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RAPID DETECTION OF PESTICIDE RESIDUES IN FOODS USING 

SURFACE-ENHANCED RAMAN SPECTROSCOPY COUPLED 

WITH GOLD NANOSTARS 

Min-Hui Lin 

Dr. Mengshi Lin, Thesis Supervisor 

ABSTRACT 

Constant monitoring pesticide residues in foods is an essential part of food safety. In recent 

years, there is a growing concern about food issues in agricultural products. Tradition 

testing methods such as high-performance liquid chromatography (HPLC) and gas 

chromatography–mass spectrometry (GC-MS) demand time-consuming sample 

preparations and well-trained operators. Therefore, this research aimed to establish a novel, 

simple, and rapid testing technique. In this study, the SERS performance of gold nanostars 

was evaluated by detecting two commonly used pesticides, thiabendazole (TBZ) and 

paraquat in the real food samples. Gold nanostars were used as a surface-enhanced Raman 

spectroscopy (SERS) substrate due to their highly branched structure, which provide many 

SERS hot spots for generating intensified Raman signals from the target analytes. 

Additionally, the rough topography of gold nanostars has large surface area, which can 

enable good interactions between the substrate and analyte molecules. The UV-vis 

spectrometer, electron microscopes and Zetasizer were utilized for characterization. The 

detection limits of this SERS method are 5 ppm for TBZ in apple juice and 0.2 ppm for 

paraquat in green tea. These results indicate that SERS coupled with gold nanostars is a 
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facile approach and has great potential to be applied for qualification and quantification of 

trace contaminants in foods.
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CHAPTER  1 

INTRODUCTION 

1.1 Background 

Food safety has attracted growing attention owing to frequent occurrences of food safety 

issues in recent years. In 2008, melamine-tainted milk products caused about 300,000 cases 

of illness and six babies died in China (Sharma & Paradakar, 2010). In 2010, foodborne 

disease associated with Shiga toxin-producing E. coli (STEC) sickened over one million 

people and killed at least 100 according to the estimation by the World Health Organization 

(WHO) (Pires et al., 2019). In 2011 in Taiwan, a slew of beverages were found 

contaminated with phthalate-adulterated clouding agents, which were misused to prolong 

shelf life and maximize profits (Yen et al., 2011). Between 2017 and 2018, more than 600 

listeriosis cases were reported in South Africa (Boatemaa et al., 2019). A paper published 

on 2020 showed around 73% Cambodian and 100% Vietnamese famers included in the 

survey excessively used pesticides (Schreinemachers et al., 2020).  

 

The afore-mentioned examples highlight the importance of food safety. In general, food 

hazards can be categorized into three classes—physical hazards, chemical hazards, and 

biological hazards. Physical hazards are associated with presences of foreign objects in 

food and can result in injury, illness, and customer dissatisfaction (Djekic et al., 2017). 

Chemical hazards arise from contamination of chemical substances including but not 

limited to sanitizers, machines oil, veterinary drugs, and pesticides. Biological hazards 
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usually involve pathogenic viruses, bacteria, fungi, or parasites, which can harm human 

health and cause foodborne illness outbreaks. 

 

Among all the hazards, the adverse impacts result from the abuse of pesticides cannot be 

ignored. Pesticides, including herbicides, fungicides, and insecticides, are crucial in 

farming practices for the purpose of improving production and quality and preserving the 

freshness of fruits and vegetables. Rising pest infestations, which are caused by global 

warming, and growing world human population lead to higher demand for pesticide usage 

(Ahmad et al., 2019; Jallow et al., 2017). Nevertheless, some studies pointed out pesticide 

overuse are especially prevalent in developing countries (Bhandari et al., 2019; Donkor et 

al., 2016; Jallow et al., 2017; Zhang et al., 2015). Misuse of pesticides poses threats not 

only to the environment but also to public health (Narenderan et al., 2020). Moreover, 

previous research found that pesticide residues can be easily found in food products 

(Mahmood et al. 2015). 

 

Thiabendazole (TBZ), a derivative of benzimidazole, is a broad-spectrum and widely 

utilized fungicide, which prevents the growth of spores and slows down fungal decay 

(Allen & Gottlieb, 1970). TBZ can be absorbed by plant tissues, suggesting potential risks 

of pesticide residues remaining even after TBZ treated surfaces has been rinsed (Yang et 

al., 2016). Furthermore, exposure to TBZ can lead to hepatic, renal impairments, and birth 

defects in humans (Jamieson et al., 2011). 
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Paraquat is one of the most used herbicides to increase planation yields by killing weeds 

through the interference of electron transfer of photosynthesis (Sétif, 2015). It was first 

marketed in the 1960’s and has been commonly applied in agriculture and horticulture 

because of its inexpensiveness and nonselective feature (Huang et al., 2019). Over 100 

nations worldwide allow the use of paraquat (Rashidipour et al., 2019), and it has been 

used for a huge variety of produce. However, the widespread applications increase the risks 

for bioaccumulation and detrimental impacts on soil microbes and ecosystems (Frimpong 

et al., 2018). In addition, paraquat is extremely poisonous to humans and its toxicity results 

from its ability to cause free radicals, which can further induce oxidative stress (Botta et 

al., 2020; Gawarammana & Buckley, 2011). Unfortunately, treating paraquat poisoning 

remains a challenge. Depending on the route and amount of exposure, paraquat can cause 

pulmonary edema and damage organs such as heart, liver, and kidney.  

