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ABSTRACT 

 

This thesis uses Surface Plasmon Resonance (SPR) and Surface-Enhanced Raman 

Spectroscopy (SERS) to optimize trace insecticide detection mechanisms. Traditional 

methods for trace insecticide detection include Gas Chromatography (GC)/Mass 

Spectrometry (MS) and Enzyme Linked Immunosorbent Assay (ELISA) methods. 

Although standard, these methods require large sample volumes and extensive sample 

preparation. A diagnostic method overcoming these issues is SERS. SERS increases the 

Raman signal of an analyte by chemisorption of the molecule to the surface of a noble 

metal or excitation of surface plasmon resonance at the metal surface. To optimize SERS 

enhancement factors we have used aptamers to increase a molecule’s SERS signal by 

bringing the molecule in closer proximity to the metal surface. In this thesis, the 

efficiency of two malathion-specific aptamers is quantified using surface plasmon 

resonance techniques.  Additionally, a novel Surface-Enhanced Raman Diagnostic 

Membrane is utilized for  insecticide residue analysis. 
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Chapter 1: Introduction 
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SPECTROSCOPY TECHNIQUES 

Spectroscopic Techniques 

Spectroscopy is an analytical technique that quantifies the interaction of energy with matter. 

Spectroscopic techniques can range from Vibrational Spectroscopy, such as Raman 

Spectroscopy and Surface-Enhanced Raman Spectroscopy (SERS), UV-Vis Spectroscopy, Mass 

Spectroscopy, Surface Plasmon Resonance spectroscopy (SPR), and Nuclear Magnetic 

Resonance spectroscopy (NMR)
2-6

. These spectroscopic techniques are used to quantify matter 

or examine a physical process in relation to matter. This thesis will focus on the techniques of 

Raman Spectroscopy, Surface- Enhanced Raman Spectroscopy, and Surface Plasmon 

Resonance. 

 

Raman and Surface Enhanced Raman Spectroscopy 

Raman spectroscopy is a vibrational spectroscopy technique that analyzes the inelastic scattering 

of incident photons defined as the energy required to excite a reemitted photon to a different 

vibrational or rotational state
7
. The scattering corresponds to a characteristic band that parallels a 

specific molecular structure. The characteristic bands result in a fingerprint specific to the 

analyte of interest
8
. Raman spectroscopy has been praised for its specificity, easy sample 

preparation, and ability to be used with dry or liquid samples. 

 

The Raman phenomenon was first observed in the late 1920s as C.V. Raman investigated the 

inelastic molecular scattering of light in a liquid phase along with Krishnan
2, 8-10

. Their 

investigations were preceded by Smekal’s prediction of inelastic light scattering in the early 

1920s
9
. Inelastic light scattering was also observed in crystals in the late 1920s by Landsberg and 
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Mandelstam
11

. Despite these discoveries, however, the Raman effect was still limited due to the 

inherent weakness of inelastic scattering. This limitation was improved with the development of 

the laser in the 1960s
2
.   

 

Since the 1960s, Raman spectroscopy has advanced even further with the development of 

SERS
7
. SERS techniques date back to the 1970s with the analysis of pyridine using Ag 

electrodes by Fleischmann et al 
12-15

. Jeanmaire and Van Duyne concluded that the Raman 

amplification of pyridine near the surface of the Ag electrodes was due to its proximity to the 

noble metal surface
12, 14

. This amplification in Raman signal was attributed to two mechanisms: 

an electromagnetic enhancement (EM) and chemical enhancement
12, 14

. The EM enhancement is 

responsible for a greater proportion of the total signal amplification, ranging from 10
6
 to 10

11
. 

The EM effect results from the enhancement of surface plasmon resonance at the metal surface
2
. 

A plasmon is the total excitation experienced by electron gas at the surface of the metal. These 

surface plasmons can be localized at the metal surface or propagate along the surface of the 

metal
16

. 
 
The EM enhancement depends on the structure of the substrate, the surface chemistry of 

the substrate, and the distance of the molecule from the substrate surface
17

. Molecules further 

from the surface of the substrate have less of a signal enhancement
17

. Ideal distance between the 

molecule and the substrate surface should be in the nanometer range. The chemical enhancement 

is observed when the analyte’s electrons interact with the electrons from the noble metal 

resulting in a charge transfer
2, 16, 17

. The degree of charge transfer varies between molecules
18

. 

