
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter I 

Introduction 

 

 

 

 

 

 

 

 



Chapter I: Introduction 

*Part of this chapter is published in  

(a) U Das et al., The European Physical Journal Plus, 137(11):1248, 2022. 

(b) U Das et al., Recent Advances in Plasmonic Probes, 341-354, 2022 (Book Chapter). 

(c) U Das et al., Optical Techniques for Accessing Food Adulterants, 181-201, 2025 (Book Chapter). 
2 

 

CHAPTER I 

INTRODUCTION* 

❖ This chapter begins by introducing various categories of metal nanoparticles (NPs), 

emphasizing their tuneable plasmonic properties and their potential applications as 

sensors to address the issue of milk adulteration.  

❖ A brief overview of milk adulteration is presented, highlighting the limitations of 

previously reported detection techniques. 

❖ The chapter then delves into the properties of plasmonic NPs and various methods 

employed for their synthesis are also explored, with a specific focus on their 

application in sensing.  

❖ Finally, the chapter concludes by outlining the objectives and structure of the thesis. 

 

1.1  Overview 

 

In the nano-regime, matter significantly alters the nature of light-matter interactions. There 

arise deviations from the behaviour as observed in bulk matter, which is predominantly 

governed by classical principles. The quantum world predominates the properties of 

particles in the nano-domain, as their dimensions are in range with the wavelength of 

incident light [1-3]. Meanwhile, metallic nanostructures (NSs) contain free electrons in the 

conduction band. When irradiated with a suitable electromagnetic field, these free 

electrons start oscillating, maintaining a constant phase. When the frequency of oscillation 

of the external field matches that of the free electrons, resonance occurs [4]. This resonance 

is responsible for significant enhancement of the absorbance of the incoming light that 

falls on the NSs. This phenomenon is referred to as localized surface plasmon resonance 

(LSPR) [5], and the free electrons on the metal surface are termed plasmons [6-9] (Fig. 

1.1).  

 

             These NPs have garnered significant attention from researchers for a long time, as 

they display high absorbance and scattering (Fig 1.2), which can be tuned by altering their 

shape, size, material composition, and the external medium (Fig 1.3a & Fig 1.3b) [10]. 
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Particles which are relatively smaller in size absorb light more efficiently as compared to 

larger particles [11]. NPs could be used in a wide range of applications [12] e.g., sensing 

[13], photothermal conversion [14], drug delivery [15], cancer therapy [16], catalysis [17], 

and nonlinear optical devices [18]. The optical traits of these NPs can be finely adjusted 

through unique functionalization methods [19]. Due to their pronounced absorbance at 

resonance, they serve as effective colorimetric and plasmonic sensors, especially 

facilitating the detection of harmful adulterants in milk. This is due to the inherent 

plasmonic behaviour of metal NPs, which results in visible alteration of their colour due 

to changes in their interparticle distance upon exposure to specific analytes or the 

conversion of metallic ions from NPs when interacting with analytes possessing strong 

oxidizing properties [20,21]. Additionally, these nanomaterials (NMs) function as 

plasmonic sensors, detecting variations in the surrounding medium induced by binding of 

analyte on the surface of functionalized NPs, which triggers a shift in position of the 

absorbance peak [22]. Moreover, plasmonic NPs are also employed as electrochemical 

sensors due to enhanced surface area-to-volume ratio in NPs, which enables significant 

analyte adsorption on the NP surface. They also offer easy selectivity through 

functionalization, rapid response times, reusability as they remain intact even after 

multiple cycles, with high stability [23]. 

 

Using the exquisite properties of plasmonic NSs, one can target solving a 

pervasive problem that has plagued society for centuries, i.e., the detection of milk 

adulterants. This refers to the addition of undesirable foreign substances to milk, thereby 

degrading its’ quality and rendering it unfit for consumption [24,25]. Various categories 

of chemicals such as melamine [26] and urea [27], are intentionally incorporated in milk 

as adulterants to falsify its net protein content, while other commonly used adulterants, 

such as hydrogen peroxide [28], formalin, and salicylic acid [29,30], are added in milk as 

preservatives to increase the shelf life. The use of all these chemicals in food can have 

adverse health effects. To decrease instances of food adulteration, governmental regulatory 

bodies across the globe such as the Food and Drug Administration (FDA), Food Safety 

and Standard Authority of India (FSSAI), etc., have set permissible limits on the presence 

of these adulterants [31,32]. Further, milk contamination by heavy metal (HM) residues is 

another significant issue of late. Various types of HM ions, primarily mercury, arsenic, 

cadmium, and lead, are found to be present in milk. They are often introduced during the 
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pasteurization process [33]. To prevent the consumption food elements containing HM, 

the World Health Organization (WHO) has implemented certain maximum permissible 

limits for the presence of these HM [34]. Table 1.1 lists various kinds of adulterants being 

added in various food products and heavy metals present, along with their permissible 

limits, sources, and corresponding health hazards. 

 

Figure 1.1: Schematic illustration representing surface plasmon resonance in NPs. 
 

 
Figure 1.2: Graphical illustration representing distinct absorbance spectrum in 

plasmonic NPs at resonance. 
 

 

 

Figure 1.3: Schematic representation displaying (a) shift in absorbance peak position with 

increase in NPs size and (b) dependence of absorbance with the shape of NPs. 

a 

b 
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Table 1.1: Prominent adulterants and contaminants, along with their sources, health 

effects, and permissible limits in food products, as assigned by FSSAI, FDA, and WHO. 
 

Adulterants/ 

Contaminants 

Reason why 

added/ Source 

Health Effects Permissible 

Limit 

References 

Melamine Falsify net protein 

content 

Heart, liver, and 

kidney damage 

2.5 ppm  [35] 

Urea Falsify net protein 

content 

Gastrointestinal 

damage, and 

kidney failure 

700 ppm [36] 

Formalin Preservative Cancer, and 

stomach ulcer  

4 ppm [37] 

Hydrogen 

Peroxide 

Preservative Gastrointestinal 

problems, and 

skin problems 

5 ppm [38] 

Salicylic acid Preservative Breathing 

problem, and 

fatigue 

- [39] 

Mercury Contaminated 

livestock feed, and 

pasteurisation 

process 

Damages the 

central nervous 

system 

2 ppb [40] 

Arsenic Contaminated air, 

soil, and water can 

introduce it to the 

food chain 

Cancer 10 ppb [41] 

Cadmium Feeding of 

livestock in 

industrial areas, 

and through 

pasteurisation 

process 

Kidney, bone 

and lung 

problem 

5 ppb [42] 

Lead Feeding of 

livestock near 

industrial areas 

Damages brain 

functioning 

10 ppb [43] 

 

As evident in Table 1.1., it is crucial to properly diagnose and quantify these 

hazardous adulterants and contaminants as all of them have serious health effects. 

Currently, the sensing procedures for detecting these substances are highly sophisticated 

and require trained personnel, which hinders regular monitoring of milk quality. Therefore, 

the situation demands for an urgent development of user-friendly detection techniques 

capable of identifying harmful adulterants just above permissible limits. 

 

In response to these concerns, this research reported in the study focuses on the 

streamlined one-pot synthesis of plasmonic NPs using environmentally friendly or 
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chemical pathways, coupled with appropriate surface functionalization. The detection of 

various adulterants through various schemes has been presented in the thesis.  

 

1.2 General introduction to milk adulteration and contamination 

 

Milk is a fundamental dietary component consumed by millions of people worldwide, 

valued for its rich nutritional profile that includes proteins, vitamins, and minerals essential 

for human health [44]. However, the integrity and safety of milk are frequently 

compromised due to adulteration and contamination. These practices not only degrade 

milk quality but also incur serious health risks to consumers across all age groups, 

especially infants, children, and the elderly. It is a significant global issue that has persisted 

for centuries. Adulteration involves the addition of undesirable foreign substances to milk, 

which degrades its quality and makes it unsafe for consumption [32]. Common adulterants 

such as water, starch, detergents, and some synthetic chemicals such as melamine, urea, 

formalin, hydrogen peroxide, and salicylic acid are added [45,46]. Among these, 

adulterants having utmost concern are toxic substances such as melamine, urea, formalin, 

salicylic acid and hydrogen peroxide, where some of these substances are added to falsify 

the protein content. Meanwhile, others are used to preserve milk, but their presence can 

lead to severe health issues [32].  

 

Melamine: It is organic compound which is highly rich in nitrogen with the chemical 

formula C3H6N6. It is a white crystalline substance containing 66% nitrogen by mass. 

Primarily, it is utilized in laminates, production of melamine resins, adhesives, 

countertops, kitchenware, moulded products, coatings, and flame retardants. Melamine 

has a triazine ring structure with three amine groups (NH2) attached to a central carbon 

and nitrogen framework. Due to its extremely hazardous nature, its use in food applications 

has been completely banned by governmental food regulatory bodies. Despite this, it is 

still added in milk so as to increase its non-protein nitrogen content. Tests such as the 

Kjeldahl and Dumas tests assess the net protein amount in milk by estimating its total 

nitrogen content [47]. Consequently, dealers intentionally introduce it into milk to 

augment its nitrogen levels, displaying a false increase in net protein content even after 

dilution of milk. The artificial elevation of nitrogen content falsely suggests a higher 

protein content in the milk. In 2008, a major food safety scandal emerged in China when 

it was discovered that melamine had been intentionally added to infant formula and milk 
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to falsely inflate the apparent protein content. As melamine is not meant for human 

consumption, its ingestion can result in kidney stones due to formation of melamine-

cyanurate crystals in the kidneys which are highly insoluble, further their consumption can 

also cause renal failure, multi-organ damage and even death if consumed in larger amount. 