 

Government agencies and organizations around the world have established maximum 

residue levels (MRL) for pesticides to protect consumer health. The limits are typically set 

at parts per million (ppm) or parts per billion (ppb) levels. To monitor safety and quality 

of food commodities, regular analyses are performed by the food industry, testing 

laboratories, and regulatory entities. High performance liquid chromatography (HPLC) and 

gas chromatography–mass spectrometry (GC-MS) are popular analytical techniques to 

detect trace elements in foods (Bala et al., 2017). Although these methods are sensitive, 

they are expensive and required laborious sample preparations and well-trained technicians 

for operation (Singh et al., 2020; Zhu et al., 2017). Therefore, numerous efforts have been 
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dedicated to developing novel technology for trace analyses (Hongmei et al., 2020; Li et 

al., 2016; Xu et al., 2020). 

 

Surface-enhanced Raman spectroscopy (SERS) is a powerful tool that can achieve high 

sensitivity. It was first discovered in the 1970’s and gained attentions from researchers in 

various disciplines (Jeanmaire & Van Duyne, 1977). Raman signals are in essence weak 

but can be vastly enhanced by SERS substrates, which usually consist of metallic nanoscale 

motifs. High enhancement of Raman signals is usually achieved by excitation of collective 

electron oscillation within the nanostructure, leading to enormously amplification of the 

local electromagnetic fields. The phenomenon is known as electromagnetic enhancement. 

Another form of Raman enhancement called chemical enhancement is usually less 

significant and associated with electron transfer between target molecules and metallic 

elements. The electron interaction can increase molecule polarizability and consequently 

intensifies Raman signals (Tiwari et al., 2007). 

 

Gold is classified as a noble metal and has high electron mobility. Gold nanoparticles 

strongly absorb and scatter light at visible and near infrared region and demonstrate 

localized plasmonic resonance, which increases local fields (Cognet & Lounis, 2008; 

Ghosh et al., 2017) As a result, gold nanoparticles are widely used components for SERS 

substrates. 
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Raman enhancement is greatly influenced by the properties of SERS substrates. Over the 

past few decades, varying material types, sizes, and forms of SERS substrates have been 

fabricated. It is known that shapes of nanoparticles can affect SERS performance because 

different shapes give rise to different resonant frequencies (Frederix et al., 2003). Hot spots, 

where strong enhancement occur by magnifying the local fields, can be created by forming 

metallic close gaps and sharp tips (Alvarez-Puebla et al., 2010).  

 

The structure of gold nanostars is composed of a core and multiple outwardly protruding 

branches. Metaphorically speaking, the core of a nanostar is like an electron repository and 

vertices of stars serve as confiners focalizing the local fields when illuminated by light of 

desirable frequency (Rodríguez-Lorenzo et al., 2010). As a result, gold nanostars can be 

excellent SERS substrates and used for trace detection. 
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1.2 Objectives 

The objectives of this study are as follows.  

I. Characterizing gold nanostars with transmission electron microscope (TEM), 

scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS), 

and Zetasizer 

II. Using rhodamine 6G (R6G) to investigate the SERS performance of gold nanostars 

III. Using gold nanostars as SERS substrates to detect thiabendazole (TBZ) in apple 

juice 

IV. Using gold nanostars as SERS substrates to detect paraquat in green tea 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Raman spectroscopy 

Raman spectroscopy is considered a vibrational spectroscopy, which depends on 

interactions between light and substances to obtain molecular vibrational modes and can 

be utilized for qualitative and quantitative analyses (Vagenas et al., 2003). It is well known 

that C. V. Raman and K. S. Krishnan first discovered Raman scattering (Qin et al., 2019).  

 

The monochromatic light of a Raman instrument is used to excite the analyte molecules to 

acquired Raman signals. Different types of scattering can occur after excitation —Rayleigh, 

Stoke, and anti-Stoke scattering (Figure 2.1). Rayleigh scattering is elastic scattering, 

meaning that the energy of the incident photon is equivalent to that of the scattered photon. 

Hence, the analyte molecules do not gain or lose energy during the process. On the other 

hand, Stokes and anti-Stokes scatterings are defined as Raman scattering. In contrast to 

elastic scattering, Stokes and anti-Stokes scatterings are accompanied with energy transfer 

between the photons and molecules, thus providing vibrational information of the 

molecules  (Ember et al., 2017)  
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Figure 2.1. Illustration of different types of scatterings (Ember et al. 2017). 

 

During the Stokes process, the molecules absorb energy from the incident photons and 

therefore excited from a ground state to a higher energy vibrational state. However, in the 

anti-Stokes process, the molecules are at virtual state in the beginning owing to the thermal 

energy and the energy is transferred from the molecules to the photons. Because, in most 

cases, the molecules are at ground state, the intensity of anti-Stokes scattering is feeble. 

Raman shift is the energy difference between the incident photon and scattered photon. 

