the electromagnetic 

(EM) enhancement, due to the excitation of plasmons in the metal nanoparticle, and the 

chemical (CH) enhancement, which is associated with the capability of analyte molecules 

to transfer electrons to/from the metal particles.  

Although SERS can be achieved using a single nanoparticle; for practical use, elaborate 

substrates comprising of periodic arrays of metallic nanoparticles separated by nano-

metre sized gaps are typically used due to the strong electromagnetic coupling between 

the adjacent metallic nanostructures that create localized plasmon modes [185] within the 

gaps, known as ´hot spots’. These ‘SERS substrates’ can provide an EF equal to 105 – 

106 [195], [196], [197], with a broadening of the plasmon resonance peak due to coupling 

between adjacent nanostructures increasing the possibility of the resonance covering the 

Raman peak along with the excitation wavelength [198]. As its name suggests, the 

enhancement factor (EF) is a parameter used to quantify the enhancement of the Raman 

signal in the presence of metallic nanostructures, defined as the ratio of SERS to Raman 

measured intensities for an analyte and thus [199]: 

𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
       

where: 

ISERS – the intensity of SERS signal for the selected peak.  

IRaman – the intensity of Raman signal for the same peak.  

That with said, various formulas can be found in the literature to get the best practical 

estimation of EF, with one of the most commonly used one being the following [199,200]: 

𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆

𝑁𝑆𝐸𝑅𝑆
⁄

𝐼𝑅𝑎𝑚𝑎𝑛
𝑁𝑅𝑎𝑚𝑎𝑛

⁄
      

where: 

ISERS – the intensity of SERS signal for the selected peak.  

NSERS – the number of analyte particles contributing to ISERS. 

IRaman – the intensity of Raman signal for the same peak. 

NRaman – the number of analyte particles contributing to IRaman. 

With the EF of a substrate being a very important factor in SERS analysis the parameters 

which it depends upon, for a given wavelength, are detailed hereafter, being for the 

periodic array of nanostructures or particles, (A) the metal they are fabricated from, (B) 

the gap between adjacent nanoparticles and (C) their geometry: 
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(A) Given the cost of Pt and Pd, Au, Ag and Cu are usually used for the nanostructures, 

with Ag being the most popular as it offers higher enhancement, lower cost and ease of 

synthesis [190,201,202]. That with said Ag is easily oxidized due to oxygen and water 

vapour present in the atmosphere [203] leading to reduced lifetime and reproducibility, 

making stabilization of Ag nanostructures critical at such small dimensions [202]. Au is 

therefore also often used instead, especially at wavelengths longer than 600-650 nm 

where it has a comparable enhancement, having a lower enhancement below 600nm due 

to lossy plasmon resonance from lower absorption [190].  

(B) Significant near-field interaction is found between adjacent nanostructures when the 

gap between them is not greater than half their width or diameter [198,204], with the 

enhancement increasing as the gap becomes smaller, in accordance with classical 

electromagnetics that predicts an inverse relationship between the gap and plasmonic 

enhancements [185,205]. This holds down to 1 nm whereupon quantum effects from 

electron tunnelling can occur affecting the plasmon energies, resulting in a reduced 

electromagnetic field and lower enhancement [185]. Fundamentally, for uniform maximum 

enhancement, precise control of the gap between adjacent nanostructures within the sub-

10 nm regime is required, which is currently not possible through existing nano-fabrication 

methods [204].  

(C) Larger nanostructures have a larger number of available electrons and thus 

enhancement [206], but only up until the length scale of the excitation wavelength, 

whereafter the SERS effect starts to diminish due to the excitation of nonradiative modes. 

Conversely, for smaller nanostructures, the effective conductivity and light scattering 

properties required for effective SERS enhancement reduce [207]. Finally, as well as the 

size and gap between them the enhancement is also dependent on the shape of 

nanostructures [204]. Non spherical or anisotroptic nanostructures, such as rods, 

hexagonal, cubical, star shape etc, are beneficial as they offer more intense near-fields at 

the sharp edges [208]. 

Given the above critical parameters the successful design and fabrication of substrates 

for SERS is a particularly formidable challenge. Whilst the design of SERS substrates is 

contingent upon the specific analyte under consideration, the methodologies for 

fabricating SERS substrates can be broadly classified into two categories: (i) top-down 

lithography and (ii) bottom-up synthesis. The former consists of the reduction of bulk 

metals to metallic nanostructures through the application of lithographic techniques [209], 

resulting in substrates with reproducible and uniform structures and thus a highly 

reproducible SERS signal. That with said, the use of sophisticated and expensive 

equipment for those techniques makes the substrates economically impractical for routine 
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real-world applications. Bottom-up synthesis however produces much more cost-effective 

SERS substrates as it relies solely on chemical processes rather than high-cost 

specialized equipment and highly trained operators. That with said its substrates have 

considerable move variability compared to the structural homogeneity of those fabricated 

through the top-down approach, which is attributed to the inherent challenges associated 

with exercising precise control over the chemical reactions that govern substrate 

formation. Despite this limitation, bottom-up synthesised substrates are widely used, 

particularly in applications where qualitative detection takes precedence over quantitative 

due to their low cost [210,211].  

SERS substrates may be categorized alternatively based on their structural attributes, 

giving rise to three broad categories: (i) suspensions of metallic nanostructures, (ii) 

immobilized metallic nanostructures on substrates and (iii) metallic nanostructures 

fabricated or grown on a substrate [212]. To date the first typically has challenges for 

reproducible quantitative measurements due to the difficulties in controlling the number of 

enhancement nanoparticles within the vicinity of each analyte molecule [213]. The latter 

two have generally consisted of planar substrates that offer both a limited concentration 

of hotspots due to a single plane of surfaces only being available, and not true 

compatibility with ‘in flow’ analytical systems due to being located beyond several diffusion 

lengths of the flow of analyte in microfluidic systems [214]. In contrast, the latter two 

categories also include 3D substrates with their inherent large surface areas that can be 

exploited to increase the number of hotspots and sites for analyte adsorption leading to 

increased SERS enhancements and thus sensitivity [215].  

For all types of SERS substrates, their application can be classified as either label-free or 

label-based SERS. Label-free SERS is a direct method that relies solely on the probability 

of analyte molecules being in proximity of hotspots in order to take advantage of the SERS 

enhancement. Label-based SERS methods however are indirect methods that utilise 

binding agents or SERS tags consisting of Raman reporting molecules which selectively 

bind analyte to the substrate. Unlike label-free SERS, this method helps target the analyte 

to the hotspots thereby increasing the sensitivity and repeatability. That with said, although 

the absence of a binding agent in the label-free method makes it less efficient it does the 

advantage of being simple, cost efficient and free of interfering signal from the binding 

agent or SERS tag [216,217]. The choice between label-free or label-based SERS method 

therefore depends on whether there is an appropriate binding agent for the analyte and 

the binding efficiency of the analyte to that agent.    

In summary, through increasing the Raman signal to enable the detection and analysis of 

analytes that would have been otherwise difficult, if not impossible, to detect, SERS has 
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proven to be very useful, although the following key considerations must be made for its 

use:  

Substrate Preparation: For quantitative analysis uniform and reproducible enhancement 

is required and thus a uniform SERS substrate that can be reproduced. Production of such 

substrates is challenging, costly and time-consuming, requiring the use of ultra-pure 

reagents to avoid contamination that would otherwise affect the properties of the substrate 

produced, essentially changing the SERS enhancement and making it non-uniform [218]. 

Proximity of analyte: For SERS measurements, the analyte molecule needs to be in 

close contact with the substrate, which is difficult when the sample is solid-state as 

opposed to liquid [218]. 

 

2.2 State of art in Raman analysis of MNPs 

In this section, the state of art in MNP detection by techniques relevant to this thesis will 

be discussed in two parts – first through the use of Raman spectroscopy and then through 

SERS, with each having separate segments on microplastic detection and nanoplastic 

detection. With Raman most commonly used for the detection of microplastics as opposed 

to nanoplastics, most of sub-section 2.2.1. is based on the former, as well as describing 

the limitations in general for Raman spectroscopy before focussing on the challenges for 

its application to microplastic detection. The MNP detection through SERS in sub-section 

2.2.2. includes a special focus on nanoplastic detection with greater understanding of it 

provided through a detailed explanation of the various SERS substrates used for detection 

of MNPs and their limitations. 

 

2.2.1 Detection of MNPs through the use of Raman spectroscopy 

2.2.1.1 Microplastic Detection using Raman Spectroscopy 

As discussed in section 1.6.4, Raman spectroscopy is one of the most commonly used 

techniques for detecting MNPs with conventional Raman spectroscopy detecting 

microplastics greater than 10 µm, µ-Raman spectroscopy for microplastics down 1 µm 

and confocal Raman spectroscopy for nanoplastics as small as 300 nm [219-221]. 

Through Raman MNPs have been detected and identified in various matrices, including, 

but not limited to, drinking water [137], seawater [222], freshwater [223], wastewater [224], 

sediment [225], soil [226], plants [227], aquatic organisms [228], honey [229], salt [230], 

food [231], wine [232], cosmetics [233], human semen [234], human breastmilk [235], 

human blood [236], amniotic fluid [237]. This demonstrates its capability for application, 

which is due not least to its continuous development and advancements over time. That 
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with said, its application to MNP analysis has three drawbacks: (A) fluorescence, (B) low 

signal intensity and (C) long overall analysis times due to the presence of other matter in 

samples requiring pre-selection of particles for Raman measurements and the shear 

volumes of samples. 

(A): Fluorescence observed in MNP samples emanates either from the inherent 

composition of MNPs, impurities such as organic/inorganic material, colouring agents etc 

that might have attached to the MNPs at some later stage or from the filters employed to 

separate them from their matrix. Its presence in Raman signals leads to an elevated 

baseline that, in severe instances, completely masks the spectral peaks of interest [238] 

and so many different practices are used to reduce or completely get rid of it when 

analysing MNP samples. Specifically when arising from additional impurities, pre-

treatment through the use of acid [239], alkaline [240], oxidative [129] or enzymatic agents 

[241] is undertaken to remove as much of the impurities as possible to minimize the 

fluorescence signal, whilst avoiding the degradation of the MNP sample. For example, 

previously, the International Council for Exploration of Sea (ICES) recommended the use 

of nitric acid as a digestion agent for the impurities of MNP samples, however various 

studies subsequently showed significant plastic degradation leading to MNP 

underestimation in Raman measurements [240,242]. Subsequently, Enders et al. [242] in 

partnership with the ICES formulated a new protocol based on 30% KOH:NaClO as the 

official method for cleaning MNP samples. Nevertheless occasionally, despite rigorous 

pre-treatment, fluorescence can remain, which is attributed to the presence of a strong 

colouring agent. Photo bleaching, whereby the sample is exposed to high intensity laser 

light until the agent degrades, is usually applied to get rid of it, although that is limited by 

time constraints and the high probability of damaging the sample due to the long exposure 

times to the light [238]. In an alternative approach, Zhao et al. [243] applied an automated 

algorithm, based on a modified multi-polynomial fitting method [244], to spectral data in 

order to remove the fluorescence signal to reveal the underlying Raman peaks. Ghosal et 

al. [228] were the first to develop a graphical user interface (GUI) based on the algorithm 

proposed by Zhao et al. [243] and through applying it demonstrate the recovery of Raman 

spectra of five different types of microplastic samples. Whilst the use of such algorithms 

is an efficient method to extract Raman spectra from broadband fluorescence signal, a 

meticulous selection of filters employed to separate MNPs from the matrix is also 

necessary to minimise fluorescence emanating from those. A study of performance 

comparison between six different commercial filters commonly used for µ-Raman 

spectroscopy with custom made polycarbonate filters coated with three different metals 

showed that the most efficient substrate for MNP analysis was the custom-made 

polycarbonate filter coated with aluminium. It offers prominent advantages over others: (i) 
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minimum fluorescence and (ii) optimum contrast between the filter and sample making 

automated particle detection easier [231].  

(B): Low Raman signal intensity can be tackled in some instances by extending the 

integration time, this however, as well as increasing measurement time also introduces 

the risk of sample burning or laser-induced degradation due to prolonged exposure [238]. 

A more promising solution, by improving the signal to noise ratio (SNR) in Raman 

measurements, has arisen from the development of improved detectors such as electron-

multiplying charged coupled device (EM-CCD) detectors over conventional charged 

coupled device (CCD) detectors. This is because they have the capability to amplify the 

gain up to 1000 times for the same magnitude of SNR but for shorter integration times 

and subsequently there has been an increased use of EM-CCD detectors for fast Raman 

mapping and imaging applications, including for MNP detection and analysis [245-247]. 

Specifically Dieing and Hollricher demonstrated the Raman imaging of microplastics within 

a glass slide covered with PMMA microplastics and contamination [247] through using a 

EM-CCD detector with one tenth the integration time of a standard CCD detector. A radical 

alternative to ‘enhancing’ the low intensity of the Raman signal involves abandoning 

conventional Raman scattering, i.e. spontaneous Raman scattering, in favour of nonlinear 

Raman scattering, stimulated Raman scattering (SRS), coherent anti-Stokes Raman 

scattering (CARS) and coherent Raman scattering (CRS). However, despite offering a 

high SNR, nonlinear techniques for microplastic detection have only been sporadically 

used, such as SRS [181], CARS [154] and CRS [248,249] because they require expensive 

equipment and skilled personnel, and are out of the scope for this thesis. Besides the 

aforementioned non-linear scattering methods, SERS, a commonly used analytical 

technique for detection and analysis of MNPs (a detailed discussion is presented in the 

following section) provides a better SNR without the additional complexities associated 

with non-linear Raman scattering as it is based on spontaneous Raman scattering.  

(C): Filtered samples often contain non microplastics which can slow down the whole 

analysis process as it can be difficult to determine through microscopy which particles are 

probably microplastics and thus should be characterised through Raman spectroscopy. 

An innovative strategy to enable fast but precise analysis of microplastics actually 

introduces fluorescence to more easily identify them through microscopy [250-254], doing 

so through the use of a fluorescent dye that almost exclusively colourises the 

microplastics. The concept originated from the analysis of surface water samples as they 

bear microbiota that can be mistaken for microplastics under the microscope, although 

they do not undergo colourisation by fluorescent dyes [50], and Shim et al. [250] were the 

first to using Nile Red (NR) to stain laboratory-controlled and field samples. It should be 
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noted however, that although the staining method reduces the probability of missing the 

detection and subsequent quantification of microplastics it does however hinder 

microplastic detection as lipids and organic natural organic contaminants within the 

sample are also dyed, moreover greatly weathered microplastics do not stain properly. 

That with said, dyed contaminants can be avoided through appropriate pre-treatment 

methods, although the challenges associated with dying weathered microplastics are 

more difficult. A study of five different dyes, Oil red EGN, Eosin B, Rose Bengal, Hostasol 

Yello 3G and NR, has demonstrated that NR is the best amongst them in terms of 

adsorption and fluorescence intensity [251] when staining microplastics. Erni-Cassola et 

al. [252] detected NR stained microplastics across the size range of 20 µm to 338 µm 

through fluorescence microscopy before verifying their identity with µ-Raman 

spectroscopy. The combination of imaging and Raman spectra confirmed that only the 

microplastics were fluorescing, and the same study also explored the potential of using 

fluorescence staining to perform high-throughput detection of microplastics, with the 

samples being appropriate for chemical analysis through Raman spectroscopy. The 

fluorescence dye staining of microplastics doesn’t usually produce sufficient fluorescence 

as to mask Raman spectral features of microplastics as NR is usually used, due to its 

efficiency in dying microplastics, in small amounts [251]. That with said  where the 

fluorescence signal is so high that it impedes the acquisition of Raman spectra, a short 

duration of photo-bleaching has been reported to help [252]. The shear volumes of 

samples from environmental matrices to be analysed and the necessary time to do so has 

led to the development of automated analysis, either in the form of complete mapping of 

each point of the filter containing a sample or a pre-scanning. The former is precise but 

comes at the cost of being time consuming, whilst Elert et al. [255] has used microscopic 

sorting and quick Raman mapping collectively as a pre-scanning step. The microscopic 

sorting helped find the areas containing microplastics to narrow down the mapping area 

whilst the quick Raman mapping was done to form a spectral image of each particle 

detected during the microscopic pre-scan. Thereafter higher resolution Raman spectra 

was taken for particles of interest making the process more time-efficient than mapping of 

the entire filter [255]. Various studies have demonstrated the advantage of utilizing 

different image analysis software to help reduce the time taken to perform comprehensive 

Raman mapping for microplastic samples [137,256].  

An important aspect of identifying environmental MNP samples by matching measured 

Raman spectra to those from reference libraries, particularly through automated 

identification, is that their weathering and the presence of additives from commercial 

plastic production may prevent a 100% match as reference spectra are of pristine plastics. 

In some cases, the variation in the spectra is so high that automated routines will fail to 
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identify the plastic particles. An example is that of Lenz et al. in [257] who demonstrated 

that exposure of PVC to photo-degradation resulted in the disappearance of Raman peaks 

typical of PVC at 693 cm-1 and 637cm-1 as well as the addition of extra peaks at 1139 cm-

1 and 1540 cm-1 and thus did not match successfully to PVC library reference spectra. 

Consequently a need was recognised for the addition of spectra for  plastics at various 

states of degradation within spectral libraries, particularly for environmental samples [238]. 

Furthermore, spectra for the typical impurities found in MNP samples extracted from 

environmental matrices have been successfully added to Raman reference spectral 

libraries, with their use show to increase the matching score [257]. Machine learning (ML) 

is increasingly used to achieve automated Raman routines and a portable Raman device 

equipped with a ML algorithm was reported to distinguish and classify various 

microplastics collected from marine water with a selectivity of 98.82%; demonstrating the 

efficiency of ML in MNP analysis [258]. 

 

2.2.1.2 Nanoplastic Detection using Raman Spectroscopy  

As stated at the beginning of section 2.2.1.1 µ-Raman spectroscopy and confocal Raman 

spectroscopy have also demonstrated, in a few instances, the detection of nanoplastics. 

For example, a correlative approach based on SEM and µ-Raman spectroscopy 

successfully detected PS beads of diameter 200 nm in diverse matrices such as distilled 

water, sea salt and human amniotic fluids with detection limits of 2x10-3 µg/L, 20 µg/L and 

200 µg/L, respectively [237]. Luo et al. demonstrated the release of MNPs into the 

environment from the burning of face masks through using Raman imaging to successfully 

detect MNPs in the residuals of burnt masks [259]. In another study confocal Raman 

spectroscopy was used to identify nanoplastics, specifically PS particles of 600nm, 300 

nm and 100 nm diameter. Whilst those of the first two sizes were detected on a glass 

slide, the smallest were instead placed on a gold coated glass slide for detection also 

through SEM [219] and thus the spectral analysis for the 100nm nanoplastics was in all 

likelihood surface-enhanced Raman spectroscopy (SERS). The recognition of false 

positive and false negative features in the Raman mapping of the PS nanoplastics [219] 

from the intensities of a characteristic Raman peak, due to low intensity Raman signal, 

however led to follow-up studies [260,261] to develop an algorithm to take images at 

multiple characteristic peaks rather than one [260]. In this way the precision of the Raman 

map was increased, and afterwards a further improvement was made by advancing the 

algorithm to combine the multi-images of the various characteristic peaks to be mapped 

simultaneous into a single image through using colour off-setting got a higher SNR 

[261]. The aforementioned studies also demonstrated the efficiency of the developed 
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methods by applying them to real world MNP samples obtained from car paint-polishing 

dust [260] and toner ingredients of a laser printer [261].  

In summary, Raman spectroscopy has found widespread application in microplastic 

detection; however, its efficacy has been consistently hindered by inherent limitations that 

have presented challenges for the detection of microplastics in environmental samples. 

Moreover, confocal Raman spectroscopy, whether employed individually or in conjunction 

with other techniques, has demonstrated success in detecting nanoplastics, the 

subsequent section elucidates on how an advanced Raman spectroscopy variant, that is 

surface-enhanced Raman spectroscopy, has emerged as a superior alternative for MNP 

detection [262]. 

 

2.2.2 Detection of MNPs through the use of SERS 

2.2.2.1 Microplastic Detection using SERS 

Compared to microplastics for nanoplastics it is typically more challenging to obtain 

comprehensive physicochemical information such as chemical composition, 

concentration, abundance, and morphology. The improved sensitivity, higher SNR and 

greater spatial resolution offered by SERS over µ-Raman spectroscopy and confocal 

Raman spectroscopy makes it the better analytical technical to address that challenge 

though [263].  

Xu et al. were among the first to report the detection of single particle microplastics through 

the use of SERS by using commercial substrates of gold coated inverted pyramids by 

Klarite [264], specifically for PS (1 μm, 2 μm, and 5 μm diameter) and PMMA (2 μm, and 

5 μm diameter) microspheres. The SERS enhancement was proven through comparing 

the Raman signal intensity from microplastics on Klarite substrates to that from 

microplastics on silicon wafers, being greater for the former [265]. Elsewhere a flexible 

and highly reproducible SERS substrate based on AuNP doped filter paper was used to 

detect 10 µm, 15 µm and 20 µm PET microplastics and also microplastics found in tap 

and pond water [266], with the filter paper preventing the AuNPs from aggregation, 

leaching and degradation. In another study [267], 1 μm, 2 μm, and 5 μm diameter PS, and 

1 μm, and 2 μm PMMA microspheres were detected through SERS using substrates 

formed by sputtering gold onto a V-shaped anodic aluminium oxide (AAO) membrane 

made up of 2D-array of inverted cone-shaped nanopores which were then used to also 

detect microplastics in rainwater. The same authors also compared substrates when the 

gold was deposited through magnetron sputtering and when they were prepared by ion 

sputtering, showing a higher EF for those prepared by the former technique which was 

attributed to the formation of nanotopography with a higher density of hotspots. 
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Although SERS substrates used for MNP detection are usually gold or gold nanoparticle 

coated, other noble metals have been used, typically Ag. For example, commercial PE 

and PP microplastics nearly 10 μm in diameter were detected in pure water and sea water 

through the use of colloidal AgNPs to enhance the Raman signal [160], with the maximum 

SERS enhancement achieved by optimising their aggregation through control of the 

concentration of the aggregation agent (NaCl) and the sample. Similarly, other salts have 

been used as aggregating agents for AgNPs, such as magnesium sulphate (MgSO4) for 

1 μm PS [268] or potassium iodide (KI) for 1 µm and 2 µm of PS microplastics [269]. That 

with said, the SERS signal for all samples did not vary much as the microplastics are too 

large for the AgNPs aggregating around them to form many hotspots. In comparison to 

nanoplastics, microplastics have lower specific surface area and thus provide less contact 

with metallic nanoparticles [270,271], and consequently, lower SERS signal, making the 

use of colloidal nanoparticles unsuitable for efficient microplastic detection [160,268,269]. 

SERS substrates that are neither based on continuous thin films or colloidal nanoparticles 

have also been used to detect microplastics. For example Yin et al. successfully 

developed and then employed a AuNP decorated sponge for the SERS detection of 

microplastics (PS, PET, PE, PVE, PP and polycarbonate) generated from grinding of 

macro-plastics [272] and thus of random sizes within the range 80 µm – 150 µm. The use 

of a sponge as the skeleton for forming a SERS substrate has multifaceted advantages. 

One is that the large number of pores offer a 3D framework and thus lots of lots of sites 

for AuNPs and therefore hotspots, whilst another is that the pores can filter out water and 

smaller particles from the sample matrix with the bowl-shaped pores perfect for trapping 

microplastics. Finally, the variation of the pore size allows for both tuning the size of 

microplastics trapped as well as the interparticle gap and therefore the size of the hotspot. 