Infants and young children were particularly vulnerable to these adverse effects. The 2008 

scandal affected thousands of children, leading to several deaths and widespread health 

problems. It also resulted in a massive recall of milk products and a significant loss of 

consumer confidence in dairy products [48]. 

 

Urea: It is a nitrogen-rich organic compound where a carbonyl group (C=O) is attached to 

two amine groups. It is commonly used in fertilizers to enhance soil fertility and promote 

plant growth. It is also found naturally in urine and is a key product of the nitrogen 

metabolism in humans and animals. It is illegitimately used as an adulterant to falsify net 

protein levels in milk. This form of adulteration poses health risks, as excessive urea intake 

can lead to kidney problems and other metabolic disorders [49]. 

 

Hydrogen Peroxide: It is generally a colourless liquid when diluted but appears to be a 

pale blue in its purest form. It is an inorganic compound where two hydroxy groups (OH) 

are attached via a covalent oxygen-oxygen single bond. It is utilised in diverse array of 

applications such as disinfectants, antiseptics, and treatment of waste water owing to its 

strong oxidizing properties. Due to which hydrogen peroxide can inhibit the growth of 

microorganisms, thereby increasing the shelf life of food items. However, due to its 

carcinogenic, toxic, and hazardous nature, all food regulatory bodies have imposed strict 

restrictions on its use in food products. Its consumption can cause serious health problems 

such as gastrointestinal damage, oxygen embolism, respiratory distress, and cellular 

damage [50]. 

 

Formalin: It is an aqueous solution of formaldehyde (CH2O) in water, typically containing 

37% formaldehyde by weight, along with a small amount of methanol to prevent 

polymerization. It is a simple aldehyde with one hydrogen atom bonded to a carbonyl 

(C=O) group, making it highly reactive. Formalin is used as a preservative for biological 

specimens and in the production of resins, plastics, and other chemicals. It is a highly toxic 
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carcinogen, and its consumption may lead to respiratory diseases, skin cancer, and eye 

irritation [32]. 

 

Salicylic acid: It is a beta hydroxy acid (BHA) commonly used in the treatment of skin 

conditions. It has a white crystalline texture and consists of a benzene ring with a carboxyl 

group (COOH) and a hydroxyl group (OH) attached, making it both a phenolic and 

carboxylic acid [51]. It is also used as a food preservative, lowering the pH of milk making 

less likely for microbial growth. It aids in locking the freshness of milk without the need 

for refrigeration. However, its addition in food items has been banned due to the ill effects 

associated with prolonged consumption, such as gastrointestinal issues, salicylate 

poisoning, and allergic reactions [52]. 

 

Meanwhile, milk contamination occurs when milk is exposed to harmful 

substances during production, processing, pasteurisation, or storage. Contaminants can be 

biological, chemical, or physical in nature [53]. In general, milk gets contaminated with 

HM residues which makes it unfit for consumption. HM ions such as lead, arsenic, 

cadmium, and mercury enter the milk supply through contaminated feed, water, or 

environmental exposure [33]. These contaminants can have chronic health impacts, 

including neurological damage and even cancer [54].  

 

It is apparent that detecting adulteration and contamination in milk is critical for 

ensuring public health and safety. Traditional methods for sensing, e.g., gas 

chromatography (GC) [55], mass spectrometry (MS) [56], and high-performance liquid 

chromatography (HPLC) [57], are highly used for milk adulterant sensing. However, they 

are time-consuming and are highly expensive as they require trained personnel and 

specialized sophisticated equipment. Recent advancements in nanotechnology offer 

promising alternatives for milk quality monitoring. Plasmonic NPs, for instance, provide 

sensitive, rapid, and cost-effective detection methods for various milk adulterants and 

contaminants [58]. These sensors can be designed to alter their colour in response to the 

presence of certain specific analytes, allowing easy visual detection. Continuous 

monitoring and strict enforcement of these regulations are essential to protect consumers. 

Efforts are also being made to develop portable, user-friendly detection kits that can be 

used by non-specialists to ensure milk safety at various points in the supply chain. As such 
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plasmonic NPs has been proven as a promising sensing aid for various applications. In this 

doctoral thesis, the emphasis has been laid on sensing application of plasmonic NPs 

towards detection of milk adulterants and contaminants.  

 

1.3 Metal NPs as plasmonic NMs 

 

Depending on the number of dimensions in the nano-regimes the NSs are classified into 

varied categories, where NPs are referred to zero-dimensional (0D) structure where the 

motion of electron is confined along all the directions [59]. NPs which are composed of 

noble metals such as silver (Ag) and gold (Au), are used in varied application owing to 

their exceptional optical properties [60,61], which depends on their shape and structure. 

Metal NPs contain abundant free conduction band electrons that oscillate collectively 

when exposed to light of a specific frequency. This oscillation exhibits resonance, when 

the wavelength of the electromagnetic field and the physical properties of the NPs, such 

as size, shape, and surrounding environment, align optimally [4]. At resonance, the 

absorbance of the NPs increases significantly, the wavelength at which this resonance 

occurs is known as surface plasmon resonance (SPR) [5] and as the motion of electrons 

are confined, this kind of resonance is known as LSPR [5,6].  Due to this feature noble 

metal NPs are often termed as plasmonic NPs. The oscillation of the plasmons occurs due 

to opposite pull of the restoring force of the nuclei and the electric force of the 

electromagnetic wave [7].  

 

 

1.3.1 Properties 

 

Properties of these plasmonic entities can be tuned by altering their shape, size and 

morphological composition. It also depends on the external surroundings. Salient 

properties of these plasmonic NPs are appended below. 

 
 

1.3.1.1 Optical properties  

 

Plasmonic NPs display extraordinary optical properties primarily due to LSPR 

phenomenon. The LSPR frequency relies on the shape, size, dielectric environment and 

composition of the NPs. For example, gold nanoparticles (AuNPs) and silver nanoparticles 
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(AgNPs) typically exhibit LSPR in the visible range [62]. AgNPs are generally yellow in 

colour and they display a strong surface plasmon resonance between 390-440 nm [63]. As 

the particle size increases, the position of maximum absorbance shifts towards higher side 

of the wavelength [64]. Similarly, AuNPs show a strong surface plasmon resonance 

between 510–530 nm [65]. For instance, these noble metals can almost display any colour 

and possess diverse absorption bands in any part of the visible spectrum owing to different 

shape and size of the NSs [66]. Literature reports NMs of varied shapes such as nanorods 

(NRs), nanowires (NWs), nanocages (NCs), nanospheres (NSPs), nano prisms (NPRs), 

and nanoplates (NPLs) or nanosheets (NSHs), where all these NSs show absorbance at 

various wavelengths and display different colours depending on their shape and size [67]. 

The colour displayed by the NPs is the colour reflected by the NPs due to interaction 

between the incident light with the NPs [68].  

 

Complex anisotropic NSs exhibit additional plasmonic modes due to their 

geometry, resulting in a greater number of degrees of freedom in their optical properties. 

While Mie theory provides an accurate estimation of the absorbance and scattering 

wavelengths for spherical NPs smaller than the wavelength of incident light, it is less 

accurate for anisotropic structures. For such NPs, extended theoretical models are required 

to account for shape-dependent optical effects [69]. Compared to spherical NSs, 

anisotropic entities provide a larger tuneable LSPR maxima. As for instance, NRs display 

strong absorbance in the near infrared region [70].  

 

The position of LSPR band is also highly sensitive and can be altered by changing 

the local refractive index of the surrounding media [71]. This sensitivity is exploited in 

LSPR-based sensors, where binding of the NPs to the surface resulting in significant shifts 

in the LSPR peak, allowing detection of various analytes [72]. The plasmonic NPs are also 

highly stable even under intense light irradiation, and are capable of maintaining their 

optical properties for long-term applications [73]. 

 

1.3.1.2 Morphological properties  

 

Likewise, the morphological characteristics of plasmonic NPs strictly depend on the shape, 

size, surface structure, and distribution of the NPs. This plays a pivotal role in determining 

their optical properties. The diameter of NPs directly influences the LSPR peak position 
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[10]. Smaller NPs tend to have LSPR peaks at lower value of wavelength, while larger 

NPs shift the LSPR peak towards higher side of wavelength [74]. Dispersity of particles is 

also crucial in determining the broadness of LSPR peak [75]. While colloidal NPs solution 

containing particles of uniform size possess narrow LSPR band, broad size distribution 

results in broadened peaks. This consequently can affect the sensitivity and specificity in 

applications like sensing [76]. The number of LSPR peak also depends on the shape of 

NPs,  NSPs exhibit a single LSPR peak, whereas, NRs have two distinct LSPR peaks one 

corresponds to the longitudinal and another corresponds to the transverse oscillations of 

electrons [77]. Cubic NSs exhibit sharp corners and edges, leading to enhanced 

electromagnetic fields at these locations. This makes them highly effective for surface-

enhanced Raman scattering (SERS) sensing applications [78]. 