Stokes events have positive Raman shift, while anti-Stokes ones have negative Raman shift 

(Le Ru & Etchegoin, 2009a). Raman scattering is intrinsically weak since the majority of 

photons scatter elastically and only one out of 106-108 photons scatter inelastically (Qin et 

al., 2019). Raman intensity can be expressed by the following equation (Pelletier, 2003), 
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𝐼 =
24𝜋3

45 ⋅ 32 ⋅ 𝑐4
⋅

ℎ𝐼𝐿𝑁(𝑣0 − 𝜈)4

𝜇𝜈(1 − ⅇ−ℎ𝜈∕𝑘𝑇)
[45(𝛼𝑎

′ )2 + 7(𝛾𝑎
′)2] 

where c is speed of light, h is Plank’s constant, IL is excitation intensity, N is the number 

of scattering molecules, v is molecular vibrational frequency in Hertz, vo is laser excitation, 

frequency in Hertz, μ is reduced mass of the vibrating atoms, k is Boltzmann constant, T is 

absolute temperature, α’a is mean value invariant of the polarizability tensor, and γ’a is 

anisotropy invariant of the polarizability tensor. According to the equation, Raman 

intensity is proportional to the number of scattering molecules. Therefore, Raman 

spectroscopy can be applied for quantification (Pelletier, 2003).  

 

2.2 Surface-enhanced Raman spectroscopy (SERS)  

Surfaced enhanced Raman scattering (SERS) was first discovered through the work of 

Fleischmann et al, who studied Raman spectra of adsorbed molecules at metal electrode 

surfaces (Moskovits, 1985). This discovered phenomenon of dramatically enhanced 

Raman intensities opens the door to identification of trace amounts of substances and even 

allows single molecule detection  (Kneipp et al., 1997). Subsequently, plenty of studies 

have employed SERS (Sharma et al., 2012) and expanded its applications across many 

disciplines, including food safety, biosensing, and pharmaceutical analyses  (Li & Church, 

2014; Yuan et al., 2017; Zheng & He, 2014) Although the explanations for SERS effect 

are still under debate, electromagnetic and chemical enhancements are widely adopted 

mechanisms for SERS (Campion & Kambhampati, 1998).  
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Figure 2.2. Illustration of electromagnetic wave and the directions of propagation (DOP), electric field (�⃑� ), 

and magnetic field (�⃑� ) (Vian et al., 2016). 

 

SERS effects derive primarily from the electromagnetic enhancements (Willets & Van 

Duyne, 2007). Light is a type of electromagnetic wave, and propagation of light generates 

electric and magnetic fields, which are perpendicular to each other and to the direction of 

the light flow (Figure 2.2). The magnitudes of both fields fluctuate over time.  

 

When a charged particle, say an electron, moves through the light-generated electric and 

magnetic fields, it will experience forces of both fields. If light impinges on metallic 

particles that are smaller than the wavelength of light, it can cause the electron oscillation 

confined within its structure (Figure 2.3.) (Hammond et al., 2014). The phenomenon of 

localized oscillation of plasmon is known as localized surface plasmon resonance (LSPR). 
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Figure 2.3. Oscillation of electron cloud (Kelly, Coronado, Zhao, & Schatz, 2003). 

 

 It is generally regarded that nuclei are static and that electrons can move around. The 

displacement of electron cloud generates a restoring force that results from Coulomb force 

between nuclei and electrons (Kelly et al., 2003).  

 

Acceleration of charged particles generate magnetic and electric fields, whose directions 

and intensities are changing. During a Raman measurement, molecules placed on or close 

to the metallic nanostructure can experience strong electromagnetic forces resulting from 

LSPR. These forces are stronger than the forces the molecules would experience without 

the nanostructure. The regions exposed to the dramatically intensified electromagnetic 

fields are called “hot spots” (Pilot et al., 2019). LSPR can amplify the surrounding fields 

and consequently augment Raman scatterings of  molecules adsorbed on the surface (Ye 

et al., 2012). The adsorption can be either physical or chemical. Examples for physisorption 

include attractive forces such as van der Waals forces, electrostatic forces, and hydrogen 
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bonding, while chemisorption involves chemical reactions (Le Ru & Etchegoin, 2009b). 

Several factors influence the frequency of oscillation, including the geometry, size, and 

materials of the nanostructure.   

 

Although the electromagnetic enhancements are major contribution of SERS effects, 

chemical enhancements were proposed to complete the explanation for SERS (Le Ru et al., 

2007). Chemical enhancements are related to molecular electron configurations and charge 

transfer between the analyte and metal surface (Wang, Yan, and Chen 2013). 

 

2.3 Gold nanostars 

2.3.1 Gold metal 

Gold is a noble metal that is not easily oxidized at normal atmospheric pressure and can 

interact with visible and near infrared lights to generate plasmon resonance (Figure 2.4) 

(Ghosh & Pal, 2007). Like other noble metals, gold has electrons in conduction band, 

which can move around easily and hence be readily polarized (Burda et al., 2005). Due to 

these properties, gold is one of the most used materials for SERS substrates.  
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Figure 2.4. Approximate resonance wavelength ranges for copper, gold, and silver (Sharma et al., 2012).  

 

2.3.2 Morphology 

Since Raman enhancement is fundamental for SERS phenomena, SERS substrates are 

utilized for the purpose of enhancing Raman signals from the samples. Magnitudes of 

enhancements rely heavily on nanostructures of SERS substrates. Plasmon resonance can 

be localized if the particle size is smaller than the wavelength of light. Nanoparticles are 

defined as having at least one dimension that is smaller than 100 nm, even if they are part 

of a larger material or suspending in a medium (Jana et al., 2016). Thus, the collision 

between nanoparticles and photons of visible and near infrared light can generate LSPR. 