The prepared SERS substrates were used to detect microplastics in water from five 

different matrices, namely seawater, rainwater, river water, snow and tap water. The 

process used to produce the substrates was found to be reproducible with SERS 

experiments carried out over nine individually prepared substrates having a less than 10% 

standard deviation, whilst results led the authors to hypothesise that the limit of detection 

can be lowered indefinitely if a sufficient volume of sample is available. Another unique, 

flexible and ultra-thin SERS substrate fabricated from gold mesh was used within a 

wearable SERS sensor [273] that used an external laser source to detect microplastics, 

particularly PE microbeads of a 1 –10 μm diameter, in addition to two other real-word 

applications. The creation of the gold mesh is a low-cost four-step process: (i) preparation 

of aqueous solution of polyvinyl alcohol (PVA), (ii) preparation of nanofibers using PVA, 

(iii) formation of PVA mesh by intertwining the nanofibers (iv) coating the PVA nanomesh 

with gold.  
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Although section 2.2.2.2. shows that SERS is much more popular for the detection of 

nanoplastics, it has clearly been seen to be used for qualitative and quantitative analysis 

of microplastics and gives better a performance for detection than by standalone standard 

Raman spectroscopy. 

2.2.2.2 Nanoplastic Detection using SERS 

As reported in section 2.2.2.1 as well as for detecting microplastics Xu et al. [265] used 

the same (Klarite) substrates to detect nanoplastics, in particular, PS and PMMA spheres 

with diameters of 360 nm and 500 nm. In that published work the Raman signal for 500 

nm PS spheres on silicon wafer was seen to be much lower in intensity compared to that 

of the (SERS) signal for 360 nm PS spheres on Klarite. It was also reported that there was 

a 2 orders of magnitude lower EF for PMMA particles than for PS, being hypothesised as 

to be due to the PMMA particles’ low Raman cross section and sensitivity to the SERS 

substrate. Furthermore, the difference in the SERS signal for same sized particles and 

their subsequent imaging also showed that the highest signal is obtained in the pits of the 

inverted pyramid, which are clearly the hotspots of the substrate, this was further 

substantiated through numerical simulations. Finally, the study also employed the use of 

the Klarite substrate for the detection of ambient atmospheric MNPs collected within 

samples from the roof of a university building in Shanghai with spectra indicating the 

presence of PET and PS.  

Typically colloids of Ag and Au nanoparticles, that are prone to agglomeration in the 

presence of an electrolyte solution resulting in the generation of a great number of 

hotspots, are used as SERS substrates for the detection of nanoplastics [274,275], with 

their most attractive feature being the simplicity of the process. As an example Lv et al. 

detected 100 nm and 500 nm of self-synthesised [276] PS spherical nanoplastic beads 

through the use of NaCl aggregated Ag colloids that were previously seen to be used for 

also detecting microplastics in section 2.2.2.1 [160]. The publication showed that for both 

sample matrices, pure water and sea water, the maximum SERS signal for nanoplastics 

was achieved for an optimum concentration of NaCl being 0.25 mol/L and equal volumes 

ratio of PS solution to colloidal solution with the concentration of salt already present in 

the sea water insufficient to further aggregate the AgNPs. The work also showed that 

although the SERS intensities for 500nm sized PS nanoplastics in both matrix samples 

are maximum at a concentration of 0.08 mg/ml, the SERS intensity for 100 nm PS reaches 

a maximum at 0.80 mg/ml for pure water samples whilst it continues to increase up to 1.60 

mg/ml for sea water samples, although the authors did not provide any explanation for 

this. Another study based on aggregation of AgNPs, but using MgSO4 [268], successfully 

detected PS nanoplastics with an average diameter of 53 nm. However, it gave uneven 
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SERS enhancement and poor reproducibility, which is a common problem faced due to 

uncontrolled/inhomogeneous hotspot regions and is predominantly a drawback of SERS 

substrates prepared using the bottom-up approach. The same study highlighted another 

drawback of this approach, due to the limited lateral resolution of the technique individual 

SERS spectra may contain contributions from multiple nanoplastics. Another study that 

used AgNPs [269] and a salt to aggregate them, this time potassium iodide (KI), was 

capable of detecting and quantifying 50 nm, 100 nm, 200 nm and 500 nm PS nanoplastics. 

The method was validated for real-world applications through achieving recovery rates 

between 87.5% – 110% for lake water samples with spiked nanoplastics of the sizes 

above. Compared to other coagulants used elsewhere for the aggregation of AgNPs KI 

provides an additional benefit, serving as a cleaner by dislodging impurities present on 

the nanoparticles [160,268].  

Other nanoplastic SERS studies have used non colloidal nanoparticle substrates, such as 

the two sets of glass slides with coatings of different sized AuNPs that were used to detect 

161 nm and 33 nm sized PS nanoplastics and PET particles with an average of 62nm 

[277]. Its 14nm and 46nm sized AuNPs were prepared using the Turkevich method [278] 

and a slightly modified Brown method [279], respectively. Within that study the detection 

of 161 nm and 33 nm PS was successful for both types of substrates, however, PET 

nanoplastics smaller than 62 nm were not detected for either type demonstrating that 

suitability of a SERS substrate is also dependent upon the plastic type within a sample. 

The same study showed a higher EF achieved for the larger AuNPs which is attributed to 

the nanoparticle’s ability to scatter light and the presence of electrons on its surface. 

Additionally, particles smaller than a specific size threshold exhibit surface interactions 

primarily governed by electronic scattering mechanisms, leading to a reduction in the re-

radiated electromagnetic energy and subsequently diminishing the overall SERS signal 

[280].  

In MNP detection, some samples require prior filtration necessitating an additional 

processing step of transferring the sample from a filter onto the SERS substrate. While 

this step can be tedious and time consuming, especially for samples containing small 

particles, a far greater concern is that of sample loss due the embedment of tiny particles 

from samples within the filter [263]. To address this Jeon et al. developed a flexible SERS 

substrate, which also serves as a filter, by vacuum filtering synthesised Au nanorods 

(AuNRs) and Ag nanowires (AgNWs) on to regenerated cellulose (RC) hydrogel films 

[281] before both were used to detect PS nanoplastics with diameters of 84 nm, 44 nm 

and 630 nm. A performance comparison of the two substrates showed a superior one by 

the AgNWs which was postulated as being due to the higher plasmonic effect offered by 
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Ag  compared to Au [282,283]. Another study based on SERS substrates formed through 

simple filtration of AgNWs onto filter paper showed the successful detection of trace 

quantities of PS particles with diameters between 50 nm – 1000 nm [284]. The practicality 

of the prepared substrates was then demonstrated by using them to detect nanoplastics 

in water from a seafood market. In a non-film based approach Lee and Fang developed 

and used a SERS substrate based on Au NanoUrchins (AuNUs) with an average diameter 

of 50 nm to demonstrate single particle detection for PS nanobeads of 600 nm diameter 

by mixing and drying the two solutions of nanoplastics and AuNUs [285]. In a more exotic 

approach still Chang et al. reported the development of a unique nanowell Raman 

enhanced substrate (NWERS) by sputtering Ag onto the surface of a crystal formed by 

the interfacial assembly of silicon dioxide (SiO2) nanospheres. The prepared substrate 

was used to detect individual PS nanoplastics of 200 nm, 500 nm and 800 nm in diameter 

and demonstrate its capability for real-world samples by recovering PS nanoplastics in 

spiked samples of bottled water, tap water and river water [286]. In previous sub-sections 

it has been seen that SERS is better suited than Raman spectroscopy for nanoplastic 

detection because the size of the particles is ideal for the location and sizes of hotspots. 

Likewise given the larger size of microplastics, there is only a small and almost negligible 

increase in signal size for their detection through SERS rather than Raman spectroscopy 

compared to that seen for nanoplastics. Specifically, this due to either the microplastics 

not ‘sitting’ in the hotspot region for solid SERS substrates or because the nanoparticles 

don’t sufficiently cover the larger plastic microplastic in the case of colloidal SERS 

substrates. 

 

2.3 Research Gap 

The comprehensive discussion on the introduction of MNPs to the environment in 

combination with the comparison of the impact of microplastics versus nanoplastics 

discussed in Chapter 1 clearly showed an immediate need for greater understanding of 

the latter’s distribution, concentration and toxicity to assess their suspected significant risk. 

Section 1.6.4 of the same chapter established the need for analytical techniques that could 

provide this information, with SERs being predominantly the most appropriate to do so, 

although it has some technological limitations that were explored within a comprehensive 

review of the state of the art in the SERS detection of nanoplastics in this Chapter.  

Specifically, it showed that although a variety of SERS substrates developed successfully 

detected nanoplastics, there is still a clear need for the development of cost-effective and 

simple methodologies for the reproducible fabrication of homogeneous and stable low-

cost SERS substrates capable of detecting ultra-low concentrations of small nanoplastics. 
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The experimental work presented in this monograph is a contribution to developing such 

SERS substrates and does so through the development of three simple methodologies 

based on the use of gold nanoparticles (AuNPs) for cost-effective detection of 50 nm and 

100 nm polystyrene (PS) nanoplastics. The practical applicability of each of the developed 

methodologies was also demonstrated by utilising it for the detection of nanoplastics 

released in real-world samples. 
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Chapter Three 
 

Salt-assisted aggregation of gold nanoparticles for the 
SERS detection of nanoplastics. 
 

3.1 Introduction 

Ever since the discovery of SERS its application in detection and sensing has been 

enabled through the use of substrates based on different shaped nanostructures formed 

from noble metals, particularly silver (Ag) and gold (Au), due to their SERS enhancement 

and absence of Raman active modes [287,288]. Ag provides a much higher SERS 

enhancement than Au [289], however the latter is more commonly used due to its greater 

biocompatibility, lower cytotoxicity and chemical stability in ambient conditions (Ag even 

oxidises easily in air) [290,291]. Therefore, it is spherical gold nanoparticles, which are 

also easy and cost effective to synthesise [292,293] as well as functionalise [294-297] and 

hereafter referred to as AuNPs, that are the focus for SERS substrate development in this 

thesis. Their optical properties, including plasmonic enhancement which is of interest for 

SERS, can be tuned by varying their size, shape, aggregation state, and the composition 

and dielectric constant of their surrounding medium, as these strongly affect how much 

light they scatter [298]. In general, the unique optical properties of AuNPs render them as 

valuable nanostructures for extensive applications in imaging [299], sensing [300], and 

targeted drug delivery [301].  

 

3.1.1 Synthesis of AuNPs 

The Turkevich, Frens and Brust-Schriffin methods are those primarily used to chemically 

synthesize AuNPs, stable in aqueous solution for extended periods of time [302], and 

covering a range of diameters from 2 nm to 250 nm, with their functionalities depending 

on their size and surface chemistries.  

3.1.1.1 The Turkevich Method 

The Turkevich method essentially a reduction method, is the method most commonly used 

[278] given its simplicity and compatibility with large-scale production, and the long-term 

stability of its synthesised particles. It (Figure 3.1a) consists of tetrachloroauric acid 

(HAuCl₄) being dissolved in deionized water (dH2O) to form a gold(III) chloride solution 

which upon being heated to boiling under constant stirring then has trisodium citrate 

(Na3C6H5O7) added to reduce the Au³⁺ ions to Au⁰ for the nucleation of gold atoms that 

act as seeds for further growth to form AuNPs (Figure 3.1b). During AuNP synthesis, the 
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solution undergoes a visible colour change from yellow to wine red upon the formation of 

colloidal gold nanoparticles with diameters ranging between 10 nm to 20 nm, with the 

colour depending on the size and shape of the particles due to surface plasmon 

resonance. The size, shape and optical properties of the synthesised AuNPs in water 

[303] can be tuned through varying the amount of trisodium citrate used during the 

synthesis process. 

 

Figure 3.11: (a) A schematic of the steps involved in the citrate reduction Turkevich method through 

the use of gold salt (HAuCl4); (b) A schematic illustrating how the citrate reduction results in the 

nucleation of gold atoms that act as seeds for further growth to form gold nanoparticles.  

Each nanoparticle within the colloidal AuNPs is surrounded by a strong negative charge 

which keeps interparticle separated via electrostatic repulsion [278]. That with said the 

use of trisodium citrate as a reducing agent has the additional benefit of passivating the 

surface of AuNPs through the chemisorption and/or physisorption of citrate ions resulting 

in loose citrate ions and preventing their aggregation [304]. Moreover, those loose citrate 

ions can be displaced in the presence of desirable ligands, such as DNA, proteins, thiols, 

etc, thus functionalising the AuNPs which makes them ideal for sensing applications [304], 

[305]. 

3.1.1.2 The Frens Method 

The Frens method, which closely resembles the Turkevich method, was developed to 

produce larger AuNPs, and also in water. It does so through adjusting the concentration 

of the reducing agent relative to the gold precursor, or the stoichiometric ratio of gold 

precursors to trisodium citrate, for precise tuning of nanoparticle dimensions [306]. It 

typically yields AuNPs with diameters from 10 nm to 30 nm, although nanoparticles up to 

100 nm in size have also been reported [303], [307]. 

3.1.1.3 The Brust-Schiffrin Method 

The Brust-Schiffrin method (Figure 3.2) employs a two-phase system to synthesize, under 

ambient conditions and without the need for heating, alkanethiol-functionalized AuNPs in 

an organic phase (toluene), in contrast to those produced in the aqueous phase by the 
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Turkevich and Frens methods [308]. Specifically, the phase transfer catalyst (PTC) of 

tetraoctylammonium bromide (TOAB) changes the phase of HAuCl4 dissolved in dH2O 

into toluene and the subsequent addition of dodecanethiol to this organic phase results in 

the reduction of Au3+ to Au1+. Following this reduction step, the main reducing agent, an 

aqueous solution of sodium borohydride, is brought into contact with the organic phase 

resulting in further reduction of gold ions (Au1+ and the remaining Au3+ to Au0) and the 

formation of AuNPs as indicated by a colour change [308]. 

 

Figure 3.2: A schematic diagram of the main steps in the Brust-Schriffin method for the 

synthesis of alkanethiol capped gold nanoparticles [308].  

The strong interaction between alkanethiols and the nanoparticle surface leads to effective 

passivation [308], [309], [310], [311] making the AuNPs highly stable. Similar to the Frens 

method, the size of the AuNPs synthesized can be controlled by adjusting the ratio of 

alkanethiol to gold precursors [312], although it can produce significantly smaller AuNPs 

than the other two methods, with diameters as small as 2 nm. 

 

3.2 Stabilization of gold nanoparticles 

Gold nanoparticles (AuNPs) are stabilized during the synthesis process. Based on the 

synthesis process and the stabilizing agent used the resulting stabilization can either be 

electrostatic stabilization, steric stabilization or electrosteric stabilization. 

 

3.2.1 Electrostatic Stabilization 

Ionic groups in liquids surrounding AuNPs have a tendency to attach to their surface to 

form charged nanoparticles that attract equal but opposite charges in their vicinity and 

thus a double charge layer around each nanoparticle which is overall electrically neutral 

(Figure 3.3). The electrostatic stabilization, which is formed due to ionic groups and so 

cannot be achieved in an electrolyte sensitive media [313], depends on the pH of the 

colloidal, its concentration and storage temperature [314], and prevents aggregation [313].  
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Figure 3.3: A pictorial representation of the double charge layer around each AuNP resulting in 

electrostatic stabilization and therefore no aggregation [315]. 

 

3.2.2 Steric Stabilization 

Stabilizing agents surrounding nanoparticles during the synthesis process include 

functional groups, such as hydroxyl groups, surfactants and polymers, that adsorb onto 

the AuNP surface reducing interparticle contact and thus aggregation [313] through steric 

stabilization (Figure 3.4), rendering the colloidal stable [316], [317]. Unlike aggregates 

formed within an electrostatically stabilized AuNP colloidal, those formed from steric 

stabilized AuNPs are reversible because the steric stabilization can be switched on and 

off by a stimuli, such as temperature, pH, light, polarity or magnetic fields [318], [319], 

[320]. 

 

Figure 3.4: A pictorial representation of the steric stabilization between two AuNPs generated by 

the stabilizing agent surrounding each nanoparticle [315]. 

 

3.2.3 Electrosteric Stabilization 

Electrostatic stabilization (Figure 3.5), a combination of electrostatic and steric 

stabilization, results when polyelectrolyte, a polymer with both positive and negative 

charge, is used as a surfactant. Being ionic it provides electrostatic repulsion, whilst its 

long chains and polar head groups contribute steric repulsion, consequently stabilizing the 

AuNP colloidal [321]. 
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Figure 3.5: A pictorial representation of the combination of electrostatic and steric stabilization in 

electrosteric stabilization [313]. 

 

3.3 Aggregation of gold nanoparticles 

Having discussed the stability of AuNPs, a desirable property for many applications 

including SERS detection, it is worth mentioning that aggregation of AuNPs is not always 

bad, in fact intentional aggregation of AuNPs is carried out sometimes especially for 

optical detection including SERS detection as explained in section 3.3.1. The aggregation 

of AuNPs occurs only after the repulsion forces surrounding the nanoparticles have been 

disturbed, such as the electrostatic ones for citrate capped AuNPs synthesized through 

either the Turkevich and Frens methods, or the steric ones in the case of the thiol capped 

AuNPs synthesized via the Brust-Schriffin method. Furthermore, aggregation of AuNPs 

occurs through van der Waals attractive forces [322] via two primary mechanisms: (i) 

crosslinking (CL) aggregation and (ii) non-crosslinking (NCL) aggregation.  

(i) In CL aggregation, AuNPs aggregate through the formation of specific 

chemical or biological bridges (crosslinks) between individual nanoparticles 

[322]. The CL aggregation of AuNPs occurs in presence of crosslinker 

molecules that have a couple of binding sites which link two AuNPs to each 

other. CL aggregation is when binding forces such as, electrostatic interaction, 

metal–ligand coordination, etc overcome the electrostatic and/or steric 

interparticle repulsive forces resulting in aggregation of the AuNPs [323], [324].  

(ii) NCL aggregation [322], through AuNPs capability to link without forming an 

actual bond, is driven by changes in their surrounding environment that disrupt 

the stability of the colloidal system such as ionic strength [38], pH [325], or the 

presence of organic molecules [326]. For example, citrate capped AuNPs, that 
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are stabilized through electrostatic repulsion forces from the surrounding 

citrate ions, undergo aggregation upon the addition of NaCl as the positive 

charged salt ions neutralize the negatively charged citrate ions [327].  

 

3.3.1 Aggregation of Gold Nanoparticles for Optical Detection 

The use of gold nanoparticles (AuNPs) for the detection of trace analytes is highly 

favoured due to their tunable, morphology-dependent optical properties, high stability 

against oxidation, ease of synthesis, cost-effectiveness, and versatility in surface 

modification [294], [295], [296]. While AuNPs in their colloidal form are extensively 

employed for SERS detection (owing to the plasmonic enhancement offered by these 

nanoparticles), aggregated nanoparticles are often preferred for detecting trace analytes 

that remain undetectable with colloidal AuNPs alone. Importantly, the above mentioned 

favourable properties of colloidal AuNPs are preserved when they are aggregated, 

however this holds true only to a certain degree of aggregation prior to losing the 

plasmonic properties altogether [298], [328]. Therefore, extreme care needs to be taken 

while carrying out aggregation of AuNPs in order to not lose their plasmonic properties 

[329]. Therefore, AuNP aggregation is sometimes deliberately induced to enable detection 

of trace analytes through the use of surface-enhanced Raman spectroscopy (SERS). 

For SERS applications, the stability of AuNPs is sometimes deliberately disrupted by 

adding aggregating agents to induce aggregation forming AuNP clusters, which 

significantly increase the overall size of the nanoparticle assemblies and generate "hot 

spots"—regions of intense electromagnetic fields between closely spaced nanoparticles 

[330]. These hot spots are critical to the substantial enhancement of the SERS signal, 

enabling the sensitive detection of even trace amounts of analytes [331]. Schwartzberg et 

al. [332] and Hadano et al. [333] demonstrated the detection of R6G concentrations down 

to 0.1 μM and 0.2 μM through aggregated AuNPs and colloidal AuNPs, respectively.  

AuNPs aggregates are often used for biomolecular detection, including biomedical 

screening, and they have been used to do so through SERS for the detection of ultra-low 

concentrations of biological analytes such as bovine serum albumin (BSA), hemoglobin 

and catalase [331], [334]. Their potential for field based, or Point of Site (PoS) identification 

of environmental pollutants was demonstrated through the SERS detection of 0.38 μg/L 

of a pesticide (‘thiram) through the use of a controlled aggregation of AuNPs enclosed 

within a polyacrylamide hydrogel (PAH), or PAH-AuNPs, with the PAH responsible for 

controlling and stabilizing the AuNP aggregates [335]. Furthermore, organophosphate 

pesticides were detected via SERS through the use of a athiocholine-induced aggregation 

of organometallic osmium carbonyl covered AuNPs and the inhibitory properties of 
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glyphosate on acetylcholinesterase (AChE) and its effect on thiocholine [336]. Elsewhere, 

highly sensitive and selective SERS detection of trinitrotoluene (TNT) was demonstrated 

through the formation of a Meisenheimer complex from the TNT induced aggregation of 

AuNPs functionalized with cysteine, at an ultra-low concentration of 2 pM  and against 

other nitro based compounds [337].  

In addition to its application in SERS-based detection, which enables chemical 

identification and the detection of trace analytes, gold nanoparticle (AuNP) aggregation is 

also commonly employed for rapid, convenient and cost-effective colorimetric detection 

[338]. This approach utilizes the optical properties of AuNPs, where aggregation induces 

a visible colour change, allowing for simple and efficient analyte detection by the naked 

eye without the need for sophisticated equipment [339]. Subsequently they are used in 

either PoS/at home [340] detection by the naked eye [339] for rapid, convenient and cost-

effective qualitative tests [338] or by an ultraviolet-visible (UV-Vis) absorption 

spectrophotometer for a quantitative result [341]. Colorimetric analysis has been used for 

detection of analytes such as DNA [342], [343], dopamine [344], cocaine [345] and heavy 

metal ions [346], [347], [348], [348], [349]. Whilst colorimetric analysis based on the 

aggregation of AuNPs is commonly used for the rapid detection of analytes in screening, 

it lacks the chemical identification, and thus high selectivity of SERS for identifying 

potential cross-reactivities [350]. Therefore, some researchers have integrated both, in a 

‘dual mode’, to achieve rapid screening with precise chemical identification. Dual mode 

detection has been applied for the successful detection of ultra-low concentrations of 

various harmful chemicals, ions and toxins such as arsenic (III) (As3+) [351], ochratoxin A 

[352], chlorpyrifos [353] and nickel(II) (Ni(II)) [354].  

 

 

 

 

 

 

 

 

 

 

Table 3.1Table 3.1 summarizes the studies that have been done to detect low 

concentrations of various analytes through the use of aggregated AuNPs with SERS, 

colorimetric analysis and combination of both. 
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Table 3.1: A comprehensive summary of the studies using AuNP aggregation in SERS detection, 

colorimetric analysis and a combined approach of both for the identification of a wide range of 

analytes, including biological substances found within the human body and toxic chemicals with 

subsequent limit of detections (LoDs) achieved. 