The chemical enhancement contributes approximately 10
2 

of the total SERS signal enhancement 

and is not dependent upon the EM 
2, 16, 17

.   
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Types of SERS particles 

The production of reproducible, inexpensive substrates is an aspect of SERS that has gained 

much attention. The ability to observe large, consistent enhancement factors is vital to the 

success of the technique
2
. The magnitude of the enhancement factor is often influenced by the 

presence of hotspots, which are defined as the space between closely assembled nanoparticles 

that result in amplified signal enhancements
19

. Thus, in aims of optimizing the presence of SERS 

hotspots, many researchers point towards the use of Au or Ag nanoparticles arranged on a 

supporting substrate
2, 18

. Freeman et al for example assembled Au and Ag nanoparticles onto 

polymer coated substrates to increase the presence of SERS hotspots
18, 20

. Freeman et al took 

advantage of the interaction of thiol, amine, and cyanide functional groups with the Au and Ag 

surfaces to form monolayers. The monolayers resulted in reproducible enhancements on the 

nanometer scale with low variability between substrates
18, 20

. The low variability between 

substrates was illustrated as Freeman et al exhibited less than a 10% deviation between eight 

SiO2 substrates functionalized with Ag nanoparticles
18

. Maxwell et al also fabricated AgNP 

monolayers in the form of a film to optimize the presence of SERS hotspots
18, 21

. The film was a 

polycarbonate membrane that supported the AgNPs with diameters of 100 nm and above
18

. The 

films were concluded to be efficiently reproducible tools for SERS detection of biological 

molecules
21

.      

 

As researchers began to optimize the reproducibility of SERS substrates, the tuneability of 

substrates became another important factor. Many researchers began to observe the effects of 

slight changes in nanoparticle dimensions on SERS signals. One method to analyze these effects 

is to fabricate substrates in the forms of nanospheres, nanogaps, and nanoshells and vary the 
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diameter of the nanoparticle
22-25

. Chen and Liu for example fabricated AgNP nanospheres with a 

silver/carbon core for the detection of melamine. The nanospheres were able to detect melamine 

with a detection limit of 5.0 x 10
-8

M. An inverse relationship was concluded to exist between the 

SERS signal and the concentration of the Ag ions. The concentration of the Ag ions was 

inversely related to their diameters
26

.  

 

Lee et al also analyzed this phenomenon by fabricating nano-dumbbells consisting of a Au core, 

Ag shell, and nanogaps ranging from 4.8nm to <1nm
27

. Lee et al compared the effects of particle 

size and inter-particle distance on SERS intensity and enhancement factors. The particles varied 

from a 23-30nm pair to a 50-60nm pair. The nano-dumbbells with nanogaps <1nm resulted in 

enhancement factors with the least variation. Particles >50nm were found to have stronger SERS 

signals
27

. In addition, Zhang et al illustrated the importance of tunable substrates through their 

fabrication of Pd shells polymerized onto Au nanorod cores
28

. The Pd/Au complexes exhibited 

strong longitudinal surface plasmon resonance that was dependent on the thickness of the Pd 

shell. The SERS signals could be attributed to the Au nanorod core when the Pd shell had a 

thickness <2.5nm. Further, the SERS signal could be improved by tuning the aspect ratio of the 

Au core to the Pd shell
28

.         

 

With the advancement of tunable substrates, researchers can also enhance a molecule’s Raman 

signal further by taking advantage of self-assembled monolayers (SAM)
29-33

. SAMs assist in 

bringing molecules closer to the substrate’s surface and thus increase the molecule’s signal 

further
19

. Being able to modify the surface of these noble metals with various entities such as 
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analyte-specific oligonucleotides has resulted in the ability of SERS to detect single molecules 

within a complex matrix
34

. 

 

Such an increase in SERS signal from a SAM was illustrated by Mosier-Boss
35

. Mosier-Boss 

immobilized AgNPs and AuNPs onto magnetic microparticles with active amine groups. The 

AgNPs and AuNPs were then reacted with thiols to form a SAM. The SAM was concluded to 

increase the SERS signal of naphthalene with constant laser exposure. This increase in SERS 

signal was attributed to the EM enhancement effect afforded by the SAM
35

. DeVault and 

Sepaniak showed similar results with their SAM formed by deposition of AgNPs, with diameters 

of 100nm, onto frosted glass slides
36

. After SERS spectra of benzyloxyresorufin, resorufln, and 

riboflavin were obtained using the AgNP SAM, DeVault and Sepaniak concluded that the 

sensitivity of the SERS signal increased due to the SAM.   