Additionally, nanoparticles have larger surface areas and are more active than their bulk 

materials (Burda et al., 2005). Owing to these reasons, a myriad of studies focus on the 

fabrication of different nanostructures of SERS substrates (Quester et al., 2013; Tiwari et 

al., 2007).  
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Among various morphologies, nanostars have attracted great attention. Having plasmon 

absorption located at near infrared (NIR) region makes gold nanostars desirable for 

biological research such as tissue imaging and pharmaceutics since tissues do not have 

strong absorbance in this region (Gobin et al., 2007). Another advantage is that gold 

nanostars can be excited by NIR lasers, which reduce Rayleigh scattering and risks of 

melting gold nanoparticles (Suzuki et al., 2004). Furthermore, the spiky tips of gold 

nanostars can serve as SERS hot spots, which increase the local fields (Guerrero-Martínez 

et al., 2011; Kleinman et al., 2013). Therefore, analyte molecules adsorbed at hot spots 

experience intensified electromagnetic forces. The “tip effect” is also known as “lightning 

rod effect” (Boyack & Le Ru, 2009). The protrusions of nanostars also contribute to 

considerably large surface area, enabling superior interaction and effective adsorption with 

analyte molecules (Issaad et al., 2017; Kumari & Singh, 2012). Previous research 

concluded that nanostsars possess better Raman performance than nanospheres (Nalbant 

Esenturk & Hight Walker, 2009; Rodríguez-Lorenzo et al., 2009). Hence, nanostar-based 

SERS substrates have great potential for SERS applications in varied areas.  

 

2.3.3 Fabrication of gold nanostars 

Gold nanostars employed in this study were fabricated through a seed mediated method, 

involving nucleation and crystal growth (Sun et al., 2019). Two moderate reducing 

agents—citrate and hydroquinone—are chosen to avoid direct reduction of AuIII to Au0. 

Simplistically, the entire process is to reduce AuIII to AuI by citrate and subsequently reduce 

AuI to Au0 by hydroquinone (Figure 2.5) (Li et al., 2011). Hydroquinone plays a paramount 
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role in nanostar synthesis since it selectively reacts with AuI and allows anisotropic growth, 

leading to formation of outward conical-shaped protrusions. 

 

 

 

 

Figure 2.5. The chemical process of gold ion reduction (Li et al., 2011). 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials and chemicals 

Gold(Ⅲ) chloride solution (30 wt. % in dilute HCl), hydroquinone, R6G, TBZ, and 

paraquat were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium citrate 

dihydrate and acetone were obtained from Fisher Scientific (Fair Lawn, NJ, USA). Apple 

juice and green tea were brought from a local grocery store. Whatman branded 0.2 μm 

polyethersulfone (PES) membrane filter devices were used for sample preparation.  

 

3.2 Synthesis of gold nanostars 

Gold nanostars were synthesized based on the method of Sun et al (Sun, Yu, & Lin, 2019). 

The synthesis of gold nanostars requires preparation of gold seeds. Briefly, 30 mL of water 

was heated to boiling and mixed with 300 μL of 1% gold chloride solution with constant 

stirring, followed by adding 100 ml of 0.1% of sodium citrate dihydrate solution. The 

mixture was heated and stirred continuously until the color changed to red wine color. To 

synthesize gold nanostars, 25 μL of 100 mM of gold chloride solution, 50 μL of seed 

solution, 22 μL of 1% sodium citrate dihydrate solution, and 1 mL of 30 mM hydroquinone 

solution were added sequentially to 10 mL of water with constant stirring. The mixed 

solution was stirred at room temperature for 30 min to obtain gold nanostars. To 

concentrate the gold nanostar solution, the solution was centrifuged, and the supernatant 

was discarded. 
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3.3 UV-Visible spectroscopy 

 A Cary 50 Bio UV–Visible spectrophotometer (Varian, Inc., USA) was used to measure 

the absorbance of gold seed solution.  

 

3.4 Morphology and element analyses 

Prior to the analyses, a volume of 5 μL of gold nanostar solution was dropped and dried on 

a copper grid. A twin transmission electron microscope (TEM) (FEI Tecnai F30) coupled 

with an energy dispersive X-ray spectrometer was used to view the shapes and analyze 

element composition of gold nanostar. A scanning electron microscope (SEM) (Quanta 

600 FEG; FEI Company, USA) were used to observe surface morphology of the gold 

nanostars. The SEM images were taken at 30 kV. 

 

3.5 Zeta potential 

Zeta potential of gold nanostars was determined by using Zetasizer Nano ZS (Malvern 

Instruments Ltd., Worcestershire, UK). 

 

3.6 Preparation of different concentrations of R6G standard solutions 

Different concentrations (0, 0.25, 0.5, 1, and 5 ppm) of R6G standard solutions were 

prepared and water was use as the solvent.   
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3.7 Preparation of different concentrations of TBZ standard solutions 

Different concentrations (0, 0.05, 0.5, 5, 10, 25, and 50 ppm) of TBZ standard solutions 

were prepared and acetone was use as the solvent.   