Detection 
Mechanism 

Aggregation 
Mechanism 

Analyte LoD Reference 

S
E

R
S

 

NCL R6G 0.2 μM [332] 

NCL R6G 0.1 μM [333] 

NCL Bovine serum albumin (BSA) 150 pM [331] 

NCL BSA 
Hemoglobin 
Catalase 

50 nM 
1 pM 
10 nM 

[334] 

NCL Thiram  0.38 μg/L [335] 

CL organophosphate pesticides 0.1 ppb  [336] 

NCL Trinitrotoluene 2 pM [337] 

NCL 100 nm PS 1 ppm [38] 

C
o

lo
ri

m
e
tr

ic
 

CL DNA - [342] 

CL DNA 1 pM [343]  

CL Dopamine 2 nM [344]  

NCL Cocaine 50–500 μM  [345]  

NCL Hg2+ in tap water 
Hg2+ in bottled water 
Hg2+ in saline 
Hg2+ in sea water 

2 ppb 
2 ppb 
13 ppb 
10 ppb 

[346] 

CL Pb2+ 30 nM [347] 

NCL Ni2+ 

Zn2+ 
- [348] 

NCL Hg2+ 

Ag+ 
0.1 µM 

0.1 µM 
[349] 

CL Hg2+ 0.275 nM [355] 

CL Hg2+ 71 ppb [355] 

S
E

R
S

1
 

a
n

d
 

C
o

lo
ri

m
e
tr

ic
2
 

CL As3+  0.14 ppb1 

0.11 ppb2 
[351] 

NCL ochratoxin A 0.017 µg/kg 1 
0.039 µg/kg 2 

[352] 

NCL chlorpyrifos 0.009 ppm [353] 

CL Ni(II) 0.5 ppm 1 
5 ppm 2 

[354] 

NCL Melamine 0.089 mg/L 1 
0.60 mg/L 2 

[356] 
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3.4 Aims and Objectives 

In line with the approaches described in the previous section to detect low concentrations 

of thiram using a salt aggregation of AuNPs and given the challenges in detecting NPs 

including their small size and thereby very low SERS signal intensity, the experimental 

work reported in subsequent sections of this Chapter aimed to use sodium chloride (NaCl) 

salt as an aggregating agent to aggregate AuNPs for nanoplastic detection through the 

use of SERS. The main experimental objectives of this chapter are thus: 

1. A thorough study of the aggregation of AuNPs by varying volumes of NaCl. 

2. The determination of the efficiency of NaCl as an aggregating agent for 

nanoplastic detection through undertaking a complete concentration study using 

pristine nanoplastics in deionised water. 

3. Validation of the results of the concentration study by comparing them to that of 

pristine nanoplastics in drinking water, i.e. “spiking experiments”. 

3.5 Materials and Methods 

3.5.1 Chemicals and Reagents 

Sodium citrate tribasic dehydrate (HOC(COONa) (CH2COONa)2·aq), gold (III) chloride 

trihydrate (HAuCl4·3H2O, 99.9%) and sodium chloride (NaCl) were purchased from Sigma 

Aldrich (UK). TEM carbon coated copper grids were purchased from Agar Scientific (UK). 

1 cm x 1 cm silicon (Si) filters having a pore size of 1 μm were purchased from 

ThermoFisher Scientific (UK). Aqueous suspensions of 2.5% solids polystyrene (PS) 

nanoplastic latex beads of 50 nm diameter and 10% solids polystyrene nanoplastic latex 

beads of 100 nm with a density of 1.05 g/cm3 were purchased from Sigma Aldrich (UK). 

Deionised water (dH2O) having resistivity of 18.2 MΩ.cm was obtained from the PureLab 

Chorus water purification system of Veolia Water Technologies (UK). Drinking water was 

collected from the drinking cooler at Institute for Global Food Security (Belfast, UK). 

 

3.5.2 Numerical Simulations 

Numerical simulations were carried out to calculate the theoretical enhancement factor 

(EF). For this purpose, the wave optics physics module within COMSOL Multiphysics was 

used to perform near-field simulations through the finite element method (FEM). To 

simulate gold nanoparticle (AuNP) aggregation around a PS nanoplastic, the geometry 

shown in Figure 3.6 was made in the software. Within the simulations (Figure 3.6) the 

substrates were represented by a 100 nm PS sphere, representing the pristine nanoplastis 
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used in the experiments, surrounded by 10 nm diameter spheres, to represent the 

aggregated AuNPs. The aggregation of the AuNPs was simulated by having the 10 nm 

AuNP spheres being closely packed around the 100 nm PS nanoplastic sphere  and in 

one layer, under the assumption that except for high spatial localization in 3D geometries, 

the hotspot of the closely placed nanoparticles is of the same order as that for clusters of 

nanoparticles [357]. The SERS enhancement factor (EF) is equated to the 

electromagnetic enhancement factor (G), calculated from Equation 3.1 [358], as its 

chemical enhancement component is orders of magnitude weaker and thus negligible 

[359].  

𝐺 =   | 𝐸𝑙𝑜𝑐(𝜔0) 𝐸0(𝜔0)⁄ |4   (3.1) 

where:  

Eloc – the localised electric field. 

E0 – the incident electric field. 

ω0 – the incident wave frequency. 

 

Figure 3.6: Simulation region for the numerical model created in COMSOL MultiPhysics software 

with the inset showing 100 nm PS nanoplastic sphere surrounded by 10 nm gold nanoparticles to 

simulate AuNP aggregation. 

 

3.5.3 Gold Nanoparticle synthesis 

Au nanoparticles (AuNPs) were synthesised using the Turkevich method [278], albeit with 

some minor adjustments. Briefly, 1 mM HAuCl4 is dissolved in 50 mL of dH2O and heated 

on a hotplate at a constant temperature of 90⁰C with slow but continuous stirring until it 

boils. Upon reflux, the solution is subjected to vigorous stirring and 5 mL of 1% sodium 

citrate solution is quickly added to the boiling solution. The solution is then vigorously 

stirred until its colour changed from pale-yellow to transparent to greyish black and finally 

wine-red, which is an indicator of the citrate reduction of gold ions, upon which it is 
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removed from the heat to allow the colloidal AuNPs to cool naturally to room temperature 

whilst continuously stirring. The entire synthesis process involves reduction, nucleation, 

growth and stabilization with the first and last two triggered by sodium citrate, which 

behaves as reducing as well as stabilizing agent. The synthesised AuNPs was stored at 

4 °C for subsequent experiments.  

 

3.5.4 Gold Nanoparticle Characterisation 

The successful synthesis AuNPs was confirmed by measuring their absorbance with ultra-

violet visible (UV-vis) spectrophotometer. the diameter of the AuNPs and their 

concentration via equation 3.2 and 3.3 [360].  

𝑟 =
𝐴𝑚𝑎𝑥

𝐴450
    (3.2) 

where: 

r – ratio. 

Amax – the highest absorbance value in the UV-vis spectrum. 

A450 – the value of absorbance at 450 nm in the UV-vis spectrum. 

The value of r when matched with data table found in the Table S-2 of [360] provides the 

theoretically calculated diameter of the AuNPs.  

𝑐 =  
𝐴450

𝜀450
    (3.3) 

where: 

c – concentration of AuNPs (in M). 

ε450 – molar decadic extinction coefficient (in M-1) at 450 nm (obtained from Table S-3 of 

[360] for the theoretical diameter calculated using the ratio found in equation 3.2). 

A450 – the value of absorbance at 450 nm wavelength in the UV-vis absorption curve.  

In addition to the above, the morphology of the AuNPs was visualized with transmission 

electron microscopy (TEM). 

 

3.5.5 Determining Appropriate Volume of Salt Solution 

1% sodium chloride (NaCl) solution was prepared in deionised water (dH2O) by dissolving 

10 mg of NaCl per mL of dH2O. In order to aggregate the AuNPs sufficiently without losing 

their plasmonic properties, 60 µL to 400 µL of the prepared 1% NaCl solution, with an 

increment of 20 µL for each measurement, was added to cuvette containing 950 µL 

synthesised colloidal AuNPs and 50 µL of dH2O and UV-vis measurements were carried 

out on this mixture. The 50 µL of dH2O was added as a substitute for the nanoplastic 
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solution which was not added with a concern for effecting the aggregation of the AuNPs 

as the purpose of these UV-vis measurements was to find out the best volume of 1% NaCl 

that aggregates the AuNPs such that maximum absorbance is achieved at the excitation 

wavelength (785 nm) used for the experiments. It is worth mentioning that fresh AuNPs 

and dH2O mixture was used for each measurement instead of adding 20 µL of NaCl 

solution to the same mixture after each measurement. As seen in Figure 3.9a the 

maximum absorbance at 785 nm was found for 340 µL of the 1% NaCl solution. 

 

3.5.6 Preparation of Nanoplastic Solutions 

The commercially available 2.5% (i.e. 25 mg/mL) and 10% (i.e. 100 mg/mL) solids 

aqueous solution of the 50 nm and 100 nm PS nanoplastics were used to prepare 0.5, 1, 

5, 20, 50, 80 and 100 µg/mL suspensions of the nanoplastics by adding appropriate 

volumes of dH2O to dilute the purchased stock solutions.  

 

3.5.7 Methodology for Detecting Nanoplastics 

Figure 3.7 shows an illustration of the experimental methodology adopted to detect 

nanoplastics through the use of SERS with aggregated AuNPs. 170 µL of the 1% NaCl 

solution was added to a mixture of 25 µL of the prepared nanoplastic suspension (Section 

3.3.6) and 475 µL of AuNPs. The addition of the NaCl solution caused immediate 

aggregation of the AuNPs which was visible with naked eye in the form of a color change 

from wine red to bluish purple. The solution is immediately vacuum filtered onto the Si 

filters, followed by an immediate vacuum filtration of 2 µL of dH2O to avoid further 

aggregation of AuNPs and by extension the loss of plasmonic properties of the AuNP 

aggregates is avoided. Subsequently, SERS measurements were carried out on the filter 

containing the aggregated AuNPs and nanoplastics. The calibration curve for each sized 

nanoplastic was plotted by taking an average of the SERS signal intensity at the diagnostic 

peak for the various concentrations with the standard deviation denoted through error 

bars. The diagnostic peak was selected from the Raman spectrum taken from a PS pellet 

with all the characteristic peaks marked and compared to those found in the literature. 
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Figure 3.7: An illustration of the experimental methodology used for detecting nanoplastics through 

the use of SERS with aggregated AuNPs. 

 

3.5.8 Detection of Nanoplastics Spiked in Drinking Water 

Following the concentration study on nanoplastic suspensions prepared in laboratory 

grade water (dH2O), the validation of the methodology for ‘real world-like’ samples was 

tested by spiking experiments carried out on drinking water. The spiking experiments were 

done for 20, 50, 80 µg/mL of 100 nm PS nanoplastics prepared in water taken from 

drinking cooler at Institute for Global Food Security (IGFS) Belfast, UK. The recovery 

percentage was calculated for the spiked drinking water in comparison to those detected 

in dH2O.  

 

3.5.9 Analysis Instrumentation 

Ultraviolet-visible (UV-vis) absorption spectroscopy measurements were performed using 

an Agilent Technologies (USA) Cary 60 spectrophotometer. Transmission electron 

microscopy (TEM) measurements were performed using a Jeol JEM 1400 Plus model, 

operated at 200 kV, provided by Thermo Fisher Scientific (UK). Vacuum filtration was 

carried out using a filtration pump by Davidson & Hardy Ltd (UK). Raman and SERS 

measurements were carried out using a Thermo Fisher Scientific (UK) DXR2 Raman 

microscope operated with an excitation laser light at 785 nm and 20mW. An objective lens 

of 50x magnification with a numerical aperture of 0.75 was used in the microscope. The 

DXR2 spectrometer can provide spectra in the range of 200 to 3000 cm-1 with a spectral 

resolution of 4 cm-1. All the spectra presented and discussed in this work were subjected 

to a baseline correction and spectra were taken for an integration time of 3 s with each 

measurement being an average of 3 acquisitions. 
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3.6 Results and Discussion 

3.6.1 Numerical Simulations 

The numerical simulation carried out using COMSOL Multiphysics (Figure 3.8) calculated 

the maximum value of EF (EFmax) as 106.7 (Figure 3.8b), but the surface plasmon 

resonance (SPR) of the nanoparticles is dependent upon their size and shape therefore 

affecting the hotspots and subsequently the EFmax that can be achieved experimentally 

[357]. The numerical model presented could be used as a generic approach to model 

clustering and agglomeration of metallic nanoparticles for SERS applications.  

 

Figure 3.8: (a) A finite element method numerical simulation of AuNPs surrounding a 100 nm PS 

nanoplastic, showing the entire simulation region with the inset focusing on the mesh used for the 

nanoplastic and surrounded by AuNPs after the simulation is run (b) the AuNPs surrounding PS 

nanoplastic with the maximum enhancement factor indicated. 

 

3.6.2 Gold Nanoparticle Characterisation 

The synthesis of stable Au nanoparticles is confirmed by a single narrow maximum at 520 

nm (λmax) in their absorbance spectrum  (Figure 3.9a) [361], with the ratio calculated as 

1.54 (using Equation 3.2) resulting in an estimation of 10 nm as the nanoparticle diameter 

[362]. The concentration (c) of the synthesised AuNPs is determined from Equation 3.3  

[362], using  ε450 = 6.15E+07 M-1 for particles of that diameter, to be 0.16 nM. The 

morphology of the Au nanoparticles can be seen in TEM images (Figure 3.9b) to be that 

as fairly spherical and having a diameter that varies just by a few nanometres. 
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Figure 3.9: (a) UV-vis absorbance spectrum for the synthesised colloidal AuNPs having maximum 

absorbance of 1.51 at the plasmon resonance of 520 nm (b) TEM image of colloidal Au 

nanoparticles showing a fairly spherical morphology. 

 

3.6.3 Characterisation of Aggregated Gold Nanoparticles 

 

Figure 3.10: a) UV-vis absorbance spectroscopy curves for agglomerated Au nanoparticles formed 

through the addition of varying volumes of 1% NaCl to a 1ml colloid of gold (b) TEM image of 

aggregated AuNPs within saltwater. 

UV-vis absorbance spectroscopic measurements of 95 µL AuNPs and 50 µL dH2O with 

the varying additional volumes of a 1% NaCl solution showed a broadening and red shift 

in the absorbance peak of the colloidal nanoparticles due to multiple scattering from the 

formed AuNP clusters (Figure 3.10a). TEM images of the aggregated nanoparticles show 

them in clusters (Figure 3.10b), held together by van der Waals forces, thereby forming 

lots of hotspots [363] through plasmon interaction between the aggregated nanoparticles 

[364]. 
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Figure 3.11: a) UV-vis absorbance spectroscopy curves of 50 nm PS nanoplastics surrounded by 

aggregated AuNPs (b) TEM image of 50 nm PS nanoplastics surrounded by aggregated AuNPs 

(c) UV-vis absorbance spectroscopy curves of 100 nm PS nanoplastics surrounded by aggregated 

AuNPs (d) TEM image of 50 nm PS nanoplastics surrounded by aggregated AuNPs 

Optical absorption spectra for aggregated AuNPs surrounding the nanoplastics, formed 

from the addition of 170 µL of 1% NaCl (in dH2O) to 475 µL AuNPs and 25 µL solutions of 

nanoplastics (in dH2O), show no significant difference compared to their analogue without 

nanoplastics (Figure 3.10a) for either 50 nm (Figure 3.11a) or 100 nm (Figure 3.11c) 

diameter PS nanoplastics. As the presence of the nanoplastics does not affect the optical 

properties of the aggregated AuNPs, they do not affect the aggregation process itself 

either [365]. Instead, the TEM images (Figure 3.11 b and d) of the 50 nm and 100 nm PS 

nanoplastics surrounded by aggregated AuNPs shows that the aggregation process 

brings them closer together, trapping them between the aggregated nanoparticles, and 

improving the SERS enhancement, as explained in the Section 3.4.4.  
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3.6.4 SERS Detection of Nanoplastics 

Figure 3.12 shows the Raman spectrum of a PS pellet which was carried out to determine 

the with all the characteristic peaks of PS marked on the spectrum. The experimentally 

measured characteristic peaks, at approximately 618 cm-1, 795 cm-1, 1000 cm-1, 1030 cm-

1, 1154 cm-1, 1447 cm-1, 1581 cm-1, and 1601 cm-1, were then compared with those found 

in the literature for complete peak assignment as seen in Table 3.2. The most prominent 

peak for PS found at approximately 1000 cm-1 was selected as the diagnostic peak of 

interest for the subsequent concentration study. 

 

 

Figure 3.12: A Raman spectral analysis for a PS pellet with the most prominent peaks indicated for 

subsequent comparison with those reported in the literature that are associated with characteristic 

bands and thus the selection of the most appropriate diagnostic peak for a concentration study of 

50 nm and 100 nm PS nanoplastics. 

Table 3.2: Experimentally measured characteristic peaks for polystyrene listed against values 

found in the literature and their band assignment. 

Raman shift 

according to the 

experiment (cm-1) 

Raman shift 

according to the 

literature (cm-1) 

Peak assignment Ref 

618.57 621 Ring deformation mode [366] 

795.02 795 C-H out-of-plane deformation [366] 

1000.41 1001 Ring breathing mode [366] 

1030.33 1031 C-H in-plane deformation [366] 

1154.69 1155 C-C stretching [366] 

1447.81 1450 CH2 scissoring [366] 
1581.84 1583 C=C stretching [366] 

1601.13 1602 Ring-skeletal stretching [366] 
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SERS spectra for various concentrations (0.5, 1, 5, 20, 50, 80 and 100 µg/mL) of 50 

nm and 100 nm PS spherical nanoplastics within aggregated AuNPs can be seen in Figure 

3.13 a and b, respectively. Whilst the comparable intensity of SERS signals for the 

different sized nanoplastics at all concentrations (Figure 3.13 a and b) may be due to the 

AuNPs bringing the nanoplastics closer to each other during aggregation, making size 

somewhat irrelevant, another cause is more likely. The 50 nm PS nanoplastics [367] are 

amine modified by their manufacturer which increases the likelihood of their attachment to 

the AuNPs [368] and thus entering hotspot regions for an increased SERS signal that is 

comparable to unmodified 100 nm PS nanoplastics among AuNP aggregations. For 

nanoplastics of both sizes, ultra-low concentrations of 0.5 µg/mL were successfully 

detected, proving the efficiency of the used methodology.  

 

Figure 3.13: (a) Concentration dependent SERS spectra for 50 nm polystyrene nanoplastics in 

dH2O (b) Concentration dependent SERS spectra for 100 nm polystyrene nanoplastics in dH2O (c) 

Calibration curve for the SERs signal of various concentrations of the diagnostic peak at 1000 cm-
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1 for 50 nm polystyrene nanoplastic (d) Calibration curve for the SERs signal from various 

concentrations of the diagnostic peak at 1000 cm-1 for 100 nm polystyrene nanoplastic 

Figure 3.13 c and d illustrates the change in intensity across various concentrations for 

the selected diagnostic peak at 1000 cm-1 for 50 nm and 100 nm PS nanoplastics, 

respectively, with error bars corresponding to the three different measurements being 

taken for each concentration.  Although the calibration curves of PS concentration vs 

Raman intensity (Figure 3.13 c and d) from the linear regression lines fit well through the 

intensity data, having R2 values of 0.96 (for 50 nm PS nanoplastics) and 0.94 (for 100 nm 

PS nanoplastics), but a more of logarithmic trend is clearly visible particularly for the lower 

concentrations of 50 nm and 100 nm PS nanoplastics. A similar trend has been seen in 

SERS detection of nanoplastic through potassium iodide (KI) induced aggregation of 

AgNPs  [269]. Although no particular reason was explained in the mentioned study, we 

believe it is because in lower concentrations all the nanoplastics are surrounded by much 

more clusters of the metallic nanoparticles as compared to those seen by nanoplastics in 

higher concentrations, therefore the lower concentrations of nanaoplastic get higher 

plasmonic enhancements resulting in such a trend.  

 

3.6.5 Detection of Nanoplastics Spiked in Drinking Water 

Figure 3.14 shows the SERS signal intensity at 1000 cm-1 for 20, 50 and 80 µg/mL of 100 

nm nanoplastic samples prepared in dH2O (black) and in drinking water (orange).  

 

Figure 3.14: SERS intensity at the characteristic peak of 1003 cm-1 from substrates prepared using 

20, 50 and 80 µg/mL concentrations of 100 nm PS nanoplastics in dH2O and in drinking water in 

the salt induced gold nanoparticle agglomeration-based methodology from section 3.2. 
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Table 3.3 presents Figure 3.14 in a tabular form and also includes the recovery rates for 

the intensities from the drinking water-based substrates signals over those from the 

substrates prepared using dH2O.  

Table 3.3: SERS intensity at 1000 cm-1 as a function of the concentration of 100 nm polystyrene 

nanoplastics in dH2O and drinking water that were used to prepare the substrates. Also shown for 

each concentration is the recovery rates for the intensities of the drinking water-based substrate 

signals over those from the substrates prepared using dH2O. 

Concentration 
(µg/mL) 

dH2O Drinking water Recovery 
rate% 

20 2493 2347 94.1 

50 3587 3497 97.5 

80 4504 4658 103.4 

As seen in Table 3.3, from the lowest concentration to the highest the range of the 

recovery rate of 95.2% and 104.5% is well within the acceptable (±20%) [65] and preferred 

range (±10%) [66] overall confirming the reliability and repeatability of the methodology 

for detecting nanoplastics in real world samples. 

 

3.7 Conclusions 

This Chapter reports on the development of a unique methodology, that is both simple and 

efficient and is based on filtering salt induced aggregations of AuNPs surrounding the 

nanoplastics, that enabled the cost-effective SERS detection of 50 nm and 100 nm PS 

nanoplastics, with the main findings being the following: 

• Addition of salt to AuNPs aggregates them resulting in a broadening and redshift 

of the UV-vis absorption spectroscopic spectrum of the AuNPs.  

• Addition of nanoplastics to AuNPs has no effect on either the optical properties of 

the AuNPs or the aggregation of the AuNPs. 

• Aggregation of AuNPs around nanoplastics results in formation of hotspots that 

increase the plasmonic enhancement as compared to colloidal AuNPs, therefore 

enabling detection of nanoplastics as low as 0.5 µg/mL.  

Whilst the SERS detection of nanoplastic through the use of salt aggregation of AuNPs. 

was successful, the process to do so it is not controllable as it relies on the removal of the 

stability of the AuNPs and the aggregation is dependent upon the diffusion of the salt in 

the AuNP colloidal which is uncontrolled.  
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Therefore, a methodology was sought that was more controllable and with AuNP not being 

made unstable, so that the SERS signal would be repeatable and sustainable across each 

substrate produced and from substrate to substrate. To this end it was hypothesised that 

the wettability of a solid surface could be modified to form a homogenous hydrophobic 

layer that when AuNPs were drop cast on it they would undergo a highly controlled and 

homogenous clustering capable of such a SERS signal. Detailed explanations, including 

the adopted methodology and the results achieved for SERS detection of nanoplastics is 

presented in Chapter Four. 
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Chapter Four 
 

Detection of nanoplastics through the use of surface 
enhanced Raman spectroscopy with controlled 
clustering of gold nanoparticles by forming hydrophobic 
SERS substrates. 
The work presented in this chapter was done in collaboration with a colleague, James Tate, 

from Queen’s University Belfast. He particularly did the characterisation of the SERS substrate 

using the Rhodamine 6G (sections 4.4.2-4.4.4).  

4.1 Introduction 

The wetting properties of a surface can be exploited ingeniously to develop SERS 

substrates that do not require typically used complicated time-consuming pre-treatments 

and expensive. Therefore, subsections 4.1.1 – 4.1.4 will concentrate on concepts and 

models related to wettability of a surface.  