   

SERS Applications 

In addition to the availability of reproducible and tunable substrates functionalized with SAMs, 

SERS is also desired for its ability to conduct real-time analysis of trace analytes, lack of 

expensive reagents, and ability to process water samples with minimal background noise
2
. SERS 

is applicable in several entities such as environmental monitoring, pharmaceutical detection, and 

homeland security
2, 37-39

. 

 

SERS has been used for the detection of trace environmental analytes such as fungicides for 

example. Carbendazim is a benzimidazole fungicide widely used to minimize a broad spectrum 

of plant diseases. The SERS detection of carbendazim in the 50 µM range was achieved using 
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cyclodextrin inclusion complexes on gold nanorods
39

. A detection limit of 50 µM for 

carbendazim using the receptor1-gold nanorod complex was observed and resulted in the 

conclusion that receptor 1 has a significant influence on the intensity of carbendazim SERS 

signal
39

. 

 

SERS has also been used to detect an important insecticide with environmental and food safety 

implications, malathion. Malathion is a widely used aliphatic organophosphate insecticide 

effective against a broad spectrum of pests. An aptasensor was created based on polymer-gold 

nanoparticles composite microspheres for detection of malathion using SERS
40

. The aptasensor 

was comprised of polymer microspheres, consisting of EGDMA, MAA, and AIBN, 

functionalized with gold nanoparticles and malathion-selective aptamers. As a variation, AuNPs 

were also allocated onto glass coverslips in a microwell dish and functionalized with aptamers 

targeted for malathion
40

.  

 

SERS spectra obtained from the glass-AuNPs-aptamer sensors incubated with various 

concentrations of malathion (thiol-C6-M17-F) revealed a positive correlation between the 

concentration of immobilized DNA and signal intensity. SERS spectra obtained from the 

polymer-AuNP-aptamer complexes incubated with a concentration of malathion illustrated 

several matching wave numbers characteristic for malathion.  Further, these wave numbers were 

not present in SERS spectra prior to aptamer functionalization of the polymer-AuNPs complex
40

. 

Thus, the creation of this polymer-AuNP-aptamer complex has the ability to detect malathion 

and enhance its raman signal.  
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In relation to pharmaceutical applications, Mecker et al used SERS to detect the presence of 

melamine in adulterated products
41

. Melamine is a nitrogen-rich base that has been involved in 

several food industry controversies because its addition to milk, infant formula, and pet food as a 

source of nitrogen results in a misleading analysis of the product’s protein content
42

. Melamine 

has been found to have adverse effects on human health including kidney disease and thus the 

ability to detect melamine in trace concentrations is important
42

. Mecker et al synthesized 

AuNPs covered with citrate and agglomerated with IPA to increase the SERS signal of melamine 

by 10
5
. Mecker et al achieved a detection limit of 100-200 mu g L

-1
. With conclusion of their 

efforts, Mecker et al created the first portable means of detecting melamine using AuNPs and 

SERS techniques
41

. In relation to homeland security applications, Ryu et al used SERS to detect 

an Anthrax biomarker in the form of a protective antigen
43

. AuNPs functionalized with a short 

16-amino acid peptide and a Raman reporter were used to detect the protective antigen down to 

6.1 fM. With conclusion of the investigation, the AuNP-peptide-reporter complex was deemed 

an efficient means to detect the biological hazard indicator
43

.   

 

Surface Plasmon Resonance (SPR) 

SPR is spectroscopic technique based on analysis of wave optics. SPR is advantageous because 

of its ability to analyze sensitive changes in refractive index and layer thickness
44

. Within the 

flow cell of a SPR system, a specific electron density occurs between the running buffer and the 

surface of the SPR chip. The electron density forms plasmons at the metal surface that results in 

a particle when joined with a photon of incident light. This particle runs along the surface of the 

metal until it is absorbed. The resulting change in refractive index is measured by the change in 

total incident light absorbed on the metal surface
45

. Thus, when a binding phenomenon occurs at 
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the surface of the chip, change in refractive index between the two surfaces is quantified in 

Refractive Index Units (RIU)
46

. The magnitude of the change in refractive index is influenced by 

the size of the analyte and the conformational change the ligand experiences upon analyte 

binding
45

. 