 

3.8 Preparation of TBZ in apple juice 

Apple juice was filtered through the membrane filter and spiked with TBZ to make 

different concentrations of TBZ samples (0, 5, 10, 25, and 50 ppm).  

 

3.9 Preparation of different concentrations of paraquat standard solutions 

Different concentrations (0, 0.02, 0.2, 5, 10, 25, and 50 ppm) of paraquat standard solutions 

were prepared and water was use as the solvent.   

 

3.10 Preparation of paraquat in green tea 

Green tea was filtered through the membrane filter and spiked with paraquat to make 

different concentrations of paraquat samples (0, 0.2, 5, 10, 25, and 50 ppm).  

 

3.11 SERS measurements 

SERS measurements were conducted by using a DXR2 Raman spectrometer (Thermo 

Fisher Scientific Inc., USA) with 785 nm laser source. The laser beam (~20 mW laser 

power) was focus through a 10X objective lens. Raman spectra were collected through 
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OMNIC software (Thermo Fisher Scientific Inc., Waltham, MA, USA) and Raman 

measurements were taken from different locations of the samples with 10 scans per 

measurement and 1 second of exposure time per scan. Ten measurements were averaged 

for each concentration of the samples. The SERS samples were prepared by dropping 2 μL 

of gold nanostar suspension onto a slide and mixing with 2 μL of the sample solution. The 

mixed droplet was dried on a 45°C hot plate prior to the Raman measurements. R6G is a 

standard SERS probe molecule and was used in this study to evaluate the SERS 

performance of gold nanostars. 

 

3.12 Raman spectral data analysis 

Delight software (Delight, D-squared Development Inc., LaGrande, OR, USA) was 

utilized for Raman spectral analyses. Spectral data were processed by smoothing and 

second derivative transformations to decrease noises and increase spectral resolution. The 

partial least squares (PLS) models were established for prediction of concentrations. The 

correlation coefficient, R, was used to evaluate how well the PLS model predicts 

concentrations of the samples. R ranges from 0 to 1. R close to 1 denotes strong positive 

linear relationship. Root mean squared error of prediction (RMSEP) is a common measure 

of prediction error for a statistical modeling and is calculated through the following 

equation, 

𝑅𝑀𝑆𝐸𝑃 = √
∑(yi − �̂�)2

𝑛
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where yi is the actual concentration, �̂�  is the predicted concentration generated by the 

model, and n is the number of the samples. Ratio of performance to deviation (RPD) value 

is a ratio of sample standard deviation to the prediction error. The smaller the prediction 

error the greater the RPD. Thus, higher RPD value signifies better prediction model. Higher 

R and RPD and lower RMSEP suggest stronger predictive ability of the model. Recovery 

percentages were calculated by the equation below. 

𝑅ⅇ𝑐𝑜𝑣ⅇ𝑟𝑦% =  
𝑝𝑟ⅇ𝑑𝑖𝑐𝑡𝑖ⅇ𝑑 𝑐𝑜𝑛𝑐ⅇ𝑛𝑡𝑟𝑎𝑖𝑜𝑛

𝑠𝑝𝑖𝑘ⅇ𝑑 𝑐𝑜𝑛𝑐ⅇ𝑛𝑡𝑟𝑎𝑖𝑜𝑛
 ×  100% 

Limits of detection (LODs) of this SERS method were determined by the student’s t test 

(p < 0.05). 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Characterization 

Figure 4.1A shows the ruby red color of seed solution for gold nanostars; the red color is 

the result of reflecting red light and absorbing green light. Bulk gold has gold color. 

Nonetheless, a gold particle can display a different color as the particle size and shape 

change. An absorption peak located around 520 nm in the UV-vis spectrum of the seed 

solution indicates the plasmon resonance frequency of gold seed particles (Figure 4.1B) 

(Ghosh & Pal, 2007). The maximum absorbance peak of seed solution can serve as a quick 

check for accuracy of synthesis of seed solution. 

 

 

 

 

 

Figure 4.1. The seed solution for gold nanostar (A) and an UV-vis spectrum of the seed solution (B). 

Different from the gold seed solution, the gold nanostar solution has blue color and a deep 

blue color can be seen in its concentrated solution (Figure 4.2). Hydroquinone in growth 

solution allows increases in the diameters of gold seed nanoparticles and causes the 

nanoparticles to form multiple outward radiating spikes (Li et al., 2011).  
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Figure 4.2. The gold nanostar solution (A) and concentrated gold nanostar solution (B). 

 

Figure 4.3 and 4.5 clearly demonstrate the spiky structure and rugged topography of gold 

nanostars. Compared to smooth surfaces, the rough surfaces of gold nanostars are 

beneficial to adsorption of analyte molecules because of increased surface areas. It can also 

be observed that the gold nanostars are homogenous in size and shape. Figure 4.3B and 4.4 

show that gold nanostars are composed of gold element. The average diameter, branch 

width, and branch height of gold nanostars are 248, 47, and 45 nm, respectively (Table 1). 

The areas around branch tips are where electromagnetic enhancements take place (Khoury 

& Vo-Dinh, 2008). The average Zeta potential of gold nanostars is -29.53; the high absolute 

value of zeta potential means that the colloidal suspension of gold nanostars has high 

stability. 
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Figure 4.3. A STEM image of gold nanostars (A) and its corresponding EDS image (B); TEM images of gold 

nanostars with 100 nm and 50 nm scale bars, respectively (C and D). 
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Figure 4.4. An EDS spectrum of gold nanostars. (note the copper comes from TEM grip and the silicon comes 

from the EDS detector.) 
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Figure 4.5. SEM images of gold nanostars at different scales. 