 

A smoother surface of NPs results in more stable plasmonic properties compared 

to rough surfaces [79]. Functionalizing the surface with specific molecules can enhance 

the selectivity and sensitivity of the NPs for particular analytes. This modification can also 

prevent aggregation and improve biocompatibility [80]. 

 
 

1.3.1.3 Structural properties 

 

Meanwhile, the structural properties of plasmonic NPs can be extensively studied utilising 

X-ray diffraction (XRD) techniques [81]. Plasmonic NPs such as AgNPs and AuNPs are 

generally crystalline in nature and thus, they display distinct peaks corresponding to the 

crystallographic planes of the NPs at specific 2θ values. Peaks such as (111), (200), (220), 

and (311) are commonly observed for these metals, which suggests that these metal NPs 

are generally face centred cubic (FCC) in nature [82-84]. Narrow diffraction peaks indicate 

larger crystallite sizes, whereas broad diffraction peaks suggest smaller crystallites [85]. 

A significant amount of shift in the position or any kind of asymmetry indicates presence 

of defects, which influence the plasmonic properties of the NPs [86]. 

 
 

1.3.2 Synthesis of plasmonic NMs 

 

NPs are, in general, synthesised by adopting two routes—one of which is Top-down 

approach and another is bottom-up approach [87]. Generally, for synthesis of plasmonic 

NPs, the latter one is more often used as compared to the former one. Further, various 
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ways for synthesizing metal NSs can be classified into chemical route, physical route and 

biological or greener methods (Fig. 1.4). By using these methods, NSs of different shapes 

and sizes can be synthesized [88-90].  

 

Chemical synthesis: Chemical reduction mode is one of the most preferred methods for 

synthesis of NSs due to its cost effectiveness and simplicity [88]. It involves the use of 

metallic salt, reducing and a stabilizing agent. Here, reducing agent reduces the metallic 

ions present in the solution of metallic salt into metal NPs and the stabilizing agent 

stabilizes the NPs which prevents it from further aggregating [91]. Generally, for chemical 

synthesis of AgNPs, sodium borohydride (NaBH4) and trisodium citrate (TSC) are used as 

both reducing and stabilizing agent and silver nitrate (AgNO3) is used as silver precursor 

as the source of silver ion (Ag+) in the solution [92,93]. Whereas, for synthesis of AuNPs, 

generally TSC is used as both reducing and stabilizing agent and chloroauric acids 

(HAuCl4) as the metallic salt precursor. Synthesis of NPs occurs by constant stirring of the 

solution in a magnetic stirrer at a specific temperature and pH [94]. 

 

Hossain et al., synthesized spherical shaped AgNPs of size 5.7 nm, where they 

used hydrazine as reducing agent [95]. Hussain et al., synthesized AuNPs using ascorbic 

acid (AA) as reducing and polyvinyl pyrrolidine (PVP) as the stabilizing agent at a pH of 

10.5 [96]. Moukarzel et al., synthesized Au nanostars by adding glucosamine to HAuCl4 

and further adding mercaptoacetic acid to it to quench the growth of nano stars [97]. 

 
 

Physical Synthesis: Physical mode for synthesis of NSs is one of the most difficult modes 

as it requires use of highly sophisticated instruments. Despite the varying range of 

difficulties, this mode becomes one of the top most used modes for synthesis of NSs as 

this offers complete control on the structure and morphology of the NSs synthesized [98]. 

This mode is based on transfer of energy occurring in a material when illuminated under 

any kind of ionizing or non-ionizing radiation—thereby resulting in nucleation in metallic 

particles [99]. Some of the most used for physical modes for synthesis of NPs are 

sputtering [100], condensation via inert gas [101], laser ablation [102], sonochemical 

reactions [103], ionizing radiation [104], gamma irradiation [105], microwave radiation 

[106], galvanic replacement method [107] etc. Some of the advantages associated with the 
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use of this method are that in this method no solvent is required. Thus, the NSs are free 

from solvent contamination and are of uniform size and distribution [108].  

 

Jung et al., synthesized AgNPs of size 6.2-21.5 nm by using a ceramic heater to 

evaporate metal, when the metal vapor cools down, it facilitates the formation smaller 

sized, and stable NPs [109]. Mafune et al., used laser ablation mode for synthesis of AgNPs 

which facilitated formation of uncontaminated metal NSs [110,111]. Tien et al., used the 

arc discharge method for synthesizing AgNPs where Ag wires were used as electrodes, 

along with a Ag rod which resulted in the formation of AgNPs of size 10 nm [112]. Siegel 

et al., synthesized AgNPs sized 3.5 nm by sputtering process [113]. 

 
 

Green synthesis: Biological mode for synthesis of NSs is one of the most favourable 

modes of synthesis as it is an eco-friendly, cost effective, and biocompatible mode, which 

reduces the cytotoxicity of end product. In this route, instead of using chemical reducing 

or stabilizing agent, fruit, plant and many more biological extracts are used to naturally 

prepare NPs of various shapes and sizes. In case of green extracts, sometimes the reducing 

agent also helps in stabilizing the NPs [114].  

 

Asnag et al. used Solanum nirgrum, Ricinus communis and Morus nigra extracts 

for synthesis of AuNPs [115]. Lee et al., synthesized AuNPs using Camellia sinensis 

extract. For synthesis of spherical AuNPs, at first, they prepared the extract solution, then 

it was added to HAuCl4.3H2O. Finally, sodium hydroxide (NaOH) was added to it which 

was then incubated at 80 °C for a period of 2 h [116]. Mohapatra et al., prepared AgNPs 

by using Piper nigrum seeds extract as the reducing agent, with the extract solution being 

prepared first. After which AgNO3 was added to a small amount of the extract and the 

resulting solution was stirred for 2 h [117]. Varshney et al., also used the similar method 

to synthesize AgNRs and AgNCs by using Stevia rebaudiana leaves extract. The NRs 

were of diameter ranging between 80-200 nm and of height 400-800 nm and the NCs were 

of size range between 55-80 nm [118]. 
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 Figure 1.4:  Schematic representation depicting synthesis of NPs. 

 

1.4  Literature review 

 

As described in the previous section, it is evident that plasmonic NPs show enhanced 

absorbance at plasmonic wavelength which can be tuned by altering their size, shape, 

surface functionalisation, composition, and external media. This property of plasmonic 

materials can be used in various sensing applications, especially targeting the problem of 

detection of milk adulteration and contamination. 

 

Plasmonic NSs, used as colorimetric sensors, have gathered heightened attention 

in recent research due to their cost effectiveness, simplicity, and high specificity. These 

sensors allow qualitative analysis of the presence of any analyte by observing the change 

in colour of the NP solution with naked eye, eliminating the need for any sophisticated or 

expensive devices. This technique enables point-of-care analysis of analytes, providing a 

practical solution for detecting milk adulteration. This mode of sensing is based on three 

schemes: rapid aggregation-based, interference-based interaction, and non-aggregation 

oxidation-based sensing [119-121]. The first one relies on the immediate decrease in 

interparticle distance. Whereas, in the later one the analyte inhibits the growth of metal 

NPs and third one based on oxidation of NPs by an analyte which needs to be a strong 

oxidising agent. All of them result in spectral shifts, causing colour change [121]. 

 

Ma et al. developed dopamine-functionalized AgNPs for colorimetric detection 

of melamine in raw milk, achieving high selectivity and dynamic sensing range between 

10 ppb-1.26 ppm [122]. Similarly, Kumar et al. also fabricated another colorimetric 

detector for sensing melamine in milk, with a limit of detection (LOD) of 0.05 mg L-1 

[123]. Dutta et al. created a colorimetric probe for sensing urea in milk using green tea-

synthesized AgNPs, with a LOD value of 1 mM [124]. Aquino et al. synthesized 
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resorcinol-functionalized AuNPs for formaldehyde detection in an aqueous medium; the 

NPs' colour changed to blue from red in the presence of formaldehyde [125]. Teodoro et 

al. fabricated cellulose nano whisker-functionalized AgNPs for hydrogen peroxide 

detection, achieving a LOD of 0.014 µM [121]. Aftab et al. synthesized selenium NPs 

(SeNPs) for colorimetric sensing of salicylic acid in milk, using garlic as both a stabilizing 

and reducing agent. This method achieved a detection limit of 10-3 M [126]. 

 

Gao et al. developed Triton X-100 modified AuNPs for melamine sensing using 

a smartphone-based colorimetric system. The presence of melamine resulted in a 

colorimetric change of NPs to blue from wine red, with a LOD of 5.1 nM [127]. Mirzae et 

al. created sericin-capped AgNPs for detecting hydrogen peroxide in milk using an 

origami paper substrate, achieving a LOD of 0.15 mg/dL [128]. Seebunrueng et al. 

designed a paper-based vapor-test kit coated with Nash's reagent for formalin detection 

with a LOD of 0.11 mg L-1 [129]. Shrivas et al. reported a paper-based colorimetric sensor 

using AgNPs for detecting mercuric ions (Hg2+), achieving a LOD of 10 µg L-1 [130]. 