4.1.1 Wettability of a surface 

The wettability of any solid surface is defined as the capacity of a liquid droplet to sustain 

contact with it and can be represented by the angle that forms at the three-phase contact 

of a solid (S), liquid (L) and gas (G), or contact angle of wetting, θc, which is also known 

as the liquid contact angle [369], [370]. 

 

4.1.1.1 Young’s Equation 

Equation 4.1, illustrated in Figure 4.1, is known as Young’s equation, and is derived from 

the liquid-gas (LG), solid-liquid (SL) and solid-gas (SG) intersections forming a contact 

angle of wetting, θc [371].  

    cos𝑐 =  
𝑆𝐺−𝑆𝐿

𝐿𝐺

     (4.1)  

where: 

θc – is the solvent contact angle. 

SG – is the surface free energy or surface tension of the solid. 

SL – is the interfacial tension between the solid and liquid. 

LG – is the surface tension of the liquid. 

Young’s equation (equation 4.1) includes a linear relationship between the solid surface 

energy and the cosine of the solvent contact angle, thus solids with high surface energies 

exhibit lower contact angles, while those with low surface energies display higher contact 

angles [371], [372]. A low surface energy means that the solid is not capable of forming 

strong bonds and so it is not energetically favourable for a liquid to break bulk bonding to 

interact with it. 
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Figure 4.1: Illustration of Young’s equation that represents the wettability of a surface in terms of 

its capacity to form a contact with the surface of a liquid, expressed as the contact angle (θc). The 

arrows indicate the direction of the forces i.e. the surface tension of the solid, the interfacial tension 

between the solid and liquid and the surface tension of the liquid, acting on the three-phase contact 

line of a droplet of liquid on a smooth solid surface within a gas. 

Furthermore, a high surface tension liquid prefers to maintain bonds with itself rather than 

with a solid surface as indicated by the inverse relationship between the liquid surface 

tension and contact angle (equation 4.1). This can be seen with oils and non-polar solvents 

that have lower surface tensions compared to water, 20 – 35 mN/m and ~72 mN/m 

respectively, and thus have a greater tendency to collapse under the downward pressure 

of gravity, an indication of a lower contact angle [373], [374]. Summarising, a surface is 

classified as wetting when its θc is below 90°, and as non-wetting or anti-wetting when it 

exceeds 90° [5], with the specific terminology when the solvent is water being (Figure 4.2) 

hydrophilic where there is a strong affinity (θc < 90⁰), hydrophobic where there is a 

moderate affinity (90⁰ ≤ θc ≤ 150⁰) or super-hydrophobic (θc > 150⁰) [375]. 

 

Figure 4.2: An illustration of Young's equation with the contact angles, and correspondingly the 

type of surface achieved for a water droplet, with identification of how changes in surface energy 

and surface tension effect the surface type. 

Whilst Young’s equation is effective for describing the wetness of ideal smooth surfaces, 

it has been extended to the Wenzel and Cassie-Baxter models in order to consider the 

effects of surface roughness and heterogeneity on contact angles, as most surfaces 

present some roughness [376]. 
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4.1.1.2 The Wenzel Model 

The Wenzel model, illustrated in Figure 4.3a and Equation 4.2, considers liquid penetrating 

rough surfaces whilst maintaining contact with the top and hollow parts of them forming 

Wenzel state. Specifically, it describes how the complete penetration of a solvent into the 

rough microstructure of a surface with a uniform topography, such as pores or regular 

columns, can amplify both anti-wetting (θc > 90°) and wetting (θc < 90°) through inclusion 

of an additional factor, the roughness ratio (r) [377].  

cos θ𝑤 = 𝑟 
𝑆𝐺− 𝑆𝐿

𝐿𝐺

= 𝑟 cos θ𝑐       (4.2) 

where: 

w – is the Wenzel apparent contact angle. 

r – is the roughness factor (the ratio of the real surface area of the solid to the 

projected surface area). 

 

Figure 4.3: Illustration of (a) Wenzel and (b) Cassie-Baxter wetting models through the use of a 

single droplet on a rough solid surface. 

 

4.1.1.3 The Cassie-Baxter Model 

Should the contact angle become pinned at the surface asperities, rather than aligning 

with the underlying solid, given the roughness geometry and liquid surface tension, the 

Wenzel model no longer holds true. This led to the development of the Cassie-Baxter 

model (Figure 4.3b and equation 4.3) [378] where liquid droplets rest on heterogeneous 

surfaces, spanning the uppermost features of a rough substrate, while the grooves 

between these features are filled with other materials, such as air. According to Cassie-

Baxter model for a rough surface with trapped air, the water droplet can contact both the 

solid and the air forming composite liquid-air and solid-liquid interfaces, with its wetting 

state still existing at higher contact angles compared to that in the Wenzel model [379]. 

cos 𝑏𝑐 =  
𝑆

cos 𝑐 + (1 − 
𝑆

) cos 𝑎    (4.3) 
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where: 

bc – is the Cassie-Baxter apparent contact angle. 

S – is the fraction of the solid surface in contact with the liquid. 

(1 – S) – is the fraction of air in contact with the liquid on a Cassie-Baxter surface. 

a – is the contact angle of the air portion. 

The Cassie-Baxter state, typically observed on high surface energy substrates that would 

be wetting according to the Young’s equation (also shown in Figure 4.2), can be induced 

through a multivalued topography. Such a topography is characteristic of surfaces where 

a line drawn from the base is likely to intersect solid features at least once, as in the case 

of mushroom-shaped protrusions where the rough valleys are interconnected with the 

surrounding atmosphere [380]. Air trapped within these valleys can generate negative 

Laplace pressure (the pressure difference between the droplet's interior and exterior), 

transforming the liquid-vapor interface from concave to convex and thus preventing liquid 

infiltration [381]. 

 

4.1.1.4 Contact Angle Hysteresis 

Previously, in the Young, Wenzel, and Cassie-Baxter models a static contact angle has 

been considered, whereas contact angle hysteresis, where there is a dynamic adhesive 

interaction between a solvent droplet and the substrate, should also be considered (Figure 

4.4). In such a consideration the tilting angle () is the difference between the receding 

contact angle (θr), representing solid-liquid adhesion, and the advancing contact angle 

(θa), representing solid-liquid cohesion [382], with a surface classified as slippery when  

< 5° or sticky when  > 5° [383]. Due to the pinning of droplets on rough substrates, 

surfaces in the Wenzel model typically exhibit higher tilting angles compared to those in 

the Cassie-Baxter model, with the reduced adhesion in the Cassie-Baxter model resulting 

in slippery surfaces that repel liquids. This slippery, or liquid repellent, effect offered is 

traditionally referred to as the lotus effect [384] as the leaves of that plant have naturally, 

slippery and liquid repellent behaviour. A less prevalent phenomenon exists at the 

intermediate state between the Wenzel and Cassie-Baxter states, or the Cassie-

impregnating wetting state, where a solvent can infiltrate the larger surface features but is 

prevented from penetrating finer nanoscale features where air pockets remain trapped 

[385], [386]. As a result, the Cassie-impregnating state produces surfaces with high 
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adhesion ( >5°) and high contact angles (>150°), and thus sticky liquid repelling surfaces, 

commonly referred to as the petal effect [386].  

 

Figure 4.4: An illustration of contact angle hysteresis which considers the adhesiveness of a solvent 

droplet to a substrate when sliding over a tilted surface with a, r, and  representing the advancing 

contact angle, recending contact angle and tilting angle, respectively. 

 

4.1.2 Wettability and surface enhanced Raman spectroscopy (SERS) 

As the work within the Chapter considers the development of hydrophobic substrates 

based on aluminium foil (ALF-HB), the subsequent section section 4.1.2.1, concentrates 

on the state of the art in surface enhanced Raman spectroscopy (SERS) detection of 

various analytes through the use of hydrophobicity. 

 

4.1.2.1 Use of hydrophobicity for surface enhanced Raman spectroscopy 

(SERS) applications 

A droplet of liquid that contains a solvent and an analyte that pins to an adhesive 

hydrophilic surface undergoes heterogeneous drying, evaporating slowly at the contact 

point and faster at its edge, with the evaporation gradient directing it to flow towards the 

latter, leading to a non-uniform radial distribution of the analyte concentration, otherwise 

known as ‘coffee ring patterns’.  

It is therefore hypothesised that by decreasing the wettability of a SERS substrate it would 

potentially increase the uniformity and stability of the Raman signal from the solvent and 

analyte introduced to it as a droplet [387]. Moreover, in reducing the diffusion rate of the 

analyte molecules [388], thus bringing the analyte molecules closer [389], the analyte 

would be concentrated over a smaller area consequently improving the detection limits, 

for the detection of trace quantities of analyte that would prove otherwise impossible. The 

most prevalent method for reducing the wettability of a SERS substrate is to modify its 

surface to become hydrophobic with the methods used to do so categorising the resulting 

substrates into natural, biomimetic and synthesised hydrophobic substrates.  

For the former, the hydrophobicity observed in plants and insects, which arises from either 

micro-/nano-scale surface structures, a low surface energy coating, or a combination of 
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both [390], has gained interest for use in SERS detection due to its facile characteristics 

and low cost. Amongst these,  Lotus leaves are the most superhydrophobic naturally 

occurring plant leaf, with contact angles >160⁰, due to their coating with a wax composed 

of a mixture of the non-polar long-chain fatty alcohols, nonacosanediols and nonacosan-

10-ol [391], [392], [393]. Due to their super hydrophobicity the simple drop-casting of silver 

nanoparticles (AgNPs) onto Lotus leaves has reported to have been used to detect 1.2 

µg/L of Paraquat [394]. Taro leaves, despite having a hydrophobicity 10% less than that 

of lotus leaves, have also been used for SERS detection, for example, a layer of Ag 

deposited onto a taro leaf through physical vapor deposition (PVD) was used to 

demonstrate a low limit of detection (LoD) of 10-8 M for Rhodamine 6G (R6G) [395]. 

Despite their high levels of hydrophobicity, their use for SERS detection is challenging as 

the pigment chlorophyll is found in all green leaves and its significant fluorescence typically 

obscures the Raman scattering peaks of interest in Raman measurements [395]. The 

chlorophyll can be easily decomposed however through direct exposure to intense 

ultraviolet (UV) radiation, but this process is time-consuming, and does not remove the 

Raman scattering peaks that it also produces that can obscure the signal from trace 

quantities of analytes [396]. As an alternative, given their lack of chlorophyll, rose petals, 

have been used to detect R6G at concentrations as low as 10−9 M in [397], whilst  naturally 

occurring insect-based hydrophobic surfaces have also been used, such as the tapered 

nanopillars on cicada wings in the presence of AgNPs to detect difenoconazole down to 

0.016 parts per million (ppm) [398]. Unfortunately, such naturally occurring surfaces don’t 

have homogenous or reproducible structures and so their SERS signal is neither uniform 

across the same surface nor is its distribution identical from surface to the next. Moreover, 

their surfaces are prone to withering and dehydration, resulting in damage to the structure 

and a reduction in the hydrophobicity offered [399]. To overcome these challenges while 

still taking advantage of naturally occurring hydrophobic surfaces there has been an 

increase of interest in biomimetics [400].  

Biomimetics, the imitation of biological processes or models, has been applied to 

techniques such as soft lithography, nanoimprinting or simply sputtering, through the use 

of naturally occurring materials as templates, to develop hierarchical micro-/nano- 

structures [400], [401], [402]. For example, a nanostructured polymer 

polydimethylsiloxane (PDMS) surface was produced in soft lithography through the use of 

a taro leaf as both template and stamp to pattern the deposited PDMS, with the layer of 

Ag deposited upon it leaving it hydrophobic and capable of detecting malachite green 

down to ultralow concentrations of 10-11 M [403]. That with said, as nanoscale feature loss 

can occur where the polymer might fail to penetrate, it is more suitable to use 
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nanoimprinting, where the natural hydrophobic surfaces are used as a template to pattern 

a thin film of resist with the nanoscale features and structures that once cured through 

heat or UV radiation becomes the stamp itself [404]. One such example of nanoimprinting, 

is the transfer of the uniformly distributed ridges and valleys on lettuce leaves, via a 

patterned and cured resist based stamp, into PDMS for a hydrophobic layer that through 

coverage by sputtered Ag was used to detect 4-mercaptobenzoic acid through SERS 

[401]. However, although nanoimprinting can reproduce nanoscale features more faithfully 

than soft lithography, defects in fabricated nanostructures have been reported due to 

contamination between the mask and the resist and from distortions upon removal of the 

template [405].  

Finally, hydrophobic layers have been reported as synthesised without using any naturally 

occurring surface as a template or stamp. For example, wax was melted onto a patterned 

silicon wafer, resulting in a hydrophobic layer, that when covered with AuNPs was used to 

detect methyl parathion and melamine 10-9 M through SERS [406]. In another approach, 

a layer of PDMS that was spin coated onto filter paper demonstrated hydrophobic 

behaviour, and following the deposition of a layer of graphene oxide onto that and AuNPs 

grown on that layer, as a SERS substrate it enabled the detection of R6G concentrations 

as low as 10 nM [407]. Summing up, the surface modification of ubiquitous, low-cost 

materials, such as filter paper, silicon filters, glass slides, cotton etc, with yet again 

commonly available and inexpensive materials, such as wax, PDMS, lubricating liquids 

etc, has been widely reported to produce highly hydrophobic layers that can be 

subsequently used for the low-cost SERS detection of trace analytes. 

Table 4.1, a comprehensive summary of SERS detection through the use of hydrophobic 

substrates, shows that such substrates have been reported for the detection of trace 

quantities of dyes [408] [409], and the chemicals used in antibiotics [410], fungicides [411], 

insecticides [412], herbicides [400] and pesticides [413]. Despite their efficiency however, 

aside from one example, hydrophobic SERS substrates have never been used for the 

detection of nanoplastics. Even then that one exception, where Li et al. detected 100 nm 

and 500 nm polystyrene (PS) nanoplastics, it had to be done with a centrifugally enriched 

solution of Ag nanoparticles and nanoplastics [414]. Furthermore, the process used to 

prepare the hydrophobic surface in the study was a time-consuming lengthy process 

requiring more than 12 hours before a droplet of the enriched solution could be added, to 

create a smaller spot than on a non-hydrophobic surface, to then demonstrate an increase 

in the SERS signal intensity and reproducibility of the substrate.  
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T
y
p
e 

Plasmonic 
structures 

Hydrophobic layer Contac
t Angle 

Analyte LoD Ref 
N

a
tu

ra
l 

AgNP Lotus leaf 149.1⁰ Paraquat 1.2 
µg/L 

[394] 

Ag layer via 
physical 
vapour 
deposition  

Taro leaf 154⁰ R6G 1x10-

8 M 
[395] 

Thermally 
deposited 
Ag film 

Chitin film from 
Japanese giant 
silkworm 

98.9⁰ Methylene blue 1x10−

9 M 
[415] 

Ag Cicada wings 115⁰ - - [416] 

Ag Rose petal 158⁰ R6G 1x10−

9 M 
[397] 

AgNPs Cicada wings - difenoconazole 0.016 
ppm 

[398] 

B
io

m
im

e
ti
c
 

 

Ag layer via 
sputtering  

Biomimetic lettuce leaf 
using nanoimprinting 

- 4-
mercaptobenzoic 
acid 

1×10-

9 M 
[401] 

Ag nanofilm 
via 
sputtering 

Biomimetic butterfly 
wing 

- Crystal violet 1x10-

9 M 
[417] 

Ag layer Biomimetic taro leaf 
using soft lithography 

128⁰ Malachite green 1x10-

11 M 
[403] 

AgNP 
coated filter 
paper 

Biomimetic lotus leaf 
using PDMS 

150.3⁰ R6G 
Thiram 

1x10−

10 M 
0.5ng
/cm2 

[413] 

AuNPs Biomimetic leaves 
using soft lithography 

135⁰ Herbicides 
(TBZ and CZ) 

1x10−

9 M 
[400] 

AuNPs Biomimetic beetle 
wings 

123.8⁰ Methylene blue 
and carbendazim 

1x10−

9 M 
[418] 

Ag micro-
islands 
covering 
graphene 
oxide 

Magnetron sputtering 
and dip-coating used to 
replicate 
nanostructures on lotus 
leaf 

- Crystal violet 5 × 10
−10 M 

[402] 

Ag Biomimetic Cicada 
wings 

119⁰ R6G 
melamine 

 
1 ppm 

[416] 

S
y
n
th

e
ti
c
 

Au nano-
islands 

Ivy like nanostructures 
of α, ω-
diperfluorohexylquatert
hiophene (DFH-4T) on 
polydimethylsiloxane 
(PDMS) modified using 
nitrogen plasma 

146⁰ cholecalciferol 1 x 
10-10 
M 

[419] 

Cu 
nanowires 
covered 
with AgNPs 

cetylpyridinium chloride 
coating on AgNPs 

134⁰ R6G 10-11 
M 

[420] 

AgNPs alkyl ketene dimer 
treated filter paper  

114⁰ 4-
aminothiophenol, 
thiram and ferbam 

0.46 x 
10-9 
M 

[411] 

Cu 
nanostruct
ures grown 
from 
AuNPs 

Cu nanostructures 
varying in size attached 
through polyethylene 
glycol 

137⁰ R6G 
 
 
Tamoxifen 

10 x 
10-9 
M 
 
1 x 
10-3 
M 

[412] 
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Table 4.1: A comprehensive summary of SERS detection through the use of hydrophobic 

substrates studies, including details on the plasmonic structures used, the hydrophobic layers, 

resultant contact angles, analytes detected and the LoDs achieved. 

 

4.2 Aims and Objectives 

As explained in section 4.1, hydrophobic surfaces reduce the wettability, the capacity of 

droplets to sustain contact with a solid surface, of solutions prepared in water. Metallic 

surfaces are generally covered by a thin oxide layer, which exhibits inherent hydrophilicity 

and adhesion due to interactions between polar water molecules and surface metal 

cations, oxygen anions, and hydroxyl groups [422]. In the case of aluminium, this 

hydrophilicity, combined with its natural surface roughness, enhances its wettability, 

consistent with the Wenzel model [423]. This characteristic poses challenges for trace 

SERS detection, as analytes spread across the hydrophilic surface when drop-cast, 

leading to dilution of the target [407]. Furthermore, the formation of coffee ring patterns 

due to increased diffusion of analyte molecules on a hydrophilic surface can compromise 

the uniformity of the SERS signal across the surface [387]. Therefore, the work explained 

in the subsequent sections of the Chapter was done to utilise hydrophobicity by modifying 

the surface of aluminium foil (ALF) decreasing its wettability to help detect low 

concentrations of nanoplastics. The approach to utilise hydrophobicity was adopted as a 

AuNPs on 
graphene 
oxide 

Filter paper with layer of 
PDMS spin-coated 

130⁰ R6G 10 x 
10-9 
M 

[407] 

AuNPs  Wax covered silicon 
wafer 

112.5⁰ methyl parathion 
and melamine 

1 x 
10-9 
M 

[406] 

AuNRs Layer of silicone oil 
spin-coated and 
annealed onto glass 
slide 

110⁰ ciprofloxacin and 
norfloxacin 

0.01 
ppm 

[410] 

Aggregatin
g AuNPs  

Paper covered with 
spin-coated lubricating 
liquid 

- R6G 
Cytochrome C 

4.3 × 
10−10 
M 
3.90 
× 10−8

 M 

[421] 

Au layer via 
ablation  

stearic acid covered 
textured stainless-steel 
sheet 

120.3⁰ R6G 1 x 
10-14 
M 

[408] 

Ag layer via 
vacuum 
evaporatio
n 

Cotton sprayed with 
PDMS and nano silica 

118.6⁰ p-aminothiophenol 1 x 
10-11 
M 

[388] 

AuNPs Teflon - Crystal violet 1 x 
10-

12 M 

[409] 

AgNPs Silicon wafer covered in 
methyltrichlorosilane-n-
Hexane 

143.71⁰ 100 nm PS 
500 nm PS 

1 
mg/m
L 
0.5 
mg/L 

[414] 
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step-forward from the uncontrolled and completely randomised salt- assisted aggregation 

of AuNPs reported in Chapter Three. The main aim of the work presented in the 

subsequent sections was to achieve a more controlled clustering of AuNPs as compared 

to that achieved through salt-assisted aggregation and demonstrate its suitability for 

detection of low concentrations of nanoplastics.  

In order to fulfil the aim of the Chapter following main objectives were formulated: 

1. To reduce the wettability of ALF by modifying its surface to form hydrophobic 

aluminium foil (ALF-HB). 

2. To monitor the variations in SERS signal over the surface of ALF-HB by carrying 

out complete characterisation through the use of Rhodamine 6G (R6G) dye. 

3. To study the efficiency of the ALF-HB for in nanoplastic detection by doing a 

complete concentration study using pristine nanoplastics. 

4. To study the efficiency of ALF-HB for environmental nanoplastics by trying to 

detect the release of nanoplastics from cups made of expanded polystyrene used 

for hot drinks. 

4.3 Materials and Methods 

4.3.1 Chemicals 

Gold (III) chloride trihydrate (HAuCl4·3H2O, 99.9%), sodium citrate tribasic dehydrate 

(HOC(COONa) (CH2COONa)2·aq), ethanol, potassium hydroxide (KOH), lauric acid 

(C12H24O2) and red colour dye rhodamine 6G (R6G) were purchased from Sigma Aldrich 

(UK). Aqueous suspensions of 2.5 % and 10% solid polystyrene nanoplastic latex beads 

with 50 nm and 100 nm diameter respectively, and densities of 1.05 g/cm3
, were purchased 

from Sigma Aldrich (UK). 1x1 cm2 silicon (Si) filters with pore size of 1 μm were purchased 

from Thermo Fisher Scientific (UK). Polystyrene insulation cups were bought online from 

Amazon (UK). Kitchen aluminium foil was purchased from a local store, Tesco Extra 

(Belfast, UK). 

 

4.3.2 Analysis Instruments 

Unless mentioned otherwise, all SERS measurements were carried out using a DXR2 

Raman microscope (Thermo Fisher Scientific, UK) with a 532 nm laser operated at 10 

mW, 10x magnification and an acquisition time of 5 s. Optical absorbance 

spectrophotometry measurements were carried out using a Cary 60 spectrophotometer 

(Agilent Technologies, USA). All scanning electron microscope images were taken with a 
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JSM-6500F SEM microscope (JEOL, Japan) at 15 kV. Spectral peaks were labelled using 

OMNICTM Series software and its inbuilt Atlµs function was used to carry out Raman 

mapping (Thermo Fisher Scientific, UK). All contact angle analysis was completed using 

a Theta optical tensiometer and its inbuilt OneAttension software (Biolin Scientific, 

England). All the spectra presented and discussed in this work were subjected to a 

baseline correction. 

 

4.3.3 Theoretical Modelling 

As the ALF-HB is based on the concept of bringing AuNPs and nanoplastics closer 

together in the form of clusters, theoretical modelling using the COMSOL MultiPhysics 

software was done to monitor the effect on the theoretical enhancement factor with 

changes on the interparticle distance. For this purpose, a geometry comprising of a 

spherical simulation region with three gold nanoparticles having a varying interparticle 

distance (from 1 nm to 10 nm with a step size of 1 nm) was simulated. The resultant EF 

were plotted against the varying interparticle distance.  