 

Table 1. Measurements of gold nanostars. 

 
Branch width Branch height Diameter 

Measurement (nm) 47 ± 3.6 45 ± 5.8 248 ± 8.1 

Each value is expressed as mean ± standard deviation (SD) (n = 10) 

 

    
    

 

 

 

  

A B 
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4.2 Evaluation of SERS performance of gold nanostars  

 

 

 

 

 

 

 

Figure 4.6. Chemical structure of R6G (Wu et al. 2019). 

 

 

 

 

 

 

 

 

 

Figure 4.7. A Raman spectrum of R6G powder. 
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SERS activity of as-prepared gold nanostar substrate was assessed by measuring different 

concentrations of R6G. R6G is commonly used Raman probe and a dye belonging to 

xanthene family. As illustrated in Figure 4.6, R6G is composed of a xanthene core and a 

phenyl ring. Figure 4.7 exhibits a representative Raman spectrum of R6G powder, showing 

three very strong peaks appear at 1302, 1358, and 1503 cm-1 and two medium strong peaks 

at 1179 and 1643 cm-1. These peaks are due to vibrations of xanthene ring (Mullin & Schatz, 

2012; Wu et al., 2019). 

 

 

 

 

 

 

 

Figure 4.8. SERS spectra of different concentrations of R6G solutions. 

Figure 4.8 shows the SERS spectra of different concentrations of R6G solutions. The 

characteristic peaks located at 1182, 1305, 1355, 1503, and 1642 cm-1 can be easily seen. 

The positions of these peaks only slightly shift compared to those of the major peaks shown 

in the Raman spectrum of R6G powder. The intensities of the peaks increase as the 

concentration of R6G solutions increase. The distinct peaks can still be observed at 0.25 

ppm of R6G, suggesting the gold nanostars is a good and sensitive SERS substrate.  
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4.3 Determination of TBZ in solution 

 

 

 

 

 

Figure 4.9. Chemical structure of TBZ (Sun et al., 2018). 

 

Table 2. Raman peak assignments for TBZ (Feng, Hu, Grant, & Lu, 2018; Luo, Huang, Lai, Rasco, & Fan, 

2016; Muller, David, Chis, & Pinzaru, 2014) 

Pesticide Peak (cm-1) Assignments 

TBZ 780 υ(S-C) ring 1, δ(C=N) ring 1, δ(C-N) ring 1, and δ(C-C) 

ring 3 

 1012 υ(C-N) ring 2, υ(C-C) ring 2 and 3, δ(N=C-N) ring 2 and 

3, δ(C-H) ring 1 

 1277 υ(C-C) ring 1, υ(C-N) ring 2, δ(C-C-H) ring 2, δ(C-H) 

ring 1, δ(C=N-N) ring 2 

 1455 δ(C-H) ring 1 

 1578 υ(C-C) ring 2, υ(C=N) ring 2, υ(C=C) ring 3, υ(C-C) 

ring 3, δ(C-H) ring 2, δ(C-N-H) ring 2. 

Note: υ = stretching, δ = bending. 
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Figure 4.10. A Raman spectrum of TBZ powder. 

 

TBZ is composed of three aromatic rings as depicted in Figure 4.9. The pi electrons in the 

rings, sulfur, and nitrogen can be adsorbed on gold surfaces (Kim et al., 2009). Raman 

spectra of TBZ powder were measured to investigate characteristic peaks of TBZ. Figure 

4.10 conveys the dominant peaks of TBZ at 780, 1012, 1277, 1455, and 1578 cm-1. The 

peak assignments are listed in Table 2 (Feng et al., 2018; Luo et al., 2016; Muller et al., 

2014). The peak at 780 cm-1 is assigned to S-C stretching in ring 1, C=N bending in ring 1, 

C-N bending in ring 1, and C-C bending in ring 3. The appearance of peak at 1012 cm-1 is 

attributed to C-N stretching in ring 2, C-C stretching in ring 2 and 3, N=C-N bending in 

ring 2 and 3, and C-H bending in ring 1. The peak present at 1578 cm-1 is the contribution 

of multiple vibrations including C-C stretching in ring 2, C=N stretching in ring 2, C=C 
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stretching in ring 3, C-C stretching in ring 3, C-H bending in ring 2, and C-N-H bending 

in ring 2. 

 

Figure 4.11A displays the SERS spectra of different concentrations of TBZ solutions (0, 

0.05, 0.5, 5, 10, 25, and 50 ppm). The major peaks in the SERS spectra of TBZ in solution 

are located at 785, 1012, 1276, and 1596 cm-1, which are similar to the positions of those 

primary peaks in the Raman spectrum of TBZ powder. The increasing trend of peak 

intensities as the TBZ concentration increases can be noticed from the spectra. Derivative 

transformations are commonly applied to eliminate baseline shift and improve 

discrimination. The second derivative SERS spectra of TBZ in solution shows the 

intensities are concentration-dependent (Figure 4.11B). 