Similarly, Wi et al. fabricated a colorimetric sensor on a paper substrate for detecting 

arsenic (V) (As5+) using methylene blue-functionalized AuNPs [131]. Wang et al. 

developed a colorimetric fluorescent sensor for detecting cadmium ions (Cd2+) by using 

glutathione-stabilized Au nanoclusters with ethylenediamine functionalized graphene 

oxide (GO) along with copper ions (Cu2+). The LOD of the fabricated device was 0.1 μM 

[132]. Sahu et al. developed a paper-based dual colorimetric sensor for simultaneous 

detection of As (III) (As3+) and Pb (II) (Pb2+) using glucose-functionalized AuNPs, 

achieving LOD of 5.6 μg L⁻¹ for As (III) and 7.7 μg L⁻¹ for Pb (II), respectively [133]. 

 

Additionally, some studies have reported simultaneous detection of multiple 

adulterants. Guinati et al. fabricated a paper-based sensing scheme for simultaneous 

colorimetric sensing of hydrogen peroxide, urea, and pH in milk samples using 

microfluidic based paper pads. The LOD for hydrogen peroxide and urea were 0.1 mM, 

and 2.4 mM, respectively [134]. Patari et al. developed another paper-based microfluidic 

sensor for detecting seven adulterants: urea, soap, detergents, hydrogen peroxide, starch, 

salt, and sodium hydrogen carbonate, achieving LOD ranging between 0.05% (vol./vol.)-

0.2% (vol./vol.) [135]. 
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LSPR-based sensing using metal NPs enables the detection of target analytes with 

high selectivity and sensitivity, and low detection limits with high cost-effectiveness. This 

method can be used to detect food adulterants and contaminants, in medical diagnosis, and 

for detecting environmental pollutants, etc [136]. For LSPR sensing, optical fibres and 

glass slides can serve as substrates where NSs of various shapes are immobilized and 

selectively functionalized to bind with target analytes. The binding of NPs with an analyte 

changes the local refractive index of the surrounding media resulting in a shift of the LSPR 

absorbance peak. The amount of peak shift helps to determine the amount of the target 

analyte. 

 

Oh et al. developed a cuvette-based LSPR sensor for detecting melamine in milk 

using a glass chip immobilized with p-nitroaniline (p-NA) functionalized AuNPs, 

achieving a LOD of 0.5 ppm [137]. Hedge et al. fabricated a glass chip-based amino 

thiophenol functionalized AgNCs LSPR sensor that could detect formaldehyde with a 

sensitivity of 161 nm per refractive index unit (RIU) [138]. 

 

Plasmonic NPs are also utilized as electrochemical sensors due to their high 

surface area-to-volume ratio, which facilitates significant analyte adsorption on the NP 

surface. These sensors offer easy selectivity through functionalization, rapid response 

times, reusability (as they remain intact after multiple cycles), and high stability [139]. 

Daizy et al. conducted electrochemical sensing of melamine using a reduced Graphene 

Oxide (rGO)–Copper Nanoflowers Modified Glassy Carbon Electrode (GCE). Cyclic 

voltammetry (CV) measurements showed that the dynamic range of sensing of the sensor 

is between 10 × 10-9 to 9.0 × 10-8 M, with a LOD of 5.0 × 10-9 M [140]. An et al. developed 

a screen-printed carbon electrode (SPCE) modified with ferrocenylglutathione and 

melamine. This modified electrode exhibited an enhanced signal in the presence of 

melamine, with linear results obtained between 0.20-2.00 μM and 8.00-800 μM, along 

with a sensitivity of 15.03 μA·μM-1·cm⁻2 [141]. Magar et al. fabricated a non-enzymatic 

electrochemical impedimetric sensor for urea determination using modified screen-printed 

electrodes (SPEs), achieving a LOD of 0.223 pM [142]. Sangkaew et al. developed 

bimetallic Au-platinum NPs (AuPt NPs) for detecting hydrogen peroxide in milk by 

enhancing the electrochemical signal of H2O2, obtaining a LOD of 4.8 µM [143]. 
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Despite the significant advancements in plasmonic NSs for sensing applications, 

several challenges and limitations persist, which served as the motivation for this thesis. 

Many existing methods suffer from limited sensitivity, failing to detect adulterants or 

contaminants at trace levels in complex matrices like milk, leading to false negatives or 

inaccurate results. Additionally, some sensors have a narrow detection range, making them 

unsuitable for detecting varying levels of adulterants. The interference from milk's 

complex composition, including proteins, fats, and other natural components, further 

reduces the accuracy and specificity of detection. Furthermore, several techniques are 

hindered by high costs, complex synthesis processes, or the need for expensive 

functionalizing agents, which limit their scalability and practicality. Many methods are 

also designed for single-adulterant detection, lacking the capability for simultaneous 

detection of multiple adulterants, which is crucial in real-world applications. 

Reproducibility issues due to variability in NP synthesis and functionalization also affect 

the consistency and reliability of sensor performance. While some sensors enable point-

of-care analysis, many still rely on laboratory-based setups, limiting their field 

applicability. Moreover, environmental concerns associated with the synthesis of NPs 

using hazardous chemicals or generating waste highlight the need for more sustainable 

approaches. These limitations underscore the necessity for innovative, sensitive, cost-

effective, and sustainable sensing platforms, which this thesis aims to address by 

developing a more efficient approach for detecting milk adulterants using plasmonic NSs. 

 

1.5   Objectives of the present study 

 

The objectives of the thesis are framed as follows: 

 

1. Facile Synthesis of Plasmonic NSs via Green and Chemical Routes: To 

synthesize plasmonic NSs using eco-friendly materials like plant extracts (green 

synthesis) and chemical reagents to control NP size, shape, and dispersion 

(chemical route). 

2. Characterization and Optimization of these NSs: To characterize the synthesized 

NCs and optimize their properties for enhanced performance in sensing 

applications. 

3. Detection of Adulterants Using Different Sensing Schemes as per following: 

a) Colorimetric Sensor (both with and without substrate): To develop and 
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evaluate a colorimetric sensor utilising plasmonic NSs, where the presence of 

adulterants induces a colorimetric change. This sensor will be tested both with and 

without the use of a substrate. 

b) Localized Surface Plasmon Resonance (LSPR)-based Sensor: To fabricate and 

optimize an LSPR-based sensor using plasmonic NSs, where the interaction of 

adulterants with the NPs leads to a shift in the resonance wavelength, enabling 

highly sensitive detection.  

c) Electrochemical Sensor: To develop and optimize an electrochemical sensor 

using plasmonic NSs, where the presence of adulterants causes measurable 

changes in the electrochemical response. 

4. Comparative Analysis of Sensing Platforms: To perform a comparative 

evaluation of the different sensing platforms to assess their sensitivity, specificity, 

and practicality for detecting milk adulterants. 

 

1.6   Outline of the thesis  

 
Keeping the objectives in mind, the detection of various adulterants in milk through 

various schemes has been presented in the thesis in the form of various chapters. The 

outcomes of the entire study are organized into several parts in the form of chapters. The 

thesis has been designed as follows. 

 

Chapter I begins by discussing the problem of milk adulteration and 

contamination, introducing various categories of metal NPs and highlighting their tuneable 

plasmonic properties. It explores the key characteristics of these NPs, including their 

optical, morphological, and structural properties, and examines their potential applications 

as sensors to detect milk adulterants. It further discusses the synthesis methods for 

plasmonic NSs, focusing on their role in sensing applications. The chapter also provides 

an overview of the limitations of previously reported detection methods for milk 

adulteration. The chapter concludes by outlining the objectives and structure of the thesis. 

 

Chapter II is subdivided into two parts.  

 

The part A of Chapter II explores various synthesis and selective functionalization routes 

for AgNPs fabrication. It highlights Camellia sinensis-functionalized AgNPs for 
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melamine sensing, Bombax ceiba-functionalized AgNPs for hydrogen peroxide detection, 

L-cysteine-functionalized AgNPs for formalin sensing, and Citrullus lanatus rind extract-

functionalized AgNPs for salicylic acid detection in milk. UV-Vis responses were used to 

determine selectivity, sensitivity, recovery, and detection limits. 

 

The part B of Chapter II discuses a paper-based sensing method using functionalized 

AgNPs to simultaneously detect multiple adulterants and contaminants. The paper features 

seven conduits with selectively impregnated ends, changing colour upon exposure to 

adulterated milk. Red, green, & blue (RGB) and hue, saturation & value (HSV) data were 

used for obtaining calibration plot, demonstrating high sensitivity for detecting melamine, 

formalin, hydrogen peroxide, mercury, arsenic, cadmium, and lead ions in milk. 

 

Chapter III focuses on localized surface plasmon-based sensing for various milk 

adulterants, highlighting the importance of NP immobilization. Selectively functionalized 

NPs, such as maleic acid-functionalized AgNPs for melamine, were immobilized on glass 

substrates and further functionalized. These glass chips, containing immobilized AgNPs, 

were used in cuvette cells with standard UV-Vis spectrophotometry to detect interactions 

with analytes, resulting in significant peak shifts. These shifts were used to create 

calibration plots to estimate detection limits. Similarly, polyvinyl alcohol (PVA)-

functionalized AgNPs were used for hydrogen peroxide detection, with peak shifts 

calibrating detection limits for each adulterant. 