 

4.3.4 Gold Nanoparticle (AuNPs) Synthesis 

AuNPs were synthesised using the Turkevich method [278], with minor adjustments. 500 

μl of 100 mM HAuCl4·3H2O was dissolved into 49.5 ml dH2O and the solution heated under 

constant stirring until it reached boiling point upon which 5 ml of 1% HOC(COONa)(CH2-

COONa)2 was quickly injected. Finally, the solution was slowly cooled under constant 

stirring for 30 min whilst the colour changed from a translucent yellow to a wine red. The 

synthesised AuNPs were then stored at 4 °C for subsequent experiments. 

 

4.3.5 AuNP Characterisation 

To verify that the AuNPs had been successfully synthesised, UV-vis absorption 

measurements of the colloid were taken, and the UV-vis absorption spectral data was 

used to determine the ratio r (Equation 4.4) to determine the diameter of the AuNPs which 

was further used to match the value to find ε450 from Table S-3 found in [362] to calculate 

the concentration of AuNPs from Equation 4.5 [362]: 

𝑟 =  
𝐴𝑚𝑎𝑥

𝐴450
      (4.4) 

𝑐 =  
𝐴450

𝜀450
      (4.5) 

where: 
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r – the ratio of two absorbance 

Amax – the maximum absorbance found in the UV-vis 

A450 – the absorbance value at 450 nm 

c – the concentration of the AuNPs 

ε450 – the decadic extinction coefficient in M-1 at a wavelength of 450 nm obtained 

from Table S-3 of [360] 

 

4.3.6 Synthesis of SERS substrate ALF-HB 

The ALF was modified using an amended version of a method [424]. Briefly, a 3″ x 1″ 

piece of ALF was annealed through heating at 350°C on a hotplate until a mark previously 

made with a permanent marker disappears. Following the annealing, the ALF was etched 

by immersing it in 10 g/L of KOH in dH2O for a few seconds until it frizzed. Subsequently, 

after being rinsed with ethanol and dH2O, the ALF was immediately immersed in 20 g/L 

C12H24O2 in ethanol for 30 mins for the hydrophobic coating. Finally, it was allowed to air 

dry to use for subsequent experiments as hydrophobic ALF (ALF-HB) (Figure 4.5).  

 

Figure 4.5: Illustration of the preparation of the SERS substrate based on hydrophobic aluminium 

foil (ALF-HB) which was used subsequently for SERS detection of nanoplastics. 
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4.3.7 Characterisation of ALF and ALF-HB 

The ALF and ALF-HB covered with AuNPs, referred to as ALF@AuNPs and ALF-

HB@AuNPs respectively for the remainder of this chapter, were characterised with 

images from scanning electron microscopy (SEM) to analyse the AuNP distribution for the 

two different types of foils. Following the SEM imagining, the contact angles offered by 

both the types of foils, ALF and ALF-HB, were measured using an optical tensiometer. A 

10 μl water droplet was dispensed onto ALF and ALF-HB whilst an-built video camera 

within the optical tensiometer measured the right and left contact angle of the water on 

the foils 84 times over 30 s, with an average contact angle determined for each.  

 

4.3.8 Preparation of R6G solutions 

The molecular weight of R6G was 479.02 g/mol and so to prepare a 1 mM stock solution 

(SS) of R6G, 239.51 mg of R6G was added to 5 mL of dH2O (graphpad molarity calculator 

was used for calculations). The various concentrations of R6G (10-11 to 10-5 M) for 

subsequent experiments were prepared by diluting the 1 mM stock solution with the 

required quantity of dH2O. 

 

4.3.9 SERS performance of ALF@AuNPs and ALF-HB@AuNPs  

For a practical comparison of ALF@AuNPs and ALF-HB@AuNPs, and thus assess the 

impact of the differing wettability of ALF and ALF-HB on SERS performance, R6G, a well-

characterized Raman dye [425] was employed. Specifically, 1 μL of the different 

concentrations of R6G were first deposited onto ALF and ALF-HB samples, before being 

allowed to partially dry for 30 s. Thereafter, 1 μL of AuNPs were added on top of the R6G 

and allowed to dry before SERS measurements were taken of the R6G on ALF@AuNPs 

and ALF-HB@AuNPs.  

To determine the LoD of the SERS substrates, the peaks present in the spectra for R6G 

were identified and compared to those found in the literature to identify an appropriate 

diagnostic peak.  

The LoD was then calculated using the following equations [426]: 

𝐿𝑜𝐷 = 𝐿𝑜𝐵 + 1.645 (𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 )  (4.6) 

𝐿𝑜𝐵 = 𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 + 1.645 (𝑆𝐷𝑏𝑙𝑎𝑛𝑘)    (4.7) 

where: 

LoD – limit of detection 

LoB – limit of the blank 

https://www.graphpad.com/quickcalcs/molarityform/
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SD – standard deviation 

SDblank, or the standard deviation of the blank signals, was determined by measuring a 

matrix blank, 10 times for a robust. The matrix blank consisted of depositing 1 μL of a 

negative control onto ALF, allowing it to evaporate partially for 30 s, adding 1 μL AuNPs 

on top and allowing the blank to dry before a SERS measurement was taken.  

 

4.3.10 Calculating the reproducibility of ALF-HB@AuNPs 

To determine the reproducibility of SERS enhancement across the surface of the ALF-

HB@AuNPs substrate 1 μL of R6G (10-5 M) in dH2O was first deposited onto ALF before 

being allowed to partially dry for 30 s. 1 μL of AuNPs (8.19 nM) was then dropped onto 

the R6G and allowed to dry before SERS measurements were taken across a 10 × 10 

μm2 area. From the map, collected with a 1 μm step size using the inbuilt Atlµs function in 

the OMNICTM Series software, the percent of Coefficient of Variation (CV%) for the R6G’s 

diagnostic peak was then determined through Equation 4.8 

𝐶𝑉% =
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑎𝑣𝑒𝑟𝑎𝑔𝑒
 𝑥 100     (4.8) 

 

4.3.11 Preparation of nanoplastic suspensions 

Suspensions of nanoplastics in dH2O with various concentrations (1, 5, 25, 50, 100, 500 

and 1000 µg/mL) were prepared by considering the purchased 2.5% (i.e. 25 mg/mL) and 

10% (100mg/mL) solid suspensions of 50 nm and 100 nm PS respectively as SS.  

 

4.3.12 SERS measurements of nanoplastics 

SERS measurements of the different concentrations of nanoplastics, of either 50nm or 

100nm, were taken after first adding 1 µL drops of prepared nanoplastic solutions onto 

the ALF-HB1 followed by 1 µL drop of synthesised AuNPs. All the SERS measurements 

were carried out using the DXR2 Raman microscope operated with 532 nm laser, at laser 

power of 10 mW, 50x magnification and an acquisition time of 3 s. 

 

4.3.13 Detection of micro- and nanoplastics (MNPs) released from hot cups  

Disposable hot insulated cups made out of expanded PS were used to detect disposable 

cup was first thoroughly rinsed with dH2O at room temperature. Following the rinsing, the 

disposable cup was filled with 200ml of boiling dH2O. To avoid possible contamination 

from surrounding air, the cup was covered with a clean piece of Al foil. The cup with the 

hot water was left sitting under a fume hood, with occasional stirring using a wooden 
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stirrer, for 15 minutes which is the duration on average taken to have a cup of hot beverage 

[427]. After 15 minutes, the water was vacuum filtered onto a Si filter. As the pore size of 

the filter was 1 µm, all the microplastics were expected to be collected onto the filter, 

leaving the nanoplastics behind in the filtered solution. The filtered solution, then 

containing only the nanoplastics, was enriched by centrifugation carried out at 10 ˚C and 

1200 relative centrifugal force (rcf) for 25 mins. A 1µL drop from the enriched solution was 

then drop-casted onto the hydrophobic SERS substrate and allowed to dry, subsequently 

the SERS measurements for detecting nanoplastics were carried out. Furthermore, a 

10x10 µm2 region of the filter was selected and analysed for presence of microplastics 

using the particle analysis feature of the OMNIC software. 

 

4.4 Results and Discussion 

4.4.1 Numerical Simulation 

The numerical simulation done to monitor the effect of variations in interparticle distance 

on the EF can be seen in Figure 4.6(a-j) with each image showing a visual representation 

of the electromagnetic field enhancement seen between the three AuNPs for each 

interparticle distance.  

 

Figure 4.6: (a-j) Electromagnetic field enhancement for interparticle distance changing from 1 nm 

to 10 nm with a step size of 1 nm. (k) interparticle distance versus the enhancement factor showing 

an inverse relationship between the two parameters. 
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EF versus interparticle distance (Figure 4.6k) plotted with the interparticle distance varying 

from 1 nm to 10 nm clearly shows that with increasing interparticle distance the EF 

reduces. The inverse relationship between EF and interparticle distance has been 

explained by classical electromagnetics with the reason being the reduction in near-field 

interactions found between adjacent nanoparticles with increasing interparticle distance 

[185], [205]. 

 

4.4.2 Characterisation of ALF and ALF-HB 

To validate the efficacy of a straightforward deposition technique for the incorporation of 

AuNPs on ALF as a SERS substrate, SEM analysis was conducted on ALF prior to the 

addition of AuNP (Figure 4.7a) and afterwards (Figure 4.7b) to compare morphologies.  

 

Figure 4.7: (a-c) shows SEM images of ALF, ALF@AuNPs and ALF-HB@AuNPs respectively at 

1000x magnification. d (i-ii) Shows images from the optical tensiometer for a dH2O droplet on ALF 

and ALF-HB respectively and the subsequent contact angle. 

The dense clusters of AuNPs on the ALF@AuNP surface clearly observed in Figure 4.7b 

confirms that the simple deposition method is indeed an effective and cost-efficient 



A.Bibi, PhD Thesis, Aston University, 2024  101 

approach to create a SERS active substrate. Subsequently, SEM analysis was completed 

on an AuNP enhanced ALF-HB surface which can be seen in Figure 4.7c. Denser AuNP 

clusters can be observed on the ALF-HB@AuNP surface when compared to the enhanced 

ALF@AuNP surface, likely attributable the hydrophobic effect of lauric acid on its surface. 

To measure the effect that lauric acid modification had on the hydrophobicity of ALF, the 

average contact angle of water was calculated (Figure 4.7d.).  

The average contact angle of dH2O deposited onto the non-modified foil (ALF) was 

determined to be 78.54°, with the hydrophilic nature of the ALF being attributable to the 

inherent high-energy hydroxyl groups present on such metal oxides. However, the foil 

modified with lauric acid (ALF-HB) exhibited an average static contact angle of 115.72° 

indicating that the lauric acid had hydrolysed onto the surface of ALF and was mitigating 

the pinning of dH2O onto the underlying surface, for a hydrophobic surface. The failure to 

achieve a super hydrophobic surface (contact angle >150o) is hypothesized as being due 

to the KOH roughening process only expanding the nanopores, and thus a surface 

characterised by mono-valued topography, thereby failing to produce the necessary 

negative Laplace pressure for the induction of a Cassie-Baxter wetting state [428]. 

 

4.4.3 Comparing SERS performance for ALF@AuNP and ALF-HB@AuNP 

using R6G 

Prior to doing the comparison of the SERS performance of ALF@AuNP and ALF-

HB@AuNP, background measurements were carried out on the ALF-HB without any 

analyte (Figure 4.8).  

 

Figure 4.8: SERS spectrum for ALF-HB@AuNP showing the characteristic peaks of lauric acid 

found at 896 cm-1, 1066 cm-1, 1129 cm-1, 1300 cm-1, 1438 cm-1, 1507 cm-1 and 1459 cm-1 clearly 

marked.  
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The background measurements showed peaks which were matched to those found in 

literature for lauric acid as shown in Table 4.2. However, fortunately the lauric acid peaks 

did not coincide with those of molecules of interest within this thesis (i.e. R6G or 

polystyrene). Furthermore, the peaks of lauric acid found in the SERS spectrum 

substantiate that lauric acid had been functionalised onto ALF-HB and accounts for the 

observed differences in wetting properties and subsequently the post drying AuNP density 

in Figure 4.7 d and c, respectively.  

Tables 4.2 and 4.3 show the peak assignment for lauric acid and R6G, respectively, with 

comparison of the peak positions found in literature. The slight difference of few 

wavenumbers in the experimental and literature based peak positions (in Table 4.2, 4.3 

and 4.4) is hypothesised to be due to variations in system and calibration protocols across 

different instruments [429], [430]. However such variations are also possible in 

measurements carried out on the same equipment due to time temporal variances, such 

as positional drift or thermal expansion which can occur over a period of time [431]. 

Table 4.2: Peak assignment done for the background signal from lauric acid with a comparison of 

the peak position found experimentally to those found within the literature. 

Raman shift 
according to the 
experiment (cm-1) 

Raman shift 
according to the 
literature (cm-1) 

Band assignment Ref 

896 893 CH2 rocking [432] 

1066 1064 C-C stretch [432] 

1122 1127 C-C stretch [432] 

1300 1298 CH2 twisting [432] 

1438 1438 CH3 or CH2 deformations [433], [434] 

1459 1457 CH3 or CH2 deformations [433], [434] 

 

Following the background measurements, SERS spectrum of 10-5 M R6G on ALF@AuNP 

was taken to map out the characteristic peaks of R6G (Figure 4.9) and select a diagnostic 

peak for the comparative SERS study between ALF@AuNP and ALF-HB@AuNP.  
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Figure 4.9: SERS spectrum for 10−5 M of R6G on ALF@AuNP with the characteristic peaks of R6G 

found at 612 cm-1, 774 cm-1, 1180 cm-1, 1309 cm-1, 1360 cm-1, 1507 cm-1, 1572 cm-1 and 1649 cm-

1 clearly marked.  

Furthermore, the peaks found in the SERS spectrum of the R6G were compared with 

those found in the literature and comprehensive band assignment for R6G characteristic 

peaks was carried out as seen in Table 4.3. Out of all the characteristic peaks of R6G 

(Figure 4.9 and Table 4.3) the most prominent peak at 1360 cm -1, attributed to C-C 

stretching, was selected as the diagnostic peak for further analysis. The characterisation 

of ALF@AuNP and ALF-HB@AuNP done through a concentration study of R6G can be 

seen in Figure 4.10 a and b, c respectively. 

Table 4.3: Peak assignment done for the R6G peaks with a comparison of the peak position found 

experimentally to those found within the literature. 

Raman shift 
according to the 
experiment (cm-1) 

Raman shift 
according to the 
literature (cm-1) 

Band assignment Ref 

611.07 617 C-C-C ring in-plane bending [435] 

772.99 776 C-H out-of-plane bending [435] 

1123.97 1131 C-H in-plane bending [435] 

1182.79 1188 C-C stretching [435] 

1309.11 1318 C-C stretching [435] 

1360.17 1360 C-C stretching [436] 

1506.77 1512 C-C stretching [435] 

1575.23 1577 C-C stretching [435] 

1645.62 1652 C-C stretching [435] 
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Figure 4.10: (a) SERS spectra of different concentrations of R6G measured on ALF@AuNP with 

the lowest concentration detected as 10-9 M. (b-c) SERS spectra of different concentrations of R6G 

measured on ALF-HB@AuNP with the lowest concentration detected as 10-11 M. (d) Linear 

regression fitting of Raman intensities at 1360 cm-1 for each concentration of R6G on ALF@AuNP, 

with y = 1461.3x + 12094 and R2 = 0.98. (e) Linear regression fitting of Raman intensities at 1360 

cm-1 for each concentration of R6G on ALF-HB@AuNP, with y = 1365.4x + 13133 and R2 = 0.94. 

Using ALF@AuNP, detection of R6G as low as 10-9 M was possible as compared to ALF-

HB@AuNP which made detection of R6G concentration as low as 10 -11 M possible, 

therefore the hydrophobic layer resulted from lauric acid led to an increase in two orders 

of magnitude for the detection limit of R6G. The calibration curve for the detection of R6G 

on ALF@AuNP (Figure 4.10d) plotted using the linear regression fitting for the signal 

intensity at the diagnostic peak of 1360 cm-1 for the various concentrations of R6G from 

10-5 to 10-9 M resulted in R2 value of 0.98. Similarly, R2 value of 0.94 was obtained by 

plotting the SERS signal intensity of the diagnostic peak for various concentrations of R6G 

from 10-5 to 10-11 M on ALF-HB@AuNP with the linear fitting of the data (Figure 4.10e). 

From the determination of the LoB the LoD were calculated using equation 4.6 and 4.7 

[437] for R6G on both ALF@AuNP and ALF-HB@AuNP. The mean and standard 

deviation for the blank samples were calculated as explained in Section 4.3.9 with the 

values coming out to be 1.46 (meanblank) and 1.036 (SDblank) for ALF@AuNP; 17.0 

(meanblank) and 6.72 (SDblank) for ALF-HB@AuNP. Therefore, the calculation of LoB for 

ALF@AuNP and ALF-HB@AuNP using Equation 4.6 are shown below: 

   LoBALF@AuNP = 1.46 + 1.645 (1.036) = 3.17 

   LoBALF-HB@AuNP = 17.0 + 1.645 (6.72) = 28.0 
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The standard deviation for the lowest concentration of 10-9 M for ALF@AuNP and 10-11 

for ALF-HB@AuNP (as these are the lowest detected concentrations using the particular 

foil types as seen in Figure 4.10) were calculated by measuring the Raman intensities 

from the ten SERS spectra measured on ALF@AuNP and ALF-HB@AuNP respectively 

(seen in Figure 4.11 a and b) using R6G of 10-9 M and 10-11, respectively. The SD comes 

out to be 69.23 and 14.35 for ALF@AuNP and ALF-HB@AuNP, respectively. Therefore, 

the calculation of LoD for ALF@AuNP and ALF-HB@AuNP using Equation 4.7 are shown 

below: 

   LoDALF@AuNP = 3.17 + 1.645 (69.23) = 3.17 

   LoDALF-HB@AuNP = 28.0 + 1.645 (14.35) = 28.0 

The values of LoD achieved above were then plugged into the straight-line equations 

obtained from the calibration curve for ALF@AuNP (Figure 4.10d) and ALF-HB@AuNP 

(Figure 4.10e) as shown below: 

Straight line equation for ALF@AuNP (Figure 4.10d): 

y = mx + c => y = 1461.3x + 12094 (a) 

(a) becomes 
177.06 −12094

1461.3
 = -8.198 => LoD ALF@AuNP = 1.98 x 10-8 M 

 

Straight line equation for ALF-HB@AuNP (Figure 4.10e): 

y = mx + c => y = 1365.4x + 13133 (b) 

(b) becomes 
51.6−13133

1365.4
 = -9.58 => LoD ALF-IL = 5.8 x 10-9 M 

 

Figure 4.11: Ten SERS spectra measured for LoD calculations using lowest concentrations of R6G 

of (a) 10-9 M R6G on ALF@AuNP and (b) 10-11 M R6G on ALF-HB@AuNP.  

 

4.4.4 Calculating the homogeneity of ALF-HB@AuNPs 

Therefore, as a promising candidate as SERS substrate, the homogeneity of ALF-

HB@AuNP was assessed through mapping the peak Raman intensity at 1360 cm−1 for 
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10−6 M (in dH2O) R6G across its surface (Figure 4.12a) to determine percentage of 

coefficient of variation (CV%) (Figure 4.12b). The CV% was determined to be 14.5% 

(n = 100), indicating an acceptable homogeneity across the surface, and significantly 

better than that reported from previous studies, approximately 20%, based on the 

deposition of nanomaterials on ALF [438]. This improvement in homogeneity across the 

ALF-HB surface is hypothesised to be due to the reduced pinning of R6G to the surface, 

reducing uneven drying and thus the formation of a coffee ring [387]. 

 

Figure 4.12: 10 × 10 μm2 map collected with a 1 μm step size showing the variation of Raman 

intensity (a.u.) at 1360 cm-1 for 10-6 M R6G on ALF-HB@AuNPs. (f) A scatter plot generated from 

the mapping data, representing the Raman intensities at 1360 cm-1 for 10-6 M R6G on ALF-

HB@AuNPs, with the average Raman intensity recorded (red line) and the coefficient of variation 

standard deviations (blue line) also represented. 

 

4.4.5 SERS measurements of nanoplastics 

Figure 4.13 shows the Raman spectrum obtained from a PS pellet, to experimentally 

recognise the characteristic peaks of PS and select an appropriate diagnostic peak for the 

concentration study done on 50 nm and 100 nm PS nanoplastics (Figure 4.14 a and b).  
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Figure 4.13: Raman spectra for a PS pellet with the characteristic peaks 618 cm-1, 795 cm-1, 1000 

cm-1, 1030 cm-1, 1154 cm-1, 1447 cm-1, 1581 cm-1 and 1601 cm-1 marked. 

The experimentally found characteristic peaks of the PS pellet were compared with those 

found in literature and corresponding bands were assigned to each peak as seen in Table 

4.4. The most dominant peak at 1000 cm-1 attributed to ring breathing mode was selected 

as the diagnostic peak after confirming that lauric acid has no peak at that position to avoid 

any interference from background signal. 

Table 4.4: Experimentally measured characteristic peaks for polystyrene listed against values 

found in the literature and their band assignment. 

Raman shift 

according to the 

experiment (cm-1) 

Raman shift 

according to the 

literature (cm-1) 

Band assignment Ref 

619.54 621 Ring deformation mode [366] 

795.03 795 C-H out-of-plane deformation [366] 

1000.41 1001 Ring breathing mode [366] 

1030.30 1031 C-H in-plane deformation [366] 

1153.72 1155 C-C stretching [366] 

1447.82 1450 CH2 scissoring [366] 

1581.84 1583 C=C stretching [366] 

1601.13 1602 Ring-skeletal stretching [366] 

 

The SERS spectra for all concentrations of both sizes of PS nanoplastics on ALF-

HB@AuNPs (Figure 4.14 a-b) clearly demonstrate that the diagnostic peak is visible for 

concentrations down to 1µg/mL for both the sizes of nanoplastics. Furthermore, for both 

sizes of nanoplastics, and at all concentrations, the intensities for the diagnostic peak at 

100 cm-1 (Figure 4.14 c and d) are relatively similar indicating that the SERS enhancement 

for the prepared substrates is nanoplastic size independent, as seen previously by others 

[439].  
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Figure 4.14: (a) SERS spectra for various concentrations of 50 nm PS nanoplastics (in dH2O) on 

ALF-HB@AuNP (b) SERS spectra for various concentrations of 100 nm PS nanoplastics (in dH2O) 

measured on ALF-HB@AuNP (c) Linear plots of 50 nm PS nanoplastic concentrations against 

SERS intensity at 1000 cm-1 having R2 value of 0.98 (d) Linear plots of 100 nm PS nanoplastic 

concentrations against SERS intensity at 1000 cm-1 having R2 value of 0.99. 

This could, in part, be due to the manufacturer’s amine modification of the 50 nm PS 

nanoplastics, as amine is the functional group with the highest affinity for gold after thiol 

[440], therefore leading to better sitting of the 50 nm PS within the hotspots as compared 

to the 100 nm PS nanoplastics. The linear regression fits through plots of SERS intensity 

at 1000 cm-1, each measured three times and thus denoted by error bars, against 

nanoplastic concentrations for both 50 nm (Figure 4.14c) and 100 nm PS (Figure 4.14d) 

show very high R2 values of 0.98 and 0.99, respectively. But despite the very high R2 

values for a linear fit, a non-linear trend is clearly visible in the lower concentration regime 

(Figure 4.14 c and d). Similar trend was noticed in the calibration curves for nanoplastics 

detected using the salt-assisted aggregation of AuNPs in Chapter 3 and that in another 

work on KI assisted-aggregation of AgNPs [269]. Considering the similar trend, it would 

be easy to say that the hypothesis that this is because of larger number of hotpots formed 

due to aggregation or clustering leads to a greater chance of all the nanoplastic particles 

in lower concentrations to be in hotspots resulting in greater SERS signal intensity for 
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these concentrations seems more likely as the reason behind this non-linear behaviour at 

lower concentration. Compared to previously published work [414], whilst nanoplastics 

have been detected at lower concentrations than the 1 µg/mL here, the smallest particle 

used was only 100nm, and the other 500nm. Furthermore, the overall methodology used 

was very time consuming, requiring 99 minutes of centrifugal enrichment of the 

nanoplastics and AgNPs to detect such low concentrations, and 14 hours to prepare the 

substrates as compared to the maximum two hours taken to prepare the ALF-HB, 

therefore, highlighting the potential of using ALF-HB@AuNP for SERS detection of 

nanoplastics. 