 

Figure 4.12A shows the PLS model based on the spectral data acquired from different 

concentrations of TBZ. The model can be used for prediction of TBZ concentration in the 

solution. The R value and RMSEP are 0.9754 and 3.921, respectively. A good linear 

relationship between actual concentrations and predicted concentrations can be concluded 

by the R value, which is close to 1. The loading plot indicates that peaks at around 785, 

1012, and 1596 cm-1 are the major contributions to the PLS model (Figure 4.12B). The 

RPD is greater than 3, conveying that the PLS model is good (Table 3). The recovery% is 

89.4% and the limit of detection is 0.05 ppm. These results suggest that gold nanostar 

substrate is promising in quantification of TBZ. 
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Table 3. The PLS results and LOD for TBZ in solution.  

Sample RPD  Recovery (%) LOD (ppm) 

TBZ standard solution 4.427 89.4% 0.05 
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Figure 4.11. SERS spectra of different concentrations of TBZ solutions (A); second derivative SERS spectra 

of TBZ solutions (B). 

A 
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Figure 4.12. Prediction of TBZ concentration in solution using the PLS model (A); the loading plot of PLS 

model (B).     

B 

A 
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4.4 Determination of TBZ in apple juice 

Apples are considered “Dirty” fruits due to their high potential of contamination with 

pesticide residues and have been classified as high-pesticide residue food based on 

pesticide residue burden score (PRBS), which is derived from data collected by United 

States Department of Agriculture (USDA) (Wesselink et al., 2020; Winter & Katz, 2011). 

Pesticides can be defined as systematic or non-systematic. Systematic pesticides like TBZ 

can permeate plant tissues and be found in the pulp and juice (Albero et al., 2005). 

Therefore, apple juice was chosen as the food matrix for this study to simulate trace TBZ 

detection in a real food sample.  

 

SERS spectra of various concentrations of TBZ in apple juice are exhibited in Figure 4.13A. 

The characteristic peaks of TBZ can be identified at 783, 1008, 1266, and 1594 cm-1, which 

are consistent with dominant peaks of TBZ present in SERS spectra of TBZ powder. The 

intensities decline as the TBZ concentrations decrease. The second derivative spectra of 

TBZ in apple juice also demonstrate a similar pattern as the TBZ levels reduced (Figure 

4.13B).  

 

One of the great challenges of SERS application for trace analyses in food samples is the 

complexity of food components such as carbohydrates, proteins, phytochemicals, etc. 

These components can hinder the detection in several ways. Some substances within foods 

are Raman active and can make analyte identification difficult (Qu et al., 2020). Large 

molecules such as proteins and some carbohydrates can reduce the number of hot spots by 
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causing spatial segregation among nano-entities of SERS substrates. The comparatively 

immense structures of large molecules can also wrap around nanostructure of SERS 

substrates and analytes, hence obstructing substrate-analyte interactions (Stosch et al., 

2005). In addition, apple juices contain sugars such as sucrose, glucose, and fructose, which 

can significantly lower Raman intensities of analyte molecules (Luo et al., 2018). Since 

SERS effects are also influenced by the surroundings, acids and overall food matrix can 

make the environment unfavorable for Raman enhancements (Dou et al., 1999). 

Nevertheless, the characteristic peaks of TBZ are still discernible at 5 ppm level of TBZ in 

apple juice. 

 

PLS analysis for quantification of TBZ in apple juice is shown in Figure 4.14A. The R 

value and RMSEP are 0.9657 and 4.798, respectively. The loading plot of PLS model 

shows that the peaks at 783, 1008, 1594 cm-1 are important for the modeling (Figure 4.14B). 

The RPD value implies the PLS model is satisfactory (Table 5). The recovery is 92.3%, 

and the limit of detection is less than MRL (12 ppm) for apple pomace set by the United 

State environmental protection agency (EPA). 

 

Table 4. The PLS results and LOD for TBZ in apple juice. 

 

  

Sample RPD  Recovery (%) LOD (ppm) 

TBZ in apple juice 3.801 92.3% 5 



 
 

36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 SERS spectra of different concentrations of TBZ in apple juice (A); second derivative SERS 

spectra of TBZ in apple juice (B). 

A 
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Figure 4.14. Prediction of TBZ concentration in apple juice using the PLS model (A) and the corresponding 

loading plot of PLS model (B).   

B 
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4.5 Determination of paraquat in solution 

 

 

 

 

 

 

Figure 4.15. Chemical structure of paraquat (Insuwan & Rangsriwatananon, 2017). 

 

 

Table 5. Raman peak assignments for paraquat (Tsen et al., 2019). 

Pesticide Peak (cm-1) Assignments 

Paraquat 839 υ(C-N)  

 1198 δ(C=C)  

 1298 C-C structural distortion 

 1653 υ(C=N) 

Note: υ = stretching, δ = bending. 
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Figure 4.16. A Raman spectrum of paraquat powder. 