 

Chapter IV discusses the electrochemical schemes for detecting milk adulterants. 

Functionalised NPs such as (3-Aminopropyl)triethoxysilane (APTES)-coated, green tea-

reduced AuNPs were deposited onto an indium tin oxide (ITO) electrode were used for 

urea detection, with cyclic voltammetry showing increased oxidation peaks with rising 

urea concentration. Similarly, melamine was detected using poly-ethylene glycol (PEG)-

coated, maleic acid-functionalized AgNPs on an ITO electrode, and hydrogen peroxide 

was sensed using polyvinyl pyrrolidone (PVP)-functionalized AgNPs. Calibration plots 

determined detection limits and sensitivity.  

 

Chapter V presents a comprehensive comparative study, where the current work 

is meticulously compared with previously reported studies in the literature. This analysis 
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highlights the innovative aspects and novelty of the present research. Additionally, a 

comparative evaluation of all sensing architectures introduced in this work is provided, 

emphasizing the advancements and contributions made by the current study. 

 

Chapter VI summarizes all the key findings of the thesis and discusses all 

reported works. It also outlines prospects for future investigations based on the presented 

work. 

 

References 

 

[1] Jauffred, L., Samadi, A., Klingberg, H., Bendix, P. M., and Oddershede, L. B. 

Plasmonic heating of nanostructures. Chemical reviews, 119(13): 8087-8130, 2019. 

[2] Baffou, G., and Quidant, R. Thermo‐plasmonics: using metallic nanostructures as nano‐

sources of heat. Laser & Photonics Reviews, 7(2):171-187, 2013. 

[3] Córdoba, M., and Zambon, A. How to handle nanomaterials? The re-entry of 

individuals into the philosophy of chemistry. Foundations of Chemistry, 19:185-196, 

2017. 

[4] Jain, P. K., and El-Sayed, M. A. Plasmonic coupling in noble metal nanostructures. 

Chemical Physics Letters, 487(4-6):153-164, 2010. 

[5] Spinelli, P., and Polman, A. Prospects of near-field plasmonic absorption enhancement 

in semiconductor materials using embedded Ag nanoparticles. Optics Express, 20(105): 

A641-A654, 2012. 

[6] Colliex, C., Kociak, M., and Stéphan, O. Electron energy loss spectroscopy imaging of 

surface plasmons at the nanometer scale. Ultramicroscopy, 162: A1-A24, 2016. 

[7] Kuppe, C., Rusimova, K. R., Ohnoutek, L., Slavov, D., and Valev, V. K. “Hot” in 

plasmonics: temperature‐related concepts and applications of metal nanostructures. 

Advanced Optical Materials, 8(1):1901166, 2020. 

[8] Herzog, J. B., Knight, M. W., and Natelson, D. Thermoplasmonics: quantifying 

plasmonic heating in single nanowires. Nano letters, 14(2): 499-503, 2014. 

[9] Nickelson, L. Electromagnetic Theory and Plasmonics for Engineers, Springer, 611-

695, 2018.  

[10] Motl, N. E., Smith, A. F., DeSantis, C. J., and Skrabalak, S. E. Engineering plasmonic 

metal colloids through composition and structural design. Chemical Society Reviews, 

43(11): 3823-3834, 2014. 



Chapter I: Introduction 

21 

 

[11] Bohren, C. F., and Huffman, D. R. Absorption and scattering of light by small 

particles. John Wiley & Sons, 2008. 

[12] Baffou, G., Cichos, F., and Quidant, R. Applications and challenges of 

thermoplasmonics. Nature Materials, 19(9): 946-958, 2020. 

[13] [Tong, L., Wei, H., Zhang, S., and Xu, H. Recent advances in plasmonic sensors. 

Sensors, 14(5): 7959-7973, 2014. 

[14] Chen, M., He, Y., Huang, J., and Zhu, J. Synthesis and solar photo-thermal conversion 

of Au, Ag, and Au-Ag blended plasmonic nanoparticles. Energy Conversion and 

Management, 127: 293-300, 2016. 

[15] Sharifi, M., Attar, F., Saboury, A. A., Akhtari, K., Hooshmand, N., Hasan, A., and 

Falahati, M. Plasmonic gold nanoparticles: Optical manipulation, imaging, drug 

delivery and therapy. Journal of Controlled Release, 311: 170-189, 2019. 

[16] Luo, Y. L., Shiao, Y. S., and Huang, Y. F. Release of photoactivatable drugs from 

plasmonic nanoparticles for targeted cancer therapy. ACS nano, 5(10): 7796-7804, 

2011. 

[17] Gelle, A., Jin, T., de la Garza, L., Price, G. D., Besteiro, L. V., and Moores, A. 

Applications of plasmon-enhanced nanocatalysis to organic transformations. 

Chemical reviews, 120(2): 986-1041, 2019. 

[18] Zhang, Y. X., and Wang, Y. H. Nonlinear optical properties of metal nanoparticles: a 

review. RSC advances, 7(71): 45129-45144, 2017. 

[19] Amirjani, A., and Rahbarimehr, E. Recent advances in functionalization of plasmonic 

nanostructures for optical sensing. Microchimica Acta, 188:1-17, 2021. 

[20] Vilela, D., González, M. C., and Escarpa, A. Sensing colorimetric approaches based 

on gold and silver nanoparticles aggregation: Chemical creativity behind the assay. A 

review. Analytica chimica acta, 751: 24-43, 2012. 

[21] Ding, N., Zhao, H., Peng, W., He, Y., Zhou, Y., Yuan, L., and Zhang, Y. A simple 

colorimetric sensor based on anti-aggregation of gold nanoparticles for Hg2+ detection. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 395: 161-167, 

2012. 

[22] Oh, S. Y., Lee, M. J., Heo, N. S., Kim, S., Oh, J. S., Lee, Y., Jeon, E. J., Moon, H., 

Kim, H. S., Park, T. J., Moon, G., Chun, H. S., and Huh, Y. S. Cuvette-type LSPR 

sensor for highly sensitive detection of melamine in infant formulas. Sensors, 19(18): 

3839, 2019. 



Chapter I: Introduction 

22 

 

[23] Wani, I. A. Recent advances in biogenic silver nanoparticles & nanocomposite based 

plasmonic-colorimetric and electrochemical sensors. ECS Journal of Solid State 

Science and Technology, 10(4): 047003, 2021. 

[24] Hazra, T., Sindhav, R. G., Sudheendra, C. H. V. K., and Ramani, V. M. Milk 

Adulteration: Current Scenario and Challenges. In Biological and Chemical Hazards 

in Food and Food Products, Apple Academic Press, 143-166, 2012. 

[25] Choudhary, A., Gupta, N., Hameed, F., and Choton, S. An overview of food 

adulteration: Concept, sources, impact, challenges and detection. International 

Journal of Chemical Studies, 8(1): 2564-2573, 2020. 

[26] Yang, R., Huang, W., Zhang, L., Thomas, M., and Pei, X. Milk adulteration with 

melamine in China: crisis and response. Quality Assurance and Safety of Crops & 

Foods, 1(2): 111-116, 2009. 

[27] Shalileh, F., Sabahi, H., Dadmehr, M., and Hosseini, M. Sensing approaches toward 

detection of urea adulteration in milk. Microchemical Journal, 193: 108990, 2023. 

[28] Lima, L. S., Rossini, E. L., Pezza, L., and Pezza, H. R. Bioactive paper platform for 

detection of hydrogen peroxide in milk. Spectrochimica Acta Part A: Molecular and 

Biomolecular Spectroscopy, 227: 117774, 2020. 

[29] Nascimento, C. F., Santos, P. M., Pereira-Filho, E. R., and Rocha, F. R. Recent 

advances on determination of milk adulterants. Food chemistry, 221: 1232-1244, 2017. 

[30] Mabood, F., Hussain, J., Al Nabhani, M. M. O., and Gilani, S. A. Detection and 

quantification of formalin adulteration in cow milk using near infrared spectroscopy 

combined with multivariate analysis. Journal of Advanced Dairy Research, 5(2), 2017. 

[31] Newton, P. I. Food Safety and Standards Act, 2006: Punishment for Unsafe Food in 

Milk and Milk Products., International journal of law management & humanities, 6: 

1950, 2023. 

[32] Singh, P., and Gandhi, N. Milk preservatives and adulterants: processing, regulatory 

and safety issues. Food Reviews International, 31(3): 236-261, 2015. 

[33] Singh, M., Sharma, R., Ranvir, S., Gandhi, K., and Mann, B. Assessment of 

contamination of milk and milk products with heavy metals. Indian journal of dairy 

science, 72(6), 2020. 

[34] Nyokabi, S. N., de Boer, I. J., Luning, P. A., Korir, L., Lindahl, J., Bett, B., and 

Oosting, S. J. Milk quality along dairy farming systems and associated value chains in 



Chapter I: Introduction 

23 

 

Kenya: An analysis of composition, contamination and adulteration. Food Control, 

119: 107482, 2021. 