 

4.4.6 Detection of micro- and nanoplastics (MNPs) released from hot cups  

To demonstrate the suitability of the ALF-HB@AuNP for real world MNP, the substrates 

were used to detect the release of MNPs from insulated cups made of expanded PS used 

for drinking hot beverages. Figure 4.15a shows the nanoplastics released from a hot cup 

and detected on an ALF-HB@AuNP.  

 

Figure 4.15: (a) SERS spectra of an ALF-HB with 1 µL of centrifugal enriched nanoplastic solution 

drop cast on to it. (b) Raman spectra of the microplastic particles detected on a 10x10 µm2 area of 

the 1x1 cm2 of the Si filter using particle analysis feature of the OMNIC software. 

The particle analysis feature of the OMNIC software, was used to detect microplastics 

detected 28 PS microplastics on a 10x10 µm2 area of the 1x1 cm2 of the Si filter with their 

Raman spectra (shown in Figure 4.15b) matching with the reference spectrum in a range 

of 30.7% to 98.1%. If it is assumed that microplastics in similar amounts were present on 

the rest of the filter too, then by this approximation about 280,000 microplastic particles 

must have been released in one cup of hotwater added to such a PS cup. 
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4.5 Conclusion 

This Chapter reported on the development of a methodology to cluster gold nanoparticles 

(AuNPs) for the reliable detection of lower concentrations of nanoplastics by utilising the 

wetting properties of aluminium foil to form a hydrophobic layer, rather than upsetting the 

stability of the AuNPs as was previously done through salt-assisted aggregation of AuNPs 

(in Chapter 3). The main findings are thus: 

• Firstly, the increase in hydrophobicity of a surface i.e. enhancing its anti-wettability 

potentially decreases the pinning of droplets of AuNPs and R6G/nanoplastic 

suspension that are dropcast onto it, therefore clustering the AuNPs and 

R6G/nanoplastics upon drying which increases the SERS signal. 

• Secondly, use of hydrophobic layers can increase the efficacy of straight-forward 

deposition of AuNPs (i.e. dropcasting), therefore introducing a very simple method 

for improving SERS detection. 

• Thirdly, the use of low-cost materials and chemicals to develop a hydrophobic 

layer in a time-efficient methodology puts it at an advantage to other 

methodologies based on increasing the anti-wettability for SERS detection. 

• The prepared hydrophobic SERS substrate demonstrated efficient detection of 50 

nm and 100 nm PS nanoplastics with LoDs of 1 µg/mL for both the sizes of 

nanoplastics achieved.    

• Finally, the release of micro and nanoplastics from insulated cups made of 

expanded PS used for hot drinks was found.   

Whilst nanoplastics were successfully detected through the use of clusters of AuNPs 

through modification of the wetting properties of ALF, measurements were not so reliable, 

as like the substrates produced in Chapter 3, the hotspots were not always well defined 

nor had a fixed size.  

The methodology presented in Chapter Five to realise well defined hot spots of a fixed 

size is based on surface modification through a combination of salinisation process to form 

a monolayer of AuNPs on ALF with further linking of AuNPs to that monolayer using a 

linking molecule as 3D nanostructures. The detailed explanation and methodology are 

presented in Chapter Five. 
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Chapter Five 
 

The detection of nanoplastics through the use of surface 
enhanced Raman spectroscopy (SERS) substrates with 
islands of gold nanoparticles (AuNPs) formed through 
the use of cucurbit[5]uril (CB[5]). 
 

5.1 Introduction 

In contrast to the use of colloidal nanoparticles, the immobilisation of nanoparticles onto 

solid surfaces to form SERS substrates has gained a lot of interest as it also allows to take 

advantage of their unique properties whilst also increasing the stability of the 

nanoparticles, and enhancing the reusability and handling of the substrate [441]. That with 

said, as nanoparticle LSPR properties are affected by their surrounding environment and 

interparticle interactions, controlled and precise immobilisation of nanoparticles is 

essential to achieve desired surface properties [442] and therefore the properties of the 

SERS substrate they form. 

The techniques for incorporating nanoparticles on solid substrates can be broadly 

classified into two primary methods: in situ formation of nanoparticles on substrates and 

ex situ immobilisation of pre-formed colloidal nanoparticles on substrates. The former 

involves the growth of nanoparticles directly on a surface through processes such as ion 

reduction [333], thermal evaporation [443], or electrodeposition [444]. These in situ 

methods typically require substrates pre-patterned via micro- or nano-fabrication 

techniques, such as electron beam lithography, to create precise periodic arrays of 

nanoparticles [445]. While these techniques are highly accurate, they necessitate 

specialized equipment, are costly and are confined to small-area applications. Conversely, 

the ex situ immobilisation of pre-synthesised colloidal nanoparticles is a cost-effective 

alternative that does not require specialized equipment, leveraging well-established 

synthesis techniques to produce colloidal nanoparticles of specific shapes and sizes, that 

can then be applied to large surface areas [446]. Furthermore, as it allows the variation of 

the size, shape, and immobilisation state of the nanoparticles its flexibility for modifying 

the surface properties enables the creation of diverse nanoparticle-enhanced surfaces [8]. 

Surface functionalisation, or the introduction of chemical moieties such as functional 

groups or other ligands on a surface to achieve desired properties [447], is an example  

of a developed method for the ex situ immobilisation of nanoparticles onto solid surfaces 

[448].  
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5.1.1 Surface functionalisation for the immobilization of gold nanoparticles 

Surface functionalisation for the ex situ immobilisation of AuNPs onto solid surfaces is 

typically done through the use of an intermediary layer of molecular structures on the 

surface to generate either electrostatic or chemical interactions between the AuNPs and 

their functional groups [449]. For AuNPs salinisation is typically used, being based on the 

modification of surfaces terminated with a hydroxyl (–OH) group, such as glass, silicon 

and metals with an oxide layer, through the use of alkoxysilane compounds [450]. It forms 

either a covalent bond or electrostatic attachment between the AuNPs and molecules, 

depending on whether the latter contain a thiol or amine moiety, due to gold’s strong 

affinity to those functional groups [368], [451], [452]. A covalent bond between the AuNPs 

and the functional group used to modify the solid surface is advantageous as it supports 

the immobilisation of charged, as well as uncharged, nanoparticles, eliminating the need 

for nanoparticle functionalisation [452]. However, as discussed in Chapter 4, the negative 

charge that surrounds citrate capped AuNPs is very convenient for the electrostatic 

attachment of nanoplastics with an amine modified surface, with no additional nanoparticle 

functionalisation required [453], [454], [455], [456]. Fundamentally, the choice of the 

chemical moiety used for the salinisation surface modification, either aminated, or 

thiolated, depends upon the solid surface used and the alkoxysilane compounds used to 

immobilise AuNPs, with Table 5.1 showing those typically used.  

Table 5.1: A list of the amine and thiol alkoxysilanes typically used for surface modification through 

the salinisation process to immobilise AuNPs.   

Amine-terminated alkoxysilane Thiol-terminated alkoxysilane 

3-aminopropyltrimethoxysilane 

(APTMS) [457] 

3-mercaptopropyltrimethoxysilane 

(MPTMS) [458] 

3-aminopropyltriethoxysilane (APTES) 

[453] 

3-mercaptopropyltriethoxysilane 

(MPTES) [453] 

p-aminophenyltrimethoxysilane 

(APhTMS) [459] 

 

 

APTES contains four reactive groups, being three functional ethoxy (O–CH3) groups and 

one amine group (–NH3) [450], and is the molecule most commonly used to functionalise 

oxide surfaces [460], [461], [462], [463], [464], [465], [466], doing so in two steps (Figure 

5.1Figure 5.1A). First, hydrolysis, where an –OH group replaces the O–CH3 groups within 

an acidic, alkaline or neutral medium; and second, condensation, through the formation 

of the Si–O–Si bonds.  
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Figure 5.1: (A) Schematic representation of an APTES molecule, its activation through hydrolysis 

and condensation, and reaction with the hydroxylated oxide surface in an ideal situation. (B) 

Schematic representation of chemical interactions involved in the grafting of APTES on the 

hydroxylated oxide surface [450]. 

The four reactive groups (three O–CH3 and one –NH3) within APTES molecule and the 

complex kinetics of the in the reactions of the salinisation process necessitate the control 

of conditions such as humidity, solvent used, quantity of water, pH of the solution and 

concentration of APTES, to achieve a reproducible, stable and highly functionalised 

surface [463], [465], [467]. The first step of hydrolysis is particularly important in 

determining the quality of the functionalised surface obtained as it determines the how 

many of the three O–CH3 per molecule will hydrolyse and form silanol groups [468]. There 

are two ways the condensation step can go; either between two APTES molecules and/or 

between an APTES molecule and the oxide surface being functionalised (Figure 5.1 A) 

[469]. The covalent bond between APTES and the surface being functionalised can form 

in various ways as seen in Figure 5.1 B. Furthermore, in presence of excess water 

molecules, the silanol groups of different APTES molecules form covalent bonds resulting 

in polymeric structures composed of polysiloxane due to uncontrolled polymerisation 

(Figure 5.1 B (5-7)) [470], [471], [472], [473]. However, if the water content is controlled, 

the moderate reactivity of APTES makes it easy to handle thanks and its O–CH3 groups 

ensure a robust silanisation process), which leaves the amine group available for further 

reaction, in this particular case immobilisation of AuNPs [453].  

Therefore, following the salinisation process, the modified or salinised solid surface is 

immersed into a colloidal AuNP solution, with the AuNPs attaching to the thiol or amine 

terminated molecule due to their strong affinity, to form a monolayer of immobilised 

AuNPs. As the –NH3 group on an APTES salinsed surface is free and highly reactive the 
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electrostatically immobilised AuNPs (Figure 5.2) offer similar plasmonic properties to 

colloidal nanoparticles, albeit with greater stability.  

 

Figure 5.2: Surface functionalised using APTES and electrostatic attachment of AuNPs to the free 

and terminal amine group of the functionalised surface. 

Functionalised solid surfaces covered in a monolayer of immobilised nanoparticles have 

thus been reported as being used as SERS substrates for the detection of many different 

analytes (Table 5.2). 

Table 5.2: Summary of the SERS substrates (nanostructure and solid surface) formed through 

APTES based salinisation that have been used to detect various analytes and achieved LoDs. 

Nano

struct

ure 

Solid surface Analyte LoD Ref 

AuNP Si citrate - [453] 

AuNS Polydimethylsilo

xane (PDMS) 

Thiabendazole 

(pesticide on fruit 

skin) 

20µg/L [474] 

AuNS PDMS 4-

aminothiophenol 

(4-ATP) 

20 ppb [475] 

AuNS Glass slip Nile blue A  

R6G 

5x10-11 

M 

1x10-9 

M 

[476] 

AuNP Silica 4-

mercaptobenzoic 

acid (4-MBA) 

- [477] 

Au-

Ag 

Si 4-MBA 10−6 M [478] 
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core 

shell 

nano

partic

les 

AuNP capillary R6G 

Thiram (pesticide) 

Aspartamae (food 

additive) 

10−10 M 

10−6 M 

0.25 g/L 

[479] 

AuNP capillary 4-ATP 

Ceratinine 

10−9 M 

0.9 mg/

dL 

[480] 

AuNP optical fibrer Methylene Blue 

Crystal Violet 

R6G 

10−9 

mol/L 

10−8 

mol/L 

10−8 

mol/L 

[481] 

AgNP 

and 

graph

ene 

oxide 

glass Crystal Violet 

phosphorus 

triphenyl (PPh3) 

- [482] 

 

5.1.2 Binding of gold nanoparticles (AuNPs) to functionalized surfaces 

5.1.2.1 Introduction 

The use of linking molecules or molecular linkers/binders, such as DNA [483], biotin-

streptavidin [484], polymers [485], biometric ligands [486], cucurbit[n]uril (CB[n]) [487], 

thiols [488] and amines [489], has been previously reported to form islands and/or chains 

of nanoparticles. Discussion on the various types of molecular binders is out of the scope 

of this thesis, therefore, the rest of the chapter will concentrate on CB[n] and their use as 

molecular binders to bind AuNPs. In 1905, Behrend et al. synthesised the first ever 

cucurbit uril, CB[6], however, its structure was not explained until much later when in 1981 

Freeman et al. used various characterisation techniques and discovered that CB[6] 

contains six glycourils and twelve methylene bridges [490]. The work of these two groups 
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subsequently led to discoveries of CB[5], CB[7], CB[8] and CB[10] by other researchers 

in the following decades [491], [492], [493]. In terms of the general structure CB[n] (Figure 

5.3i), where n is the number of glycoluril units (Figure 5.3iv), are a family of molecules that 

have well-defined, symmetric, barrel-shaped structures (Figure 5.3ii) of hydrophobic 

internal cavity surrounded by circularly repeating glycoluril units  [487]. CB[n] that have 

been used to bind AuNPs through the polar carbonyl portals found at the top and bottom 

(the flat part of the barrel shape) of the molecule (Figure 5.3) [494]. CB[n] always binds 

AuNPs through the carbonyl portals, therefore independent of the number of glycoluril 

units present in the CB molecule, the distance between any two adjacent AuNPs  bound 

through a CB molecule (Figure 5.4) is always precisely 9.1 Å (d in Figure 5.3 ii and iii) with 

no other binding configuration possible [494], [495], [496].The following section will 

concentrate on the novel approaches that have been employed to use CB[n] molecules 

for SERS detection of various analytes  
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Figure 5.3: (i) The Cucurbit[n]uril structural formula; (ii) An image of the barrel shaped molecule of 

cucurbit[n] with all the dimension variables marked; (iii) A table of the dimensions for the barrel 

shaped cucurbit[5-10] in Angstroms; (iv) An image of Cucurbit[5-10] composed of five-ten circularly 

arranged glycouril units each having a hydrophobic central cavity and polar carbonyl portals that 

bind to the Au surface [497], [498], [499]. 

 

5.1.2.2 Novel approaches of using bound gold nanoparticles for SERS 

detection 

In 2009 Scherman and Mahajan along with their coworkers pioneered the use of CB[n] in 

Raman spectroscopy, presenting it as the binding agent as well as the analyte for SERS 

measurements  [496], [500]. The following year, the same group successfully developed 



A.Bibi, PhD Thesis, Aston University, 2024  118 

a self-calibrated and reliable SERS substrate based on the in situ immobilisation of AuNPs 

through the use of CB[n] as a binder. It was capable of selectively trapping analyte 

molecules at CB[n] binding sites between adjacently connected AuNPs with plasmonic 

enhancement provided from the AuNPs [494], thus  demonstrating the triple functionality 

of CB[n] within SERS detection (Figure 5.4). First, the structurally well-defined CB[n] 

molecules can be used as binding molecules to provide fixed sized hotspots and thus 

homogeneous substrates for a stable SERS signal [494]. Second, the Raman-active 

nature of the CB[n] molecules makes self-calibration possible and so they can also be 

used as local reporters of the field confinement within the hotspots created by themselves 

[494], [500].  Finally, CB[n] molecules can be used as nanocontainers to house “guest” 

molecules within their hydrophobic cavity with their subsequent use as binders between 

AuNPs enabling the enhancement of the SERS signal from the “guest” molecule [494], 

[501], [502].  

 

Figure 5.4: Schematic illustration of two out of the three functionality of CB[n] in the SERS process 

– as a rigid binding molecule providing a fixed size of hotspot and as a nanocontainer that can 

house molecules getting better detection capabilities [501].  

A study by Baumberg and coworkers involving the use of CB[7] to assemble AuNPs on 

three different surfaces, gold (Au), silica (SiO2) and silicon (Si), [503], showed that in 

addition to the SERS signal being dependent on the interparticle gaps, it is also influenced 

by the gap between nanoparticles and their underlying surface. Specifically, they showed 

that the SERS signal is 3 orders of magnitude greater for assemblies on the surface of 

SiO2 as compared to that in solution, but only half of that for those formed on a Au surface. 
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The lowest SERS intensity from assemblies on Si was attributed to damping by the 

absorption in the semiconductor. 

The majority of the work on utilising CB[n] as binders in the formation of SERS substrates 

had been done with AuNPs, until Jones et al. [504] reported the SERS detection of R6G 

through the use of gold nanorods (AuNRs) and both CB[5] and CB[7] simultaneously. In 

doing so achieving both the binding of AuNRs by CB[5] and the containing of R6G within 

CB[7], or the capture of R6G by CB[7] into a hotspot made by CB[5]. Additionally, this 

study explained how the use of cetyltrimethylammonium bromide (CTAB) to stabilise 

AuNRs helps in their end-to-end connection because the weaker binding of CTAB 

molecules along the curved ends than along the rods lead to an easier functionalisation 

there. Seo et al. also reported the use of CB[7] as a binding molecule between AuNRs, 

although scanning electron microscopy images showed a lack of preferential end-to-end 

linking between AuNRs and therefore more random binding of the AuNRs in contrast to 

those presented by Jones et al. [504]. The same study also discussed the stability and 

reproducibility of SERS signals for Raman probes encapsulated within CB[n], 

demonstrating up to 20 days of SERS enhancement and stability for R6G contained within 

CB[7] [505]. Later, in a unique approach, Baumberg et al. mixed CB[5] with AuNPs within 

a microfluidic device to form microdroplets, taking SERS measurements on a millisecond 

timescale, thereby laying the foundation for high-speed single molecule optical detection 

within microfluidic setups and their optimisation [506]. Table 5.3 presents a 

comprehensive summary of many of the SERS substrates that are based on the use of 

CB[n]uril as a binder, reporter and/or container, including those discussed within this 

section. 
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Table 5.3: A summary of some of the studies which utilise CB[n] molecules as either: binders (B) 

to link or bind metallic nanoparticles to each other into various assemblies, including chains and/or 

islands of metallic nanoparticles; local reporters (R) to measure the SERS enhancement offered by 

the assembled metallic nanoparticles; or as containers (C) when an analytes is housed within the 

hydrophobic cavity of the CB[n] molecule. 

Nanost

ructure 

CB[n] Purpose 

(binder (B), 

reporter (R), 

container(C)) 

Analyte Ref 

AuNP CB[5] 

CB[7] 

B, R 

B, R, C 

CB[5]; R6G 

CB[7]; R6G 

[494] 

AuNP CB[5], 

CB[6], 

CB[7] 

B, R CB[5], CB[6], 

CB[7] 

[500] 

AuNP CB[7] B, R CB[7] [503] 

AuNR CB[5], 

CB[7] 

B 

B, C 

R6G [504] 

AuNR CB[7] B, C R6G [505] 

AuNR CB[8] B, C Methylene blue [507] 

AuNP CB[5] B, R CB[5]; PDMS; 

citrate 

[506] 

AuNP CB[7] B, R CB[7]; Pb2+ [508] 

AuNP CB[7] B, R, C CB[7]; methyl 

viologen; 2,7 

dimethyldiazapyr

enium; 1-

adamantylamine

; N-methyl-1-

adamantylamine

;1-adamantane 

carboxylic acid; 

(dimethylamino

methyl)ferrocene

; 1,1 ferrocene 

dimethano and 

ferrocene. 

[509] 
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AgNP CB[6] B, C spermine [510] 

AgNP CB[7] B, C fentanyl [511] 

AuNP CB[7] B, C Dopamine; 

epinephrine and 

serotonin 

[512] 

AuNP CB[5], 

CB[6] 

B, R ethanol; 

methanol 

[513] 

AuNP CB[8] B, C Methyl viologen; 

naphthalene; 2-

naphthol; 

phloroglucinol; 

and 2,3-

naphthalenediol 

[514] 

AuNP CB[7] B uric acid [515] 

AuNP CB[8] B estrogen [516] 

AuNP CB[6] B, C methyl viologen [517] 

 

5.1.3 Summary 

Despite the advantages offered by the use of APTES to functionalise solid surfaces for 

the immobilisation of metallic nanoparticles (Table 5.2) and the use of CB[n] molecules to 

form well-defined hotspots between each connected interparticle (Table 5.3), neither have 

been used to their greatest potential, nor a combination of both used, for the formation of 

structured SERS substrates. In subsequent sections, the combined use of APTES 

functionalisation and CB[5] binding to form SERS substrates is demonstrated for the first 

time, whereby the binding functionality of CB[5] is used to form islands of AuNPs on to a 

monolayer of AuNPs already immobilised onto aluminium foil (ALF) using APTES. 

Thereafter the resultant SERS substrates are used to detect nanoplastics. 

 

5.2 Aims & Objectives 

The main aim of the chapter is to focus on developing a novel homogeneous 3D SERS 

substrate formed through having well-defined hotspots to achieve a more stable SERS 

signals as compared to that obtained in preceding chapters through the randomised 

aggregation of AuNPs based on salt-assisted aggregation approach (Chapter 3) and 

comparatively better controlled clustering of AuNPs based on used of hydrophobicity 

(Chapter 4). The homogeneous 3D SERS substrate was synthesised based on AuNP 
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islands formed on the monolayer of immobilised AuNPs achieved by functionalising ALF 

with APTES. The chapter will focus on achieving stability of SERS signal through the use 

of fixed sized hotspots by taking advantage of the rigid and structurally well-defined CB[5] 

molecules. To the best of our knowledge, this is the first ever work done on forming islands 

of AuNPs in a 3D morphology onto a framework of an already immobilised monolayer of 

AuNPs. Furthermore, the importance and additional novelty of this work lies in detecting 

release of real-world nanoplastics from gloves used for food preparation, thus contributing 

to the preservation of the environment and human health. 

To fulfil the aims of the chapter the main objectives are:  

1. To document the variations in SERS signal by carrying out complete 

characterisation of the synthesised SERS substrate through the use of Rhodamine 

6G (R6G) dye. 

2. To study the performance of the SERS substrate in nanoplastic detection, do a 

complete concentration study using pristine nanoplastics. 

3. To study the potential release of nanoplastics from hot treatment of gloves used 

commonly by restaurants other food places during preparation of food in order to 

ensure hygiene conditions are followed. 

5.3 Materials and methods 

5.3.1 Chemicals and reagents 

Gold (III) chloride trihydrate (HAuCl4·3H2O, 99.9%), sodium citrate tribasic dehydrate 

(HOC(COONa)(CH2COONa)2·aq), ethanol (C2H6O), potassium hydroxide (KOH), acetic 

acid (CH₃COOH), 3-aminopropyltriethoxysilane (APTES), cucurbit[5]uril (CB[5]), red 

colour dye rhodamine 6G (R6G) and UV-transparent disposable cuvettes were all 

purchased from Sigma Aldrich (UK). Aqueous suspensions of 2.5% solids polystyrene 

nanoplastic latex beads of 50 nm diameter and 10% solids polystyrene nanoplastic latex 

beads of 100 nm with densities of 1.05 g/cm3 were purchased from Sigma Aldrich (UK). 