 

Paraquat (1,1’ dimethyl-4,4’-bipyridynium dichloride) refers to a kind of quats, which are 

quaternary ammonium compounds. They are permanently positively charged regardless of 

the pH value in the solution and usually contain anions in their chemical formula 

(Shackman et al., 2015). As presented in Figure 4.15, paraquat consists of C-N, C=N, C-

C, C=C, and C-H bonds. The representative Raman spectrum of paraquat powder clearly 

demonstrates the characteristic peaks of paraquat (Figure 4.16). These peaks are located at 

839, 1198, 1298, and 1653 cm-1 and ascribed to C-N stretching, C=N bending, C-C 

structural distortion, and C=N stretching, respectively (Table 5). 
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Figure 4.17A shows the SERS spectra of different concentrations of paraquat in the 

aqueous solutions. The principal SERS peaks for paraquat appear at 836, 1184, 1290, 1637 

cm-1, and the strongest peak positions at 1637 cm-1. These results are in accordance with 

other study (Botta et al., 2020). In addition, higher concentrations of paraquat result in 

higher Raman signals and the second derivative spectra also reveal the tendency of 

increased intensities as the paraquat concentrations increase. The PLS model built upon the 

SERS spectra of paraquat standard solutions has the RMSEP equivalent to 1.693 (Figure 

4. 18A). The strong linearity between actual and predicted values is evidenced by a high R 

value of 0.9953. The loading plot conveys that the pronounced peaks of paraquat are the 

most influential factors for the modeling (Figure 4.18B). The RPD value is greater than 10, 

meaning the PLS model is robust (Table 6). The recovery is 99.6% and limit of detection 

is 0.02 ppm. These results signify that the gold nanostars is a promising SERS substrate 

for quantification of paraquat. 

 

Table 6. The PLS results and LOD for paraquat in solution. 

  

Sample RPD  Recovery (%) LOD (ppm) 

Paraquat standard solution 10.27 99.6% 0.02 
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Figure 4.17. SERS spectra of different concentrations of paraquat solutions (A); second derivative SERS 

spectra of paraquat solutions (B). 

A 
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Figure 4.18. Prediction of paraquat concentration in solution using the PLS model (A) and the corresponding 

loading plot of PLS model (B).     

A 
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4.6 Determination of paraquat in green tea 

Tea is one of the most popular beverages and an important global agricultural commodity. 

Black tea, green tea, and oolong tea are three widely consumed tea. The oxidation degree 

is the determining factor for distinguishing these three types of teas. Black tea is fully 

oxidized while green tea is little oxidized, and oolong tea is in the middle of black and 

green tea. Due to the least degree of processing, green tea retains more polyphenols than 

the other two. It also contains tannin, caffeine, volatile oils, and some B vitamins (Hicks, 

2009).  

 

Pesticides are crucial for raising agricultural products including tea. The 2018 European 

Union report conducted by European Food Safety Authority (EFSA) states that more than 

15% of the sampled teas contain pesticide residues above the corresponding MRLs (EFSA, 

2020). Paraquat, a nonselective pesticide, can be applied to tea cultivation for weed control. 

The MRL of paraquat for tea is 0.2 ppm according to CODEX, which is an international 

guideline and a foundation for many countries’ regulations. In this study, green tea was 

intentionally added with different amounts of paraquat and gold nanostars were used as a 

SERS substrate to evaluate the SERS performance of gold nanostars in the real food 

samples. 

 

Figure 4.19 present SERS spectra and the second derivative transformations of different 

concentrations of paraquat in the green tea. The characteristic peaks of paraquat can be 

clearly seen at 834, 1184, 1292, and 1640 cm-1, which are only slightly shifted compared 
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to the peaks of SERS spectra of paraquat powder. Other compounds within the green tea 

such as polyphenols and caffeine do not significantly interfere the identification of paraquat, 

and the primary peaks of paraquat are still discernable at 0.2 ppm level of paraquat. 

Moreover, the positive relationship between the paraquat concentrations and Raman 

intensities can be noted from the spectra. The PLS model and loading plot are illustrated 

in Figure 4.20. The R and RMSEP values are 0.99 and 2.524, respectively. The high R 

value denotes a strong linear correlation between the actual and predicted concentrations. 

The loading plot is similar to the loading plot of paraquat standard solution and indicates 

the characteristic peaks of paraquat are the main contributors to the modeling. The RPD 

suggest the adequacy of the PLS model (Table 7). The recovery is 100.1% and the limit of 

detection of paraquat in green tea is 0.2 ppm, equivalent to the CODEX standard. 

 

Table 7. The PLS results and LOD for paraquat in green tea.  

Sample RPD  Recovery (%) LOD (ppm) 

Paraquat in green tea 7.098 100.1% 0.2 
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Figure 4.19. SERS spectra of different concentrations of paraquat in green tea (A); second derivative SERS 

spectra of paraquat in green tea (B). 
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Figure 4.20. Prediction of paraquat concentration in green tea using the PLS model (A) and the corresponding 

loading plot of PLS model (B).   
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CHAPTER 5 

CONCLUSIONS AND FUTURE STUDIES 

 

SERS is a rising and alternative detection technique. In this study, SERS performance of a 

novel SERS substrate, gold nanostars, was evaluated by detecting two different pesticides 

in the real food samples. Zetasizer and the electron microscopes were used for 

characterization of the substrate. The detection limits are 5 ppm for TBZ in apple juice and 

0.2 ppm for paraquat in green tea. The satisfactory results conclude that this SERS method 

is rapid and effective and has great potential to be applied for qualification and 

quantification of food contaminants. Nevertheless, there is still some room to optimize 

SERS performance. Future studies can focus on developing approaches to orderly arrange 

the gold nanostars and improving sample preparation to reach even lower detection limits. 
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