[35] Abedini, R., Khaniki, G. J., Naderi, M., Aghaee, E. M., and Sadighara, P. Investigation 

of melamine and cyanuric acid concentration in several brands of liquid milk and its 

non-carcinogenic risk assessment in adults and infants. Journal of Food Science and 

Technology, 60(12):3054-3066, 2023. 

[36] Mishra, G. K., and Bhand, S. Biosensor for Urea Analysis in adulterated milk. Indian 

Farming, 64(2): 115-117, 2015. 

[37] Iqbal, F. Milk adulteration: A growing health hazard in Pakistan. In Nutrients in dairy 

and their implications on health and disease, Academic Press, 215-222, 2017. 

[38] Abbas, M. E., Luo, W., Zhu, L., Zou, J., and Tang, H. Fluorometric determination of 

hydrogen peroxide in milk by using a Fenton reaction system. Food chemistry, 120(1): 

327-331, 2010. 

[39] Chauhan, S. L., Priyanka, K. D. M., Paul, B. R., and Maji, C. Adulteration of milk: A 

Review. International Journal of Conservation Science, 7(1): 2055-2057, 2019. 

[40] Raissy, M., and Ansari, M. Health risk assessment of mercury and arsenic associated 

with consumption of fish from the Persian Gulf. Environmental Monitoring and 

Assessment, 186: 1235-1240, 2014. 

[41] Chakraborti, D. Is WHO guideline value of arsenic in drinking water 10 ppb in the 

developing countries safe to drink? BLDE University Journal of Health Sciences, 1(1): 

57, 2016. 

[42] Cadmium in Drinking-water. Background document for development of WHO 

Guidelines for Drinking-water Quality. World Health Organization, 2011. 

[43] Kumar, M., and Puri, A. A review of permissible limits of drinking water. Indian 

journal of occupational and environmental medicine, 16(1): 40-44, 2012. 

[44] Maijala, K. Cow milk and human development and well-being. Livestock Production 

Science, 65(1-2):1-18, 2000. 

[45] Chitra, P. Milk adulteration: An overview on adulterants, detection tests and effects on 

human health. Advances in Applied Research, 13(2):63-68, 2021. 

[46] Attrey, D. P. Detection of food adulterants/contaminants. In Food Safety in the 21st 

Century, Academic Press, 129-143, 2017.  

[47] Ribadeau-Dumas, B., and Grappin, R. Milk protein analysis. Le Lait, 69(5): 357-416, 

1989. 



Chapter I: Introduction 

24 

 

[48] Dalal, R. P., and Goldfarb, D. S. Melamine-related kidney stones and renal toxicity. 

Nature Reviews Nephrology, 7(5): 267-274, 2011. 

[49] Getahun, D., Alemneh, T., Akeberegn, D., Getabalew, M., and Zewdie, D. Urea 

metabolism and recycling in ruminants. Biomedical Journal of Scientific & Technical 

Research, 20(1): 14790-14796, 2019. 

[50] Choudhary, M., and Sharma, N. Milk Adulterants: Serious Impact on Human Health. 

Journal of Medical Evidence, 5(2):124-128, 2024. 

[51] Kornhauser, A., Coelho, S. G., and Hearing, V. J. Applications of hydroxy acids: 

classification, mechanisms, and photoactivity. Clinical, cosmetic and investigational 

dermatology, 3: 135-142, 2010. 

[52] Towne, V., Oswald, C. B., Mogg, R., Antonello, J., Will, M., Gimenez, J., and Zhao, 

Q. Measurement and decomposition kinetics of residual hydrogen peroxide in the 

presence of commonly used excipients and preservatives. Journal of pharmaceutical 

sciences, 98(11): 3987-3996, 2009. 

[53] Motarjemi, Y., Moy, G. G., Jooste, P. J., and Anelich, L. E. Milk and dairy products. 

Food safety management, 83-117, 2014. 

[54] Engwa, G. A., Ferdinand, P. U., Nwalo, F. N., and Unachukwu, M. N. Mechanism and 

health effects of heavy metal toxicity in humans. Poisoning in the modern world-new 

tricks for an old dog, 10: 70-90, 2019. 

[55] Kim, J. M., Kim, H. J., and Park, J. M. Determination of milk fat adulteration with 

vegetable oils and animal fats by gas chromatographic analysis. Journal of food 

science, 80(9): C1945-C1951, 2015. 

[56] Abernethy, G., and Higgs, K. Rapid detection of economic adulterants in fresh milk 

by liquid chromatography–tandem mass spectrometry. Journal of Chromatography A, 

1288: 10-20, 2013. 

[57] Ivanova, A. S., Merkuleva, A. D., Andreev, S. V., and Sakharov, K. A. Method for 

determination of hydrogen peroxide in adulterated milk using high performance liquid 

chromatography. Food chemistry, 283: 431-436, 2019. 

[58] Paul, I. E., Kumar, D. N., Rajeshwari, A., Alex, S. A., Karthiga, D., Raichur, A. M., ... 

and Mukherjee, A. Detection of food contaminants by gold and silver nanoparticles. 

Nanobiosensors, Academic Press, 129-165, 2017.  



Chapter I: Introduction 

25 

 

[59] Ross, M. B., Mirkin, C. A., and Schatz, G. C. Optical properties of one-, two-, and 

three-dimensional arrays of plasmonic nanostructures. The journal of physical 

chemistry C, 120(2): 816-830, 2016. 

[60] Doremus, R. H. Optical properties of small clusters of silver and gold atoms. 

Langmuir, 18(6): 2436-2437, 2002. 

[61] Cohen, R. W., Cody, G. D., Coutts, M. D., and Abeles, B. Optical properties of 

granular silver and gold films. Physical Review B, 8(8): 3689, 1973. 

[62] Ringe, E., McMahon, J. M., Sohn, K., Cobley, C., Xia, Y., Huang, J., ... and Van 

Duyne, R. P. Unraveling the effects of size, composition, and substrate on the localized 

surface plasmon resonance frequencies of gold and silver nanocubes: a systematic 

single-particle approach. The Journal of Physical Chemistry C, 114(29): 12511-12516, 

2010. 

[63] Patil, R. B., and Chougale, A. D. On the shape based SPR of silver nanostructures. 

International Journal of Nanotechnology, 18(11-12): 1015-1027, 2021. 

[64] Ajitha, B., Reddy, Y. A. K., Reddy, P. S., Jeon, H. J., and Ahn, C. W. Role of capping 

agents in controlling silver nanoparticles size, antibacterial activity and potential 

application as optical hydrogen peroxide sensor. RSC advances, 6(42): 36171-36179, 

2016. 

[65] Ngumbi, P. K., Mugo, S. W., Ngaruiya, J. M., and King'ondu, C. K. Multiple plasmon 

resonances in small-sized citrate reduced gold nanoparticles. Materials Chemistry and 

Physics, 233: 263-266, 2019. 

[66] Zhang, J. Z., and Noguez, C. Plasmonic optical properties and applications of metal 

nanostructures. Plasmonics, 3: 127-150, 2008. 

[67] Sajanlal, P. R., Sreeprasad, T. S., Samal, A. K., and Pradeep, T. Anisotropic 

nanomaterials: structure, growth, assembly, and functions. Nano reviews, 2(1): 5883, 

2011. 

[68] Jana, J., Ganguly, M., and Pal, T. Enlightening surface plasmon resonance effect of 

metal nanoparticles for practical spectroscopic application. RSC advances, 6(89): 

86174-86211, 2016. 

[69] Gellini, C., and Feis, A. Optothermal properties of plasmonic inorganic nanoparticles 

for photoacoustic applications. Photoacoustics, 23: 100281, 2021. 

[70] Babicheva, V. E. Optical processes behind plasmonic applications. Nanomaterials, 

13(7): 1270, 2023. 



Chapter I: Introduction 

26 

 

[71] Jeon, H. B., Tsalu, P. V., and Ha, J. W. Shape effect on the refractive index sensitivity 

at localized surface plasmon resonance inflection points of single gold nanocubes with 

vertices. Scientific reports, 9(1): 13635, 2019. 

[72] Chauhan, M., and Singh, V. K. Review on recent experimental SPR/LSPR based fiber 

optic analyte sensors. Optical Fiber Technology, 64: 102580, 2021. 

[73] Kim, M., Lee, J. H., and Nam, J. M. Plasmonic photothermal nanoparticles for 

biomedical applications. Advanced Science, 6(17): 1900471, 2019. 

[74] Bhatia, P., and Verma, S. S. Enhancement of LSPR properties of temperature-

dependent gold nanoparticles. Materials Today: Proceedings, 78: 871-876, 2023. 

[75] Borges, J., Ferreira, C. G., Fernandes, J. P., Rodrigues, M. S., Proenca, M., Apreutesei, 

M., and Vaz, F. Thin films of Ag–Au nanoparticles dispersed in TiO2: influence of 

composition and microstructure on the LSPR and SERS responses. Journal of Physics 

D: Applied Physics, 51(20): 205102, 2018. 

[76] Aziz, S. B., Hussein, G., Brza, M. A., Mohammed, S. J., Abdulwahid, R. T., Saeed, S. 

R., and Hassanzadeh, A. Fabrication of interconnected plasmonic spherical silver 

nanoparticles with enhanced localized surface plasmon resonance (LSPR) peaks using 

quince leaf extract solution. Nanomaterials, 9(11):1557, 2019. 