1x1 cm2 silicon (Si) filters with pore size of 1 μm were purchased from Thermo Fisher 

Scientific (UK). Polyethylene gloves used for preparing food were acquired from a local 

food place (Belfast, UK). Kitchen aluminium foil was purchased from local store, Tesco 

Extra (Belfast, UK). 

5.3.2 Analysis Instrumentation 

The ultraviolet-visible spectroscopy (UV-vis) absorption measurements were performed 

using a Cary 60 spectrophotometer (Agilent Technologies, USA). The SERS substrates 

were visualised in high resolution scanning electron microscopy (SEM) images through 

the use of a JSM-6500F SEM microscope (JEOL, Japan) at 15 kV. All the SERS 
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measurements were carried out using a DXR2 Raman microscope (Thermo Fisher 

Scientific, UK) operating with a 532 nm laser and a 50x objective, having na umerical 

aperture (NA) of 0.5. Unless mentioned otherwise, all the SERS measurements presented 

in this chapter were carried out with an excitation power of 10 mW, with each spectra 

representing the average of 3 measurements and each measurement having an 

acquisition time of 3 seconds. The labelling of the peaks in the SERS spectra were done 

using OMNICTM Series software whilst the analysis of microplastics released from gloves 

was carried by Raman mapping by the inbuilt Atlµs function available in the OMNICTM 

series software (Thermo Fisher Scientific, UK). ImageJ software was used to determine 

the size of each individual nanoparticle from TEM images.  

 

5.3.3 Numerical Simulations 

The wave optics physics module of COMSOL Multiphysics was used to numerically 

simulate and quantify, with the the finite element method (FEM), the enhancement factor 

(EF) using equation 5.1, and thus SERS signal, that could be expected from a small 

section of the SERS substrates to be developed (Figure 5.5).  

𝐸𝐹 =   | 𝐸𝑙𝑜𝑐(𝜔0) 𝐸0(𝜔0)⁄ |4    (5.1) 

where: 

EF – enhancement factor 

E0(ω0) – incident electric field 

Eloc(ω0) – localised electric field 
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Figure 5.5: (a) Top view of the geometry in the numerical simulation to calculate the enhancement 

factor of 3D structures formed using cucurbit[5] for the SERS substrate. (b) The magnification of 

the inset area of (a) showing a geometry that consists of three strand-like features formed by eight 

interconnecting 15 nm diameter gold nanoparticles attached to two others that are immobilised on 

a functionalised aluminium base. (c) The magnification of an inset of (b) showing the interparticle 

geometry, including the cucurbit molecule that binds the AuNPs.  

The model simulated consisted of eight AuNPs interconnected by CB[5] formed into three 

strands that are attached via CB[5] to two AuNPs that are immobilized on the 

functionalized ALF (Figure 5.5b). The eight 15 nm AuNPs are connected through barrel 

shaped features with a height of 9 nm (Figure 5.5c). Perfectly matched layer boundary 

conditions are used at the top and bottom of the simulation region as artificial absorbing 

layers to truncate the simulation region (Figure 5.5a) whilst a periodic boundary condition 

is used on the left and right to imitate it being just a small part of a larger physical domain 

(Figure 5.5b). Whilst a fine mesh is used in the area with the AuNPs, an even finer mesh 

is used in the areas between the AuNPs as those are the hotspot regions. 

 

5.3.4 Gold nanoparticle synthesis 

AuNPs were synthesised using the well-established Turkevich method, with minor 

modifications [518]. First, 500 µL of 100 mM HauCl4 was added to 49.50 µL of deionised 

water (dH2O) and then heated, whilst undergoing constant slow speed stirring, until 

boiling. Upon reflux 5 mL of 1% HOC(COONa)(CH2COONa)2 was quickly added whilst 

vigorously stirring, with the heat removed upon the citrate-meditated reduction of the gold 

ions, as indicated by the solution’s colour changing from pale yellow to wine red. Whilst 

cooling to room temperature (approximately 30 minutes) the AuNPs were then subjected 

to continuous slow stirring whereafter the synthesised AuNPs were stored in a refrigerator 

until subsequent experiments. 

 

5.3.5 Gold nanoparticle characterisation 

UV-vis absorption measurements of the synthesised nanoparticles were performed to also 

confirm their successful synthesis as well as estimate their diameter and concentration 

from the use of equations 5.2 and 5.3 [360]. Specifically, entering the value of r from below 

within a data table found in Table S-2 of [360], provides the diameter of the AuNPs:    

𝑟 =
𝐴𝑚𝑎𝑥

𝐴450
    (5.2) 

where: 

r – is the ratio of two specific absorbance values. 

Amax – the highest absorbance value on the UV-vis absorption curve. 
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A450 – the value of absorbance at a wavelength of 450 nm on the UV-vis absorption curve. 

 

Meanwhile, the concentration of the nanoparticles in solution formed in 5.3.4 is determined 

by the equation below through the use of a value of ε450 from Table S-3 of [360] that 

corresponds to the diameter calculated above:  

𝑐 =  
𝐴450

𝜀450
    (5.3) 

where: 

c – the concentration (in M/L) of the nanoparticles in the solution formed in 5.3.4  

ε450 – the molar decadic extinction coefficient in M-1 at a wavelength of 450 nm obtained 

from Table S-3 of [360] for the diameter calculated above 

A450 – the value of absorbance at a wavelength of 450 nm on the UV-vis absorption curve.  

 

Transmission electron microscopy (TEM) analysis was also used to calculate the size 

distribution of the colloidal AuNPs. The TEM grid was prepared for analysis by drop-

casting on to it approximately 5 µL of the AuNP colloid before leaving it to dry overnight in 

ambient conditions. The size of each particle was measured with the image processing 

software ImageJ and a normal distribution curve fitted to a histogram of those values. The 

normal distribution was then translated to a log normal distribution from which the average 

and standard deviation for the diameters were calculated using equations 5.4 and 5.5: 

𝑑𝑎𝑣𝑔 =  2.718𝑙𝑛 𝑚𝑒𝑎𝑛   (5.4) 

𝜎 =  2.718𝑙𝑛 𝑠𝑑     (5.5) 

where: 

davg – average diameter of the synthesized colloidal AuNPs 

ln mean – log normal of the mean diameter (obtained from the log normal distribution) 

σ – standard deviation of the nanoparticle diameter 

ln sd – log normal of the standard deviation of particle diameters (obtained from the log 

normal distribution) 

 

5.3.6 Synthesis of SERS substrate 

The synthesis of the SERS substrate was conducted through a five-step process (Figure 

5.6): (i) annealing, (ii) etching, (iii) APTES, (iv) heating/submersion in AuNP colloid, and 

(v) drop casting of CB[5]. Whilst the annealing and etching steps are not strictly required 

for the subsequent salinisation and formation of a monolayer of AuNPs on ALF (S-ALF) 

or AuNP island formation on the S-ALF (ALF-IL), unless explicitly indicated otherwise, 
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those ‘pre-treatment’ steps were also undertaken as they were found to significantly 

enhance the efficiency of the salinisation process (see 5.4.3.1). To evaluate their 

enhancement additional ALF samples were prepared using just process steps iii-v. 

The annealing step (i) involved heating the ALF to 350°C on a hotplate until the 

disappearance of mark previously made with a permanent marker, indicating sufficient 

annealing. Following annealing, the etching step (ii) consisted of immersing the ALF in 1 

M potassium hydroxide (KOH) until the solution began to fizz, approximately 30 seconds.  

Step (iii) consisted of immersing the ALF into a 2% (3-Aminopropyl)triethoxysilane 

(APTES) solution at pH 5 for 30 minutes, with the 2% APTES solution having been 

prepared by adding 200 µL of APTES to 9.8 mL of dH₂O. Through monitoring with a pH 

meter the pH of the solution was carefully maintained by the dropwise addition of acetic 

acid (CH₃COOH) while continuously stirring, initially exhibiting minimal changes but then 

decreasing sharply requiring significant additions. In step (iv) the ALF was removed from 

the APTES solution, incubated at 40°C for an additional 30 minutes, rinsed with dH₂O to 

remove any unbound APTES and then small sections (each ~ 3 mm x 5 mm) of the now 

salinized ALF were submerged in aliquots of 2 mL synthesized 0.819 nM AuNP solution 

to immobilise a monolayer of AuNPs to the salinized surface, forming S-ALF. Finally in 

step (v) 10 µL of a 0.24 mM cucurbit[5]uril (CB[5]) solution prepared in dH₂O was added 

to each aliquot and left to incubate for 1 hour to facilitate molecular binding of three-

dimensional islands of AuNPs to the AuNP monolayer, forming ALF-IL. The ALF-IL were 

then removed after one hour from the aliquots, and excess unbound AuNPs were rinsed 

off with dH₂O, before they were allowed to air dry.  
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Figure 5.6: The synthesis processes for salinized ALF covered in a monolayer of AuNPs (S-ALF) 

and ALF with AuNP island formations (ALF-IL) consists of optional process steps (i) and (ii), as well 

as steps (iii-iv) and (iii-v), respectively. 

 

5.3.7 Preparation of R6G solutions 

The purchased R6G had a molecular weight of 479.02 g/mol and so a 1 mM stock solution 

(SS) of R6G was prepared by adding 239.51 mg of R6G to 5 mL of dH2O with the 

graphpad molarity calculator used for calculations. The various concentrations of R6G (10-

11 to 10-4 M) for subsequent experiments were prepared by diluting the 1 mM stock solution 

with the required quantity of dH2O. 

 

5.3.8 Characterisation of the SERS substrate  

The immobilization of a layer of AuNPs onto the ALF and the binding of AuNPs to each 

other, and the immobilized AuNPs, in the presence of CB[5] was validated through a 

scanning electron microscopy (SEM) analysis of the S-ALF and the ALF-IL respectively. 

The efficacy of pre-treatment was also visualised through SEM imaging of the surface of 

the aluminum surfaces.  

To measure the efficiency of AuNP binding through CB[5]  a complete concentration study 

using the well characterized Raman dye of R6G [425] was undertaken, for both S-ALF 

and AFL-IL, having chosen an appropriate spectral peak by first analysing the prominent 

https://www.graphpad.com/quickcalcs/molarityform/


A.Bibi, PhD Thesis, Aston University, 2024  128 

peaks for R6G on ALF and comparing them to those published in the literature. SERS 

spectra were taken after 1 µL of each R6G concentration (10-11 to 10-3 M) was drop cast 

on each substrate and allowed to dry in air at room temperature. The efficacy of the pre-

treatment steps was determined by comparing the SERS signal for 1 µL of 10-6 M R6G 

drop-cast and airdried on ALF-ILs prepared with, and without, the pretreatment steps.  

 

5.3.9 Calculating the Limit of Detection (LoD)  

Data from the R6G concentration studies was used to determine the lowest concentration 

that could be measured, or the limit of detection (LoD), using the following equations [426]: 

𝐿𝑜𝐷 = 𝐿𝑜𝐵 + 1.645 (𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 )  (5.6) 

𝐿𝑜𝐵 = 𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 + 1.645 (𝑆𝐷𝑏𝑙𝑎𝑛𝑘)    (5.7) 

where: 

LoD - Limit of detection for R6G for the SERS substrate used. 

SDlow concentration sample – standard deviation of the SERS intensity for the lowest concentration 

of R6G at the diagnostic peak detected through the use of the SERS substrate. 

SDblank – standard deviation of the SERS intensity for the matrix blank at the diagnostic 

peak detected through the use of the SERS substrate. 

LoB - Limit of the blank. 

The matrix blank consisted of a SERS substrate having had 1µL of plain dH2O drop-cast 

onto it before being allowed to air-dry. 

 

5.3.10 Calculating the homogeneity of the ALF-IL 

The homogeneity of ALF-IL was determined by first performing a SERS mapping over a 

20 µm x 20 µm area, with a step size of 1 µm, in a randomly selected region where 1 µL 

of 10-6 M R6G had been drop cast and allowed to air dry. The SERS intensity at the 

diagnostic peak for each of the 400 points was represented as a contour map, from which 

the mean and coefficient of variation percentage (CV%) was calculated using the 

equations below: 

𝑚𝑒𝑎𝑛400 =
∑ 𝐼400

400
⁄  

𝐶𝑉% =  
𝑚𝑒𝑎𝑛400

𝜎400
⁄  𝑥 100 

where: 

ΣI400 – the sum of the 400 intensities  

σ400 – the standard deviation for the 400 intensities.  
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5.3.11 Preparation of nanoplastic solutions 

The stock solutions for the 50nm and 100nm diameter PS nanoplastics purchased from 

the manufacturer were 10% solid, i.e. 100 mg/mL and 2.5% solid i.e. 25 mg/mL, 

respectively. Therefore, to prepare a 500 µg/mL solution of the 100 nm PS, 5 µL of the 

10% solid stock solution was added to 995 µL of dH2O. Similarly, a 500 µg/mL solution of 

the 50 nm PS was prepared by adding 20 µL of the 2.5% solid stock solution to 980 µL of 

dH2O. PS solutions of both diameters, with concentrations of 250 µg/mL, 100 µg/mL, 50 

µg/mL, 25 µg/mL, 5 µg/mL and 1 µg/mL, were prepared through diluting the 500 µg/mL 

solutions with appropriate amounts of dH2O. 

 

5.3.12 Concentration study of nanoplastics 

SERS measurements at the diagnostic peak were taken of ALF-IL after 1 µL droplets of 

the prepared various concentrations of 50 nm and 100 nm nanoplastic solutions were drop 

cast onto them and allowed to air dry. A calibration curve for each solution was constructed 

by fitting a curve through a plot of average SERS signal intensities, with error bars 

comprising of their standard deviation, against concentration.  

 

5.3.13 Study of micro and nanoplastics released from gloves 

The release of nanoplastics from food preparation gloves whilst in use was studied using 

the synthesised ALF-IL. In an attempt to mimic the conditions the gloves undergo during 

use, two gloves underwent a heat treatment consisting of leaving them in a sonication 

bath containing 100 mL dH2O that had been heated to 40˚C before the heat source was 

removed. Following the sonication bath, the gloves were removed and the liquid vacuum 

filtered through Si filters, leaving behind any plastics larger than nanoplastics that might 

have been released from the gloves. The liquid was then centrifuged at 10˚C and 1200 

relative centrifugal force (rcf) for 30 minutes to enrich the nanoplastic solution before 1 µL 

droplets were sequentially extracted and drop cast onto the ALF-IL for SERS 

measurements until nanoplastics were detected. Furthermore, a 10x10 µm2 area of the 

filter was scanned using the particle analysis feature of the OMNIC software to analyse 

any microplastics that might have been present in that area of the filter. 

 

5.4 Results and discussion 

5.4.1 Numerical Simulation 

Figure 5.7a shows a region of the numerically simulated electric field (see Section 5.3.3) 

that contains AuNPs, each connected by a CB[5] molecule, with hotspots between them. 
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Figure 5.7b is a magnification of the inset area of Figure 5.7a, containing one such hotspot 

region between two AuNPs, showing a maximum enhancement of 7.50.  

 

Figure 5.7: (a) A region of numerically simulated electric field that contains the strands of connected 

AuNPs (b) A magnification of the inset from (a) featuring the region between two AuNPs connected 

by a cucurbit molecule with a maximum enhancement factor of 7.50. 

 

5.4.2 Gold nanoparticle characterization 

The UV-vis absorbance spectrum (Figure 5.8a) of the synthesised AuNPs (see Section 

5.3.4) indicates a maximum absorbance of 2.35 at 521 nm and an absorbance of 1.51 at 

450nm (A450), with the ratio of the two (r) being 1.56. Those values correspond to (see 

Section 5.3.5) their diameter being 12 nm, a molar decadic extinction coefficient of 

1.09x108 M-1 and the concentration of the nanoparticle colloidal being 13.85 nM. The 

diameter is within one standard deviation range of the average diameter determined from 

a TEM image (Figure 5.8b) of the same AuNPs, appearing as spherical and of a uniform 

size, being calculated at 13.01±1.09 nm from a size distribution curve plotted using the 

log normal function (Figure 5.8c).  
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Figure 5.8: (a) A UV-vis absorption spectrum for the synthesised colloidal AuNPs with the greatest 

absorbance, at 2.35, seen at 521 nm (b) A TEM image of 136 representative AuNPs with a scale 

bar of 100 nm (c) A histogram of the size distribution for the 136 nanoparticles in TEM image 

indicating an average diameter of 13.01±1.09 nm. 

 

5.4.3 Characterisation of the SERS substrate  

5.4.3.1 SEM analysis 

The interparticle interaction between AuNPs and their attachment to the solid surface of 

ALF was studied with SEM, both after the salinisation process, with (Figure 5.9a) and 

without pre-treatment (Figure 5.9b), and after CB[5] binding following pre-treatment and 

salinisation (Figure 5.9 c and d). A comparison of Figure 5.9 a and b (both have the same 

size scale for ease of comparison) indicates that the S-ALF prepared with the pre-

treatment steps has a denser coverage of AuNPs than that prepared without. This would 

indicate that the S-ALF prepared through the additional pre-treatment steps has a greater 

number of sites for AuNP to attach, which would be consequential of greater salinisation, 

that in turn follows from a very rich (thick) layer of hydroxyl groups being present when the 
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ALF is immersed in APTES. The additional steps of annealing (heating in air) the intrinsic 

(thin) aluminium oxide on the surface of the ALF to grow a thicker layer [519], [520], [521] 

and then etching it in KOH to hydroxylate it, thereby dissociating the oxides, forms such a 

rich (thick) layer of hydroxyl groups which salinizes readily [453], [522].   

 

Figure 5.9: SEM images of: (a) S-ALF, that has not undergone pre-treatment steps prior to the 

salinisation process, with a scale bar of 20 µm; (b) S-ALF, that underwent pre-treatment steps prior 

to the salinisation process, with a scale bar of 20 µm; (c) ALF-IL showing the 3D deposition of 

AuNPs in different morphologies due to the inter-particle bindings provided by CB[5], with a scale 

bar of 1 µm; (d) the same ALF-IL at a higher magnification showing more clearly (particularly the 

encircled section) the formation of 3D AuNP islands due to the interparticle binding provided by the 

addition of CB[5], with a scale bar of 500 nm. 

In contrast to Figure 5.9b, Figure 5.9c and Figure 5.9d show a significantly denser 

coverage of AuNPs and the formation of 3D nanostructures, due to inter-nanoparticle 

binding in the presence of CB[5], which are indicated by features with a lumpy morphology, 

one such example being clearly indicated within the circle of Figure 5.9d. Whilst both 

figures demonstrate a noticeable lack of symmetric 3D geometry the use of CB[5] ensures 

constant sized hotspots between each pair of adjacent linked AuNP.  
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5.4.3.2 Characterisation using R6G  

To experimentally evaluate S-ALF and ALF-IL as SERS substrates a concentration study 

using rhodamine 6G (R6G) was conducted with Raman (see Section 5.3.7) at the 

wavenumber that corresponded to the most prominent representative peak identified from 

a Raman spectral analysis for R6G drop-cast on ALF. To determine the latter, prominent 

experimentally detected peaks at approximately 611 cm-1, 772 cm-1, 1124 cm-1, 1182 cm-

1, 1309 cm-1, 1361 cm-1, 1506 cm-1, 1575 cm-1, and 1645 cm-1 (Figure 5.10) were compared 

to those reported in the literature for comprehensive band assignment (Table 5.4). Among 

those, the most prominent peak of R6G at 1361 cm⁻¹, attributed to C-C stretching, was 

selected as the diagnostic peak for further analysis.  

 

Figure 5.10: A Raman spectral analysis for R6G drop casted on ALF with the most prominent peaks 

indicated for subsequent comparison with those reported in the literature that are associated with 

characteristic bands and thus the selection of the most appropriate diagnostic peak for a 

concentration study of S-ALF and ALF-IL.  

Table 5.4: Characteristic experimentally measured peaks for R6G on ALF listed against those seen 

in the literature that have been assigned to characteristic bands.  

Raman shift 

according to the 

experiment (cm-1) 

Raman shift 

according to 

the literature 

(cm-1) 

Band assignment Ref 

611.07 617 C-C-C ring in-plane bending [435] 

772.99 776 C-H out-of-plane bending [435] 

1123.97 1131 C-H in-plane bending [435] 

1182.79 1188 C-C stretching [435] 

1309.11 1318 C-C stretching [435] 

1361.17 1360 C-C stretching [436] 

1506.77 1512 C-C stretching [435] 

1575.23 1577 C-C stretching [435] 

1645.62 1652 C-C stretching [435] 
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It should be noted that the minor differences in Raman shift between the experimentally 

measured peaks and those reported in the literature are to be expected as cross-system 

variations in Raman shift and signal intensity for identical samples are well-documented, 

and present a significant challenge in inter-laboratory studies [523]. Same sample studies 

across various instruments have shown that these inconsistencies are due to variations 

in system and calibration protocols [429], [430]. That with said, Raman shift variations are 

also possible in each instrument due to inherent limitations such as resolution, or temporal 

variances, such as positional drift or thermal expansion [431] with regular calibration of 

wavenumber and signal intensity mitigating some of these issues. A detailed discussion 

of the issue is beyond the scope of this thesis. 

In the concentration studies of S-ALF and ALF-IL with R6G, the lowest concentration 

detected with the former (Figure 5.11a) was 10-7 M whilst for the latter (Figure 5.11c and 

Figure 5.11d) it was 10-11 M. The four orders of magnitude improvement in the detection 

limit for R6G is attributed to the 3D islands of AuNPs resulting from the use of CB[5] 

binding. For both substrates, R2 values for linear regression fits through plots of signal 

intensity at the diagnostic peak of 1361 cm-1 for each R6G concentration (Figure 5.11b 

and Figure 5.11e) are high, 0.996 and 0.984 respectively. Such high R2 values for the 

calibration curves are evidence that the synthesised S-ALF and ALF-IL give a good linear 

response, and so unknown concentrations can be estimated from experimental measured 

intensities at that diagnostic wavenumber. 
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Figure 5.11: (a) Raman spectra for various concentrations of R6G (10-7 M to 10-3 M) on S-ALF, with 

10-7 M being the lowest detectable. (b) Linear regression fitting of Raman intensities at 1361 cm-1 

for each concentration of R6G on S-ALF, with y = 1000.91x + 7289.99 and R2 = 0.996. (c-d) Raman 

spectra for various concentrations of R6G (10-11 M to 10-3 M) on ALF-IL, with 10-11 M being the 

lowest concentration detectable. (e) Linear regression fitting of Raman intensities at 1361 cm-1 for 

each concentration of R6G on ALF-IL, with y = 1468.92x + 14823.12 and R2 = 0.984. 
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5.4.4 Calculating the Limit of Detection (LoD) of S-ALF and ALF-IL 

SERS measurements of S-ALF and ALF-IL that had 1µL of plain dH2O drop-cast onto 

them before being allowed to air-dry, Figure 5.12 a and b respectively, were used to 

determine SDblank which through the use of equation 6 (Section 5.3.9) led to: 

LoBS-ALF = 53.86 + 1.645 (7.17) = 65.65 

LoBALF-IL = 45.89 + 1.645 (3.24) = 51.22 

Thereafter, from equation 7 (Section 5.3.9) using these values and the standard deviation 

of the SERS intensities for the lowest concentration of R6G at the diagnostic peak of 1261 

cm-1 the Limits of Detection (LoDs) could be determined: 

LoDS-ALF = 65.65 + 1.645 (24.19) = 105.44 

LoDALF-IL = 51.22 + 1.645 (8) = 64.38 

The use of those values in the linear regression fits for S-ALF (Figure 5.11b) and ALF-IL 

(Figure 5.11e) lead to their LoD in Moles, respectively: 

y = mx + c = 1000.91x + 7289.99 -> 
105.44 −7289.99

1000.91
 = -7.178 

=> LoD S-ALF = 1.78 x 10-7 M 

y = mx + c = 1468.92x + 14823.12 -> 
64.38−14823.12

1468.92
 = -10.0473 

=> LoD ALF-IL = 4.73 x 10-11 M 

and thus in good agreement with the experimentally measured LoDs of 10-7 M and 10-11 M. 