[77] Boken, J., Khurana, P., Thatai, S., Kumar, D., and Prasad, S. Plasmonic nanoparticles 

and their analytical applications: A review. Applied Spectroscopy Reviews, 52(9): 774-

820, 2017. 

[78] Liu, L., Wu, Y., Yin, N., Zhang, H., and Ma, H. Silver nanocubes with high SERS 

performance. Journal of Quantitative Spectroscopy and Radiative Transfer, 240: 

106682, 2020. 

[79] Ding, S., Ma, L., Feng, J., Chen, Y., Yang, D., and Wang, Q. Surface-roughness-

adjustable Au nanorods with strong plasmon absorption and abundant hotspots for 

improved SERS and photothermal performances. Nano Research, 15(3):2715-2721, 

2022. 

[80] Chen, Y., Xianyu, Y., and Jiang, X. Surface modification of gold nanoparticles with 

small molecules for biochemical analysis. Accounts of chemical research, 50(2): 310-

319, 2017. 

[81] Hassanzadeh-Tabrizi, S. A. Precise calculation of crystallite size of nanomaterials: A 

review. Journal of Alloys and Compounds, 968: 171914, 2023. 



Chapter I: Introduction 

27 

 

[82] Zaman, Y., Ishaque, M. Z., Ajmal, S., Shahzad, M., Siddique, A. B., Hameed, M. U., 

Kanwal, H., Ramalingam, J., Selvaraj, M., and Yasin, G. Tamed synthesis of AgNPs 

for photodegradation and anti-bacterial activity: effect of size and morphology. 

Inorganic Chemistry Communications, 150: 110523, 2023. 

[83] Mares-Briones, F., and Rosas, G. Structure and stability of gold nanoparticles 

synthesized using Schinus molle L. extract. Journal of Cluster Science, 28: 1995-2003, 

2017. 

[84] Deivanathan, S.K., and Prakash, J.T.J. Synthesis of environmentally benign of gold 

nanoparticles from Vicoa indica leaf extracts and their physiochemical 

characterization, antimicrobial, antioxidant and anticancer activity against A549 cell 

lines. Research on Chemical Intermediates, 49: 4955–4971, 2023. 

[85] Ahvenainen, P., Kontro, I., and Svedström, K. Comparison of sample crystallinity 

determination methods by X-ray diffraction for challenging cellulose I materials. 

Cellulose, 23(2): 1073-1086, 2016.  

[86] Jayanti, P. D., Kusumah, H. P., Mahardhika, L. J., Riswan, M., Wahyuni, S., Adrianto, 

N., Cuana, R., Istiqomah, N. R., Ali, H., Ali, D., and Chotimahand Suharyadi, E. 

Localized surface plasmon resonance properties of green synthesized Ag/rGO 

composite nanoparticles utilizing Amaranthus viridis extract for biosensor 

applications. Journal of Science: Advanced Materials and Devices, 9(3): 100747, 

2024. 

[87] Dikshit, P. K., Kumar, J., Das, A. K., Sadhu, S., Sharma, S., Singh, S., Gupta, P. K., 

and Kim, B. S. Green synthesis of metallic nanoparticles: Applications and limitations. 

Catalysts, 11(8): 902, 2021. 

[88] Liang, H., Wei, H., Pan, D., and Xu, H. Chemically synthesized noble metal 

nanostructures for plasmonics. Nanotechnology Reviews, 4(3): 289-302, 2015. 

[89] Wiley, B., Sun, Y., Mayers, B., and Xia, Y. Shape‐controlled synthesis of metal 

nanostructures: the case of silver. Chemistry–A European Journal, 11(2): 454-463, 

2005. 

[90] Kaabipour, S., and Hemmati, S. A review on the green and sustainable synthesis of 

silver nanoparticles and one-dimensional silver nanostructures. Beilstein Journal of 

Nanotechnology, 12(1): 102-136, 2021.  

[91] Zahoor, M., Nazir, N., Iftikhar, M., Naz, S., Zekker, I., Burlakovs, J., Uddin, F., 

Kamran, A. W., Kallistova, A., Pimenov, N., and Ali Khan, F. A review on silver 



Chapter I: Introduction 

28 

 

nanoparticles: Classification, various methods of synthesis, and their potential roles in 

biomedical applications and water treatment. Water, 13(16): 2216, 2021. 

[92] Pryshchepa, O., Pomastowski, P., and Buszewski, B. Silver nanoparticles: Synthesis, 

investigation techniques, and properties. Advances in Colloid and Interface Science, 

284: 102246, 2020. 

[93] Gamboa, S. M., Rojas, E. R., Martínez, V. V., and Vega-Baudrit, J. Synthesis and 

characterization of silver nanoparticles and their application as an antibacterial agent. 

International Journal of Biosensors Bioelectronics, 5(5): 166-173, 2019. 

[94] Tyas, K. P., Maratussolihah, P., Rahmadianti, S., Girsang, G. C. S., and Nandiyanto, 

A. B. D. Comparison of Gold Nanoparticle (AuNP) Synthesis Method. Arabian 

Journal of Chemical and Environmental Research, 8(02): 436-454, 2021. 

[95] Hossain, M. Z., Halder, S. A. N. J. O. Y., Ahmed, A. N., and Gafur, A. Synthesis of 

spherical silver nanoparticles by chemical reduction method. Journal of Bangladesh 

Chemical Society, 30: 2, 2018. 

[96] Hussain, M. H., Fook, L. P., Putri, M. K. S., Tan, H. L., Bakar, N. F. A., and Radacsi, 

N. Advances on ultra-sensitive electrospun nanostructured electrochemical and 

colorimetric sensors for diabetes mellitus detection. Nano Materials Science, 3(4): 

321-343, 2021. 

[97] Moukarzel, W., Fitremann, J., and Marty, J. D. Seed-less amino-sugar mediated 

synthesis of gold nanostars. Nanoscale, 3(8): 3285-3290, 2011. 

[98] Iravani, S., Korbekandi, H., Mirmohammadi, S. V., and Zolfaghari, B. Synthesis of 

silver nanoparticles: chemical, physical and biological methods. Research in 

pharmaceutical sciences, 9(6): 385-406, 2014. 

[99] Freitas de Freitas, L., Varca, G. H. C., dos Santos Batista, J. G., and Benévolo Lugão, 

A. An overview of the synthesis of gold nanoparticles using radiation technologies. 

Nanomaterials, 8(11): 939, 2018. 

[100] Liang, J., Liu, Q., Li, T., Luo, Y., Lu, S., Shi, X., ... and Sun, X. Magnetron sputtering 

enabled sustainable synthesis of nanomaterials for energy electrocatalysis. Green 

Chemistry, 23(8): 2834-2867, 2021. 

[101] Grammatikopoulos, P., Steinhauer, S., Vernieres, J., Singh, V., and Sowwan, M. 

Nanoparticle design by gas-phase synthesis. Advances in Physics: X, 1(1): 81-100, 

2016. 



Chapter I: Introduction 

29 

 

[102] Amendola, V., and Meneghetti, M. Laser ablation synthesis in solution and size 

manipulation of noble metal nanoparticles. Physical chemistry chemical physics, 

11(20): 3805-3821, 2009. 

[103] Sáez, V., and Mason, T. J. Sonoelectrochemical synthesis of nanoparticles. Molecules, 

14(10): 4284-4299, 2009. 

[104] Salado-Leza, D., Porcel, E., Yang, X., Štefančíková, L., Bolsa-Ferruz, M., Savina, F., 

... and Lacombe, S. Green one-step synthesis of medical nanoagents for advanced 

radiation therapy. Nanotechnology, science and applications, 13: 61-76, 2020. 

[105] Clifford, D. M., Castano, C. E., and Rojas, J. V. Supported transition metal 

nanomaterials: Nanocomposites synthesized by ionizing radiation. Radiation Physics 

and Chemistry, 132: 52-64, 2017. 

[106] Iravani, S., Korbekandi, H., Mirmohammadi, S. V., and Zolfaghari, B. Synthesis of 

silver nanoparticles: chemical, physical and biological methods. Research in 

pharmaceutical sciences, 9(6): 385-406, 2014. 

[107] da Silva, A. G., Rodrigues, T. S., Haigh, S. J., and Camargo, P. H. Galvanic 

replacement reaction: recent developments for engineering metal nanostructures 

towards catalytic applications. Chemical Communications, 53(53): 7135-7148, 2017. 

[108] Dhand, C., Dwivedi, N., Loh, X. J., Ying, A. N. J., Verma, N. K., Beuerman, R. W., 

... and Ramakrishna, S. Methods and strategies for the synthesis of diverse 

nanoparticles and their applications: a comprehensive overview. Rsc Advances, 

5(127): 105003-105037, 2015. 

[109] Jung, J. H., Oh, H. C., Noh, H. S., Ji, J. H., and Kim, S. S. Metal nanoparticle 

generation using a small ceramic heater with a local heating area. Journal of aerosol 

science, 37(12): 1662-1670, 2006. 

[110] Mafuné, F., Kohno, J. Y., Takeda, Y., Kondow, T., and Sawabe, H. Structure and 

stability of silver nanoparticles in aqueous solution produced by laser ablation. The 

Journal of Physical Chemistry B, 104(35): 8333-8337, 2000. 