 

Figure 5.12: Ten SERS spectra taken for the (a) matrix blank (b) lowest concentration of R6G on 

S-ALF with the measurements taken for diagnostic peak (c) lowest concentration of R6G on S-ALF 

with the measurements taken for diagnostic peak.  

 

5.4.5 Comparison of the performance of untreated S-ALF, pretreated S-ALF 

and pre-treated ALF-IL. 

Figure 5.13a indicates Raman signal intensities at 1361 cm-1 for 10-6 M R6G on non-pre-

treated S-ALF, pre-treated S-ALF and pre-treated ALF-IL, with that for the latter being four 

and thirteen times greater than for pre-treated S-ALF and non-pre-treated S-ALF, 
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respectively. The greater signal on pre-treated S-ALF compared to the non-pre-treated S-

ALF is attributed to the increase in the oxide, and consequently the number of hydroxyl 

groups, and thus binding sites for AuNPs (see Section 5.4.3.1).  

 

Figure 5.13: (a) Raman signal intensities at 1361 cm-1 for 10-6 M R6G drop cast and air dried on 

non-pre-treated S-ALF (red), pre-treated S-ALF (blue) and pre-treated ALF-IL (black). (b) Raman 

signal intensities at 1361 cm-1 for various concentrations of R6G drop cast and air dried on pre-

treated S-ALF and pre-treated ALF-IL. 

The comparison of the signal intensities at 1361 cm-1 for various concentrations of R6G 

drop cast and air dried on pre-treated ALF-IL and pre-treated S-ALF (Figure 5.13b) clearly 

show those for the former are at least double that for the latter at every concentration. The 

difference being attributed to the 3D AuNPs islands formed from the use of CB[5] in 

producing ALF-IL, resulting in a greater number of hotspot sites as compared to those 

within the monolayer formed by the salinisation process on S-ALF (see Section 5.4.3.1). 

Given the significantly higher performance, or efficacy, of ALF-IL over the other two foils 

as a SERS substrate reported above, it was selected for the detection of nanoplastics, 

pending a confirmation of its homogeneity. 

 

5.4.6 Calculating the homogeneity of the ALF-IL 

SERS intensities measured at the diagnostic peak of 1361 cm -1 400 times across a 

randomly selected region where 10-6 M R6G had been drop cast and dried on ALF-IL 

(plotted as a contour map in Figure 5.14a) have a variation from 5585 to 7320 counts, 

indicating a very well distribution and drying of the droplet.  
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Figure 5.14: (a) A contour map for 400 measurements over a 20 μm × 20 μm area, with a 1 μm 

step, for the SERS intensity at 1361 cm-1 of 10-6 M R6G on ALF-IL (b) A scatter plot of 400 

measurements from (a) along with  their average and the CV percentage. 

 

5.4.7 Detection of nanoplastics 

In order to use AlF-IL as a SERS substrate for the detection of various concentrations of 

50 nm and 100 nm diameter polystyrene (PS) spherical nanoplastics in suspension, the 

characteristic peaks for PS had to be first determined. To do so Raman measurements of 

a PS pellet was made (Figure 5.15) and the experimentally detected peaks, at 

approximately 619 cm⁻¹, 795 cm⁻¹, 1000 cm⁻¹, 1030 cm⁻¹, 1153 cm⁻¹, 1447 cm⁻¹, 1581 

cm⁻¹, and 1601 cm⁻¹,  were compared with those reported in the literature for 

comprehensive band assignment (Table 5.5). Slight differences between the two are 

caused by using different instruments that have been calibrated separately, most likely 

using different protocols as explained in section 5.4.3.2, The most prominent peak for PS 

was at 1000 cm⁻¹ and is attributed to ring breathing mode and was selected as the 

diagnostic peak of interest for the subsequent concentration study.  



A.Bibi, PhD Thesis, Aston University, 2024  139 

 

Figure 5.15: Raman spectra for a PS pellet with band assignment of the characteristic peaks 

included. 

Table 5.5: Experimentally measured characteristic peaks for polystyrene listed against values 

found in the literature and their band assignment. 

Raman shift 

according to the 

experiment (cm-1) 

Raman shift 

according to the 

literature (cm-1) 

Band assignment Ref 

619.54 621 Ring deformation mode [366] 

795.03 795 C-H out-of-plane deformation [366] 

1000.41 1001 Ring breathing mode [366] 

1030.30 1031 C-H in-plane deformation [366] 

1153.72 1155 C-C stretching [366] 

1447.82 1450 CH2 scissoring [366] 

1581.84 1583 C=C stretching [366] 

1601.13 1602 Ring-skeletal stretching [366] 

The AIF-IL based SERS study for 50 nm and 100 nm PS particles revealed (Figure 5.16a 

and Figure 5.16c) clear characteristic peaks at 1000 cm-1 and 1030 cm-1 for all the 

concentrations used: 250 µg/mL, 100 µg/mL, 50 µg/mL, 25 µg/mL, 5 µg/mL and 1 µg/mL. 

Moreover, for both sizes the lowest concentration detected was 1 µg/mL, which is much 

lower than that reported elsewhere for the SERS detection of nanoplastics [160], [281], 

[524], and their calibration curves for intensities measured at 1000 cm -1 show significant 

linearity with R2 values of 0.969 and 0.995 from 1 µg/mL to 500 µg/mL (Figure 5.16 b and 

d). Finally, a comparison of intensities at the diagnostic peak for both sizes at all 

concentrations (Figure 5.16e) shows them being greater for the larger particle, although 

with a lower than expected difference which is hypothesised as being due to the hotspot 

size being much smaller than the nanoplastics themselves.  
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Figure 5.16: (a) SERS spectra for 50 nm polystyrene (PS) spherical nanoplastics on ALF-IL for 

concentrations ranging from 1 µg/mL to 500 µg/mL (b) A scatter plot of Raman intensity at 1000 

cm-1 against concentration for 50 nm PS nanoplastic plotted with a calibration curve fitted of y = 

11.09x + 156.99 with R2 = 0.969 (c) SERS spectra for 100 nm polystyrene (PS) spherical 

nanoplastics on ALF-IL for concentrations ranging from 1 µg/mL to 500 µg/mL (d) A scatter plot of 
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Raman intensity at 1000 cm-1 against concentration for 100 nm PS nanoplastic plotted with a 

calibration curve fitted of y = 13.38x + 357.93 with R2 = 0.995. (e) A histogram of intensities at the 

diagnostic peak for both sizes of PS nanoplastics and at all concentrations. 

5.4.8 Study of micro and nanoplastics released from gloves 

Food preparation gloves made of polyethylene underwent heat treatment in a sonication 

bath containing dH2O, to mimic their conditions when in use, and the 1 µm pore size Si 

filter used to vaccum filter the liquid was examined for microplastics whilst the strained 

liquid for examined for nanoplastics. Raman spectra for the thirty microplastic particles 

found within a small section (10x10 µm2 area) of the 1x1 cm2 filter (Figure 5.17a), when 

compared to a reference spectrum for polyethylene, were identified as being of 

polyethylene using the particle analysis feature of the OMNIC software. Given the number 

detected here and assuming a similar density of microplastics across the rest of the filter, 

some 300,000 microplastic particles could have been released from the gloves during the 

heat treatment. Figure 17b shows the SERS spectra for the nanoplastics detected from 

the 1 µL of centrifugally enriched filtered solution dropcasted onto ALF-IL. 

 

Figure 5.17: (a) Raman spectra for 30 particles detected on a small 10x10 µm2 region of the Si filter 

with 1 µm sized pores that are indicative of polyethylene microplastics. (b) Spectra of nanoplastics 

detected from 1µL of the filtered (microplastic removed) and centrifugally enriched water containing 

only nanoplastics drop casted and air dried onto ALF-IL. 

 

5.5 Conclusions 

In summary, a methodology to form assemblies of gold nanoparticle (AuNP) fixed on solid 

surface as a homogeneous 3D SERS substrate with well-defined hotspots, that has not 

been reported elsewhere previously, i.e. the combination of salinisation and CB[n] binding, 

to successfully demonstrate very efficient SERS detection of R6G and nanoplastics.  

The main findings are the following: 
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1 A pre-treatment step, consisting of annealing and etching, prior to the salinisation 

of aluminium foil and immersion in a colloid of gold nanoparticles for use as a 

SERS substrate, results in greater salinisation and thus a denser coverage of 

AuNPs.  

2 As the distance between any two adjacent AuNPs linked by a cucurbit[n] (CB[n]) 

molecule is equidistant, salinisation and cucurbit binding have been novely used 

together to form solid surface immobilsed AuNP 3D nanostructures resulting in 

well-defined hotspots of a fixed size, and thus a homogenous SERS substrate for 

very stable and reproducible SERS signal. 

3 The AuNP 3D nanostructure based SERS substrate efficiently detects low 

concentrations of 1 µg/mL of 50 nm and 100 nm PS nanoplastics.   

4 The novel 3D SERS substate was used to demonstrate the release of micro and 

nanoplastics from food preparation polyethylene gloves within a study that 

mimicked the heat treatment they would receive in use.   
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Chapter Six 
 

Summary and Future work 
 

6.1 Summary 

Within this monograph, Chapter 1 identified that little is known about NPs, and the 

significant risk to humanity that they are expected to have, due to limitations in analytical 

technologies, of which SERS is the most promising. Thereafter, in Chapter 2, after 

introducing SERS, and the principle of Raman scattering upon which it is based, the 

importance of well-designed substrates for SERS was presented before the state of art in 

their application in SERS for the low cost and reliable detection of low concentrations of 

nanoplastics in water concluded the chapter. Subsequently, the following three chapters 

reported the development and application of various novel SERS substrates, based on 

the ordered assemblies of (closely packed) AuNPs, through three different methodologies 

to overcome the state of art.  

6.1.1 A comparison of the novel SERS substrates and their performance for 

NP detection  

With a demand for substrates that produce reliable SERS signals, thereby negating the 

use of colloidal AuNPs with their freely moving nanoparticles, Chapter 3 presented a novel 

methodology based on the NaCl assisted aggregation of AuNPs around nanoplastics in 

suspension to immobilise them within the hotspots formed between the aggregated metal 

nanoparticles. After filtering the material to ensure a stable SERS signal, an ultra-low 

concentration (0.5 µg/mL) of 50 nm and 100 nm PS nanoplastics was. The applicability of 

the methodology for the detection of nanoplastics in real world samples was demonstrated 

through the achievement of very high recovery rates of >94% for nanoplastic ‘spiked’ 

drinking water. That with said, repeatability could not be demonstrated over large areas 

due to inhomogeneities in the AuNPs assemblies over long scale lengths due to 

uncontrolled aggregation caused by the NaCl.  

Chapter 4 thus showed, in a previously unexplored approach, how a more controlled 

assembly of AuNPs over large areas could be achieved through the clustering that they 

undergo on contact with a hydrophobic surface, namely aluminium foil (ALF) that had been 

modified to form hydrophobic aluminium foil (ALF-HB). A comparison of rhodamine 6G 

(R6G) detection on SERS substrates of AuNP drop cast onto ALF (ALF@AuNP) versus 

those of AuNPs drop cast onto ALF-HB (ALF-HB@AuNP) showed a two orders of 

magnitude better limit of detection (LoD) of 10-11 M for the latter due to the clustering 

caused by its hydrophobicity. Mapping and scatter plots for the R6G data show high 
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reliability with CV% of 14.5%. Whilst the ALF-HB@AuNP could only demonstrate a LoD 

for 50 nm and 100 nm PS nanoplastics down to twice that for the salt assisted aggregation 

of AuNPs, i.e. 1 µg/mL, the latter was done with 475 and 25-times greater volumes of 

AuNPs and nanoplastic suspensions, respectively. Intuitively, higher volumes of AuNPs 

means more hotspots and greater volumes of nanoplastics means relatively higher 

chances of detection, therefore, the performance of ALF-HB@AuNPs can be considered 

as good as the aggregated nanopasticles. A ALF-HB substrate was then used to 

demonstrate the release/leaching of micro- and nanoplastics from insulated polystyrene 

cups into hot beverages. 

Chapter 5 presented a unique approach for even greater control over the assembly of 

AuNPs based on the combined use of salinisation, to anchor a monolayer of AuNPs onto 

ALF, and CB[5] linking, to attach groups of AuNPs 0.91nm apart (the height of the CB[5] 

linker) to the monolayer of AuNPs to form a novel substrate of 3D islands of AuNPs on 

ALF forming ALF-IL. Subsequently hotspots are formed that are significantly better 

defined compared to those for the substrates reported in Chapters 3 and 4. Whilst both 

the LoD for R6G detection and 50 nm and 100 nm PS nanoplastics was identical to that 

for ALF-HB, a much better CV% of 4.7% was achieved demonstrating a more 

homogeneous behaviour from the ALF-IL. Substrates were then used to demonstrate the 

release of real-world nanoplastics from gloves used for food preparation. 

Table 6.1: A comprehensive comparison for SERS substrates prepared from all three 

methodologies developed and presented in Chapters 3, 4 and 5 of this thesis: salt-assisted 

aggregation of AuNPs, AuNPs drop casted onto hydrophobic aluminium foil (ALF-HB) and 

aluminium foil with 3D gold nanoparticle geometry formed with the combination of salinisation and 

CB[5] linking (ALF-IL). 

 Salt 
Aggregated 
AuNPs 

ALF-HB with AuNPs 
drop cast 

ALF-IL 

LoD (R6G) - 10-11 M 10-11 M 

LoD 
(nanoplastics) 

0.5 µg/mL 1 µg/mL 1 µg/mL 

CV% (R6G) - 14.5% 4.7% 

Pristine 
nanoplastics 
detected 

50 nm PS 
100 nm PS 

50 nm PS 
100 nm PS 

50 nm PS 
100 nm PS 

Real world 
nanoplastics 
detected 

Spiked drinking 
water 

Nanoplastics released 
from insulated hot cups 

Nanoplastics released from 
gloves used for food 
preparation 

Whilst Table 6.1 summarises the above, it should be noted that SERS signals were size 

independent for all nanoplastic measurements, that is hypothesised as being due to the 

amine modification by the manufacturer of the 50 nm, and not 100nm, PS which assists 

these smaller nanoplastics to attach better to the AuNPs. 
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6.1.2 A comparison of the novel SERS substrates and their performance for 

NP detection to others that have used the similar methodologies 

Table 6.2 compiles details of the various substrates used for the SERS detection of 

nanoplastics, as reported in the literature, with detailed discussion in this subsection on 

the ones that have used similar methodologies to those presented in this monograph, for 

their comparison.  

In contrast to the detection of 0.5 μg/mL of 50nm nanoplastics with NaCl aggregated 

AuNPs in Chapter 3, the first nanoplastic detection through salt-assisted aggregation of 

nanoparticles [160] used AgNPs aggregated through NaCl, but only down to 40 μg/mL 

and for 100nm NPs. Thereafter, whilst 50nm NPs were detected in other studies through 

the aggregation of AgNPs, using different aggregating agents such as magnesium 

sulphate (MgSO4) [268] and potassium iodide (KI) [269], the concentrations were at least 

hundred times higher than those from our work (see Table 6.2). Similarly, whilst smaller 

NPs have been detected, Mikac et al. [525] demonstrated the detection of 20 nm PS via 

sodium iodide (NaI) assisted aggregation of AgNPs, it was at LoD  hundred times greater 

than that reported in Chapter 3. Other approaches, such as through the aggregation of 

AuNPs using three different salts, sodium nitrate (NaNO3), potassium chloride (KCl) and 

NaCl [269] could only demonstrate the detection of 350 nm PS nanoplastics, whilst non-

spherical metal nanoparticles have also been used to detect nanoplastics, such as the 

aggregation of gold nanourchins (AuNUs) with NaCl, that could detect 600 nm 

nanoplastics [285].  

Whilst hydrophobic SERS substrates have been employed previously for nanoplastic 

detection with LoD of 0.5 and 1 µg/mL achieved for 100 nm and 500 nm and PS, 

respectively [414]. Although the substrates in [414] achieved half the LoD for 100 nm 

nanoplastic, but the performance of the hydrophobic, ALF-HB@AuNP, substrate 

presented in Chapter 4 is also at par with demonstration of detection of 50 nm nanoplastics 

with the same LoD of 1 µg/mL achieved by [414] for nanoplastics 10 times bigger i.e. 500 

nm. Moreover, the methodology adopted in [414] is a lengthy process taking around 12 

hours more than that presented in Chapter 4.  

Finally, the SERS substrate developed in Chapter 5, ALF-IL, is based on a novel 

methodology of combining salinisation and CB[5] that has not been reported before, and 

so a comparison is not possible. However, this in itself is what sets the ALF-IL apart from 

the rest of the substrates found in the field of nanoplastic detection. 

In conclusion, compared to the state of art the SERS substrates presented in this thesis 

demonstrate better performance for the detection of low concentrations of 50 nm and 100 

nm PS. Furthermore, the processes used to produce them are simple and cost-effective 
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that result in homogeneous SERS substrates that are suitable for detecting both pristine 

and real-world nanoplastics alike.  

Table 6.2: A comprehensive comparison of the various substrates used for the SERS detection of 

nanoplastics as reported in the literature, including the type and size of detected nanoplastics, the 

matrix the detection was carried out in, the sample preparation method and the limit of detection 

(LoD) achieved.  

SERS 
substrate 

Plastic 
Type 

Size Matrix Preparation Method LoD Ref 

AgNP PS, PE, PP 100 nm, 500 nm Pure Water 
& 
Spiked 
seawater 

Aggregation of AgNPs using 
NaCl; 
Detection in a liquid environment 

40μg/mL [160] 

AgNP PS 50 nm  Pure Water 
& 
Spiked river 
water 

Aggregation of AgNPs using 
MgSO4; 
Detection on silicon wafer 

5μg/mL [268] 

AgNP PS 50 – 500 nm Pure Water 
& 
Spiked 
seawater 

Aggregation of AgNPs using KI; 
Detection in a liquid environment 

6.2μg/mL 
- 

[269] 

AuNP PS 350 nm Pure water 
 

Aggregation of AuNPs using 
KCl/NaNO3/NaCl; 
Detection in a liquid environment 

6.5μg/ml [182] 

AuNU PS 600 nm Pure water Aggregation of AuNUs using 
NaCl; 
Drying on aluminum foil 

7×108 
particle/m
L 

[285] 

AgNP PS 20 nm Pure water 
& expanded PS 
box 

Aggregation using NaI 5μg/mL [525] 

AgNP PS 100 nm 
500 nm 

Pure water Centrifugal enrichment combined 
with hydrophobic substrate 

1μg/mL 
 
0.5μg/mL 

[414] 

Klarite PS, PMMA 
PMMA, PET 

PS 360, 500 nm  
>360 nm 
>360 nm 
 

Pure water 
& 
Atmospheric 
Aerosols 

Drying on substrate 
Fiber filters for sampling; 
H2O2: for removal of organics; 
Drying on substrate 

- [264] 

Self-
assembled 
SiO 
sputtered 
with Ag  

PS 100-1000 nm Pure water 
& 
spiked bottled, 
tap, and river 
water 

Drying on substrate 0.005μg/
mL  
5μg/mL 

[286] 

AAO-MoS2-
AgNP 

PS 100-300 nm Pure Water Drying on substrate - [526] 

AgNP PS 
PMMA 

500 nm 
300 nm 

Pure water Mixed with Ag NPs Detection on 
silicon wafer 

- [527] 

AuNP PS 20 nm Pure water Mixed with AuNPs; 
Filter to filter paper 

10μg/mL [524] 

Ag coated 
Au 
nanostars 
inside AAO 

PS 400 nm Pure water 
& 
spiked tap, river 
and sea water 

Drying on substrate 50μg/mL [528] 

AuNP on 
glass slide 

PS 
PET 

161, 33 nm 
62 nm 

Pure Water Drying on substrate 10μg/mL [277] 

AuNR on 
RC 

PS 84, 630 nm Pure Water Filter onto RC 500μg/mL [281] 

AgNW on 
RC 

PS 84, 630 nm Pure Water Filter onto RC 100μg/mL [281] 

AgNW on 
AAO 
cellulose 

PS 50 nm Pure water & 
expanded PS 
containers 

Filter onto AAO cellulose 10-7 g/L [284] 
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6.2 Future Work 

Whilst Section 6.1 highlights the promising results achieved for AuNP based SERS 

substrates for the detection of low concentrations of 50 nm and 100 nm PS nanoplastics, 

several areas of interest remain unexplored for future work, broadly categorised within: (i) 

Nanoplastic type diversity, (ii) Substrate development and (ii) Instrumentation. 

(i) Nanoplastic type diversity: Until recently, there was a dearth in the availability of 

commercial pristine nanoplastics with regards to types and sizes, limiting proof of 

concept work for the developed methodologies to the detection of 50 nm and 100 

nm PS nanoplastics. Pristine nanoplastics of various sizes and plastic types are 

now much easier to find, therefore future work should continue by expanding the 

use of the developed methodologies on different nanoplastic types of much smaller 

sizes than 50 nm. 

(ii) Substrate development: Whilst all work presented in this monograph was 

undertaken using spherical gold nanoparticles (AuNPs), the literature suggests 

that nanoparticles with sharp edges such as nanostars and nanourchins, can 

provide much lower LoDs. Therefore, it will be of interest to replace AuNPs within 

the developed methodologies with different sharp-edged nanostructures.  

(iii) Instrumentation: The plasmon resonance peak wavelength depends on the size 

and shape of the metallic nanostructures providing the SERS enhancement and 

so the SERS signal can be maximized by matching the excitation source 

wavelength to that (Chapter 2). To that end a variable excitation wavelength is 

required and so a multiwavelength Raman spectrometer, with 532 nm, 785 nm and 

1064 nm laser lines, has been designed (Figure 6.1) and is under construction 

(Table 6.3). Figure 6.2 shows preliminary Raman spectroscopy results at 532nm 

for random shaped polystyrene (PS), polyethylene terephthalate (PET), and 

polypropylene (PP) microplastic sheets. 
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Figure 6.118: Illustration for the planned multi-wavelength Raman spectrometer with three laser 

lines. 

Table 6.3: List of the components shown in the illustration (Figure 6.1) of the planned multi-

wavelength Raman spectrometer with short description of the function of each component.  

Component Function 

Laser 1, 2, 3 Excitation sources. 

LLF 1,2,3 Laser line filters to remove lines apart from for the laser wavelength. 

M 1, 2, 3, 11, 
21, 31, 33 

Fixed mirrors to direct the beam. 

NDBS 1, 2, 3 Notch dichroic beam splitters to remove Rayleigh scattered signal 
and let only Raman scattered signal pass through. 

NF 1, 2 ,3 Notch filters to remove any remaining Rayleigh scattering. 

Mrem 12, 13, 
22, 23 32 

Removable mirrors which are removed or put in place according to 
the laser line in operation. 
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Figure 6.2: Raman spectrum detected using a 532 nm excitation laser source within a custom-built 

Raman spectrometer according to the illustration shown in Figure 6.1. 
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