[111] Mafuné, F., Kohno, J. Y., Takeda, Y., Kondow, T., and Sawabe, H. Formation of gold 

nanoparticles by laser ablation in aqueous solution of surfactant. The Journal of 

Physical Chemistry B, 105(22): 5114-5120, 2001. 

[112] Tien, D. C., Tseng, K. H., Liao, C. Y., Huang, J. C., and Tsung, T. T. Discovery of 

ionic silver in silver nanoparticle suspension fabricated by arc discharge method. 

Journal of alloys and compounds, 463(1-2): 408-411, 2008. 



Chapter I: Introduction 

30 

 

[113] Siegel, J., Kvítek, O., Ulbrich, P., Kolská, Z., Slepička, P., and Švorčík, V. Progressive 

approach for metal nanoparticle synthesis. Materials Letters, 89: 47-50, 2012. 

[114] Devi, T. A., Sivaraman, R. M., Thavamani, S. S., Amaladhas, T. P., AlSalhi, M. S., 

Devanesan, S., and Kannan, M. M. Green synthesis of plasmonic nanoparticles using 

Sargassum ilicifolium and application in photocatalytic degradation of cationic dyes. 

Environmental Research, 208: 112642, 2002. 

[115] Asnag, G. M., Oraby, A. H., and Abdelghany, A. M. Green synthesis of gold 

nanoparticles and its effect on the optical, thermal and electrical properties of 

carboxymethyl cellulose. Composites Part B: Engineering, 172: 436-446, 2019. 

[116] Lee, Y. J., Ahn, E. Y., and Park, Y. Shape-dependent cytotoxicity and cellular uptake 

of gold nanoparticles synthesized using green tea extract. Nanoscale research letters, 

14(1): 129, 2019. 

[117] Mohapatra, B., Kuriakose, S., and Mohapatra, S. Rapid green synthesis of silver 

nanoparticles and nanorods using Piper nigrum extract. Journal of Alloys and 

Compounds, 637: 119-126, 2015. 

[118] Varshney, R., Bhadauria, S., and Gaur, M. S. Biogenic synthesis of silver nanocubes 

and nanorods using sundried Stevia rebaudiana leaves. Advanced Material Letters, 

1(3): 232-237, 2010. 

[119] Montaño-Priede, J. L., Sanromán-Iglesias, M., Zabala, N., Grzelczak, M., and 

Aizpurua, J. Robust rules for optimal colorimetric sensing based on gold nanoparticle 

aggregation. ACS sensors, 8(4): 1827-1834, 2023. 

[120] Varun, S., Daniel, S. K., and Gorthi, S. S. Rapid sensing of melamine in milk by 

interference green synthesis of silver nanoparticles. Materials Science and 

Engineering: C, 74: 253-258, 2017.  

[121] Teodoro, K. B., Migliorini, F. L., Christinelli, W. A., and Correa, D. S. Detection of 

hydrogen peroxide (H2O2) using a colorimetric sensor based on cellulose 

nanowhiskers and silver nanoparticles. Carbohydrate polymers, 212: 235-241, 2019. 

[122] Ma, Y., Niu, H., Zhang, X., and Cai, Y. One-step synthesis of silver/dopamine 

nanoparticles and visual detection of melamine in raw milk. Analyst, 136(20): 4192-

4196, 2011. 

[123] Kumar, N., Seth, R., and Kumar, H. Colorimetric detection of melamine in milk by 

citrate-stabilized gold nanoparticles. Analytical biochemistry, 456: 43-49., 2014 



Chapter I: Introduction 

31 

 

[124] Dutta, S. J., Chakraborty, G., Chauhan, V., Singh, L., Sharanagat, V. S., and Gahlawat, 

V. K. Development of a predictive model for determination of urea in milk using silver 

nanoparticles and UV–Vis spectroscopy. LWT, 168: 113893, 2022. 

[125] Martínez-Aquino, C., Costero, A. M., Gil, S., and Gaviña, P. Resorcinol functionalized 

gold nanoparticles for formaldehyde colorimetric detection. Nanomaterials, 9(2): 302, 

2019. 

[126] Aftab, R., Ahsan, S., Liaqat, A., Safdar, M., Chughtai, M. F. J., Nadeem, M., ... and 

Khaliq, A. Green-synthesized selenium nanoparticles using garlic extract and their 

application for rapid detection of salicylic acid in milk. Food Science and Technology, 

43: e67022, 2023. 

[127] Gao, N., Huang, P., and Wu, F. Colorimetric detection of melamine in milk based on 

Triton X-100 modified gold nanoparticles and its paper-based application. 

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 192: 174-

180, 2018. 

[128] Mirzaei, Y., Gholami, A., Sheini, A., and Bordbar, M. M. An origami-based 

colorimetric sensor for detection of hydrogen peroxide and glucose using sericin 

capped silver nanoparticles. Scientific Reports, 13(1): 7064, 2023. 

[129] Seebunrueng, K., Naksen, P., Jarujamrus, P., Sansuk, S., Treekamol, Y., Teshima, N., 

... and Srijaranai, S. A sensitive paper-based vapor-test kit for instant formalin 

detection in food products. Food Chemistry, 451: 139402, 2024. 

[130] Shrivas, K., Kant, T., Patel, S., Devi, R., Dahariya, N. S., Pervez, S., ... and Rai, J. 

Inkjet-printed paper-based colorimetric sensor coupled with smartphone for 

determination of mercury (Hg2+). Journal of Hazardous materials, 414: 125440, 

2021. 

[131] Wi, E., and Kim, Y. Highly selective paper-based and colorimetric detection for 

arsenic (V) with methylene blue-functionalized gold nanoparticles. Journal of 

Industrial and Engineering Chemistry, 124: 481-489, 2023. 

[132] Wang, H., Da, L., Yang, L., Chu, S., Yang, F., Yu, S., and Jiang, C. Colorimetric 

fluorescent paper strip with smartphone platform for quantitative detection of cadmium 

ions in real samples. Journal of hazardous materials, 392: 122506, 2020. 

[133] Sahu, B., Kurrey, R., Deb, M. K., Shrivas, K., Karbhal, I., and Khalkho, B. R. A simple 

and cost-effective paper-based and colorimetric dual-mode detection of arsenic (iii) 



Chapter I: Introduction 

32 

 

and lead (ii) based on glucose-functionalized gold nanoparticles. RSC advances, 

11(34): 20769-20780, 2021. 

[134] Guinati, B. G., Sousa, L. R., Oliveira, K. A., and Coltro, W. K. Simultaneous analysis 

of multiple adulterants in milk using microfluidic paper-based analytical devices. 

Analytical Methods, 13(44): 5383-5390, 2021. 

[135] Patari, S., Datta, P., and Mahapatra, P. S. 3d paper-based milk adulteration detection 

device. Scientific Reports, 12(1): 13657, 2022. 

[136] Raghavan, V. S., O'Driscoll, B., Bloor, J. M., Li, B., Katare, P., Sethi, J., ... and Jenkins, 

D. Emerging graphene-based sensors for the detection of food adulterants and 

toxicants–a review. Food Chemistry, 355: 129547, 2021. 

[137] Oh, S. Y., Lee, M. J., Heo, N. S., Kim, S., Oh, J. S., Lee, Y. and Huh, Y. S. Cuvette-

type LSPR sensor for highly sensitive detection of melamine in infant formulas. 

Sensors, 19(18): 3839, 2019. 

[138] Hegde, H. R., Chidangil, S., and Sinha, R. K. Refractive index and formaldehyde 

sensing with silver nanocubes. RSC advances, 11(14): 8042-8050, 2021. 

[139] Aralekallu, S., and Sannegowda, L. K. Metal nanoparticles for electrochemical sensing 

applications. In Handbook of Nanomaterials for Sensing Applications, Elsevier, 589-

629, 2021.  

[140] Daizy, M., Tarafder, C., Al-Mamun, M. R., Liu, X., Aly Saad Aly, M., and Khan, M. 

Z. H. Electrochemical detection of melamine by using reduced graphene oxide–copper 

nanoflowers modified glassy carbon electrode. ACS omega, 4(23): 20324-20329, 

2019. 

[141] An, Q. Q., Feng, X. Z., Zhou, Z. F., Zhan, T., Lian, S. F., Zhu, J., Han, G. C., Chen, 

Z., and Kraatz, H. B. One step construction of an electrochemical sensor for melamine 

detection in milk towards an integrated portable system. Food Chemistry, 383: 132403, 

2022. 

[142] Magar, H. S., Hassan, R. Y., and Abbas, M. N. Non-enzymatic disposable 

electrochemical sensors based on CuO/Co3O4@ MWCNTs nanocomposite modified 

screen-printed electrode for the direct determination of urea. Scientific Reports, 13(1): 

2034, 2023. 

[143] Sangkaew, P., Ngamaroonchote, A., Sanguansap, Y., and Karn-orachai, K. Emerging 

electrochemical sensor based on bimetallic AuPt NPs for on-site detection of hydrogen 

peroxide adulteration in raw cow milk. Electrocatalysis, 13(6): 794-806, 2022. 


	05_chapter 1