 

SPR immunoassays date back to the early 1980s as Liedberg analyzed the shift in refractive 

index observed as antihuman γ-globulin (a-IgG) formed a s monolayer on immobilized human γ-

globulin (IgG)
47

. The IgG antibody formed a monolayer 50 Å thick on a Ag film resulting in a 

sufficient material to detect a-IgG using SPR. The antibody-antigen relationship of the IgG and 

a-IgG was irreversible, however, and needed to be refreshed between analyses. Despite the 

irreversible nature of the system, the use of the IgG antibody was advantageous because of its 

reproducibility and ability to be fabricated in large quantities
47

. With conclusion of these early 

experiments, Liedberg forecasted the development or SPR techniques with reversible monolayer 

applications
47

. Such reversible applications were later exhibited as researchers immobilized 

ligands such as GST, pterin cofactors, and oligohistidine tagged proteins with the ability to be 

used in multiple analyses of their respective analytes
48-50

. Upon development of reversible 

applications, researchers then began to focus on decreasing the bulkiness of SPR instruments in 

the aim of using SPR techniques in field analyses
51-55

. In particular, Naimushin et al developed a 

portable SPR immunosensor ideal for field use consisting of a multi-channel design and 

temperature control
54

. Mauriz et al also used a portable SPR biosensor to monitor the insecticide 

chlorpyrifos in ground, river, and drinking water samples down to 45 ngL
-1

 
52

.     
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SPR Surface chemistry 

SPR is unique in its ability to use sensor chips tailored to the analyte of interest by altering the 

surface chemistry of the SAM. For instance, SPR sensor chips can be functionalized with SAMs 

composed of planar polyethylene glycol/ carboxyl, linear polycarboxylate hydrogel, or 

carboxymethyl dextran
1
. A common surface manipulation scheme for these chips includes an 

EDC/ NHS protocol in which the EDC/NHS solution is used to activate the SAM. Ethanolamine 

is used to block any unoccupied space on the chip. The analyte sample is then injected and 

captured by the SAM
1
. Plain gold sensor chips can also be purchased and functionalized to tailor 

the analyte of interest. 

 

EDC/NHS sensor chip chemistry has been used in the detection of Legionella pnemophila 

developed by Lin et al
56

. Lin et al immobilized anti-L. pnemophila (LPS) antibodies onto a SAM 

of MUA (11-mercaptoundecanoic acid) on a Au sensor chip. The SAM was activated by 

standard EDC/NHS protocol before the L. pnemophila antigen was injected. The system was 

able to detect the antigen as low as 10(1) CFU/ml
56

. Similar EDC/NHS manipulation was 

illustrated by Yu-Cheng et al
57

. Yu-Cheng et al used a SAM of MUA activated by EDC/NHS to 

detect BSA. Further, the sensitivity of the system was increased by modifying the sensor chip 

with cold plasma techniques
57

. Yu-Cheng et al was able to achieve a detection limit of 5ngL
-1

 

BSA
57

. EDC/NHS protocol was also utilized by Xiao et al to detect phage T4
58

. Escherichia coli 

was immobilized onto a SAM of methiopropamine (MPA) activated by EDC/NHS. This system 

exhibited specific absorption of the phage T4 with a proportional response to various phage T4 

concentrations
58

.  
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SPR Applications 

In addition to the ability to customize the surface of its sensor chips, SPR analysis is also praised 

for its sensitivity, label free system, minimal time requirement, small sample volume, and ability 

to regenerate the sensor surface
45, 59, 60

. SPR techniques have been used in various applications 

including medical analyses and food safety analyses
44, 61-64

.  

 

In relation to medical analyses, using SPR techniques to detect thrombin is a major area of 

research
44, 61, 62, 65, 66

. Mani et al for example used SPR techniques to detect thrombin in buffer 

and serum samples
61

. A bi-cell SPR spectrometer was used to immobilize a thrombin aptamer in 

preparation for thrombin analysis
61

. A detection limit of 25nM was achieved when the thrombin 

was in a Tris buffer solution. A detection limit of 50nM was achieved when the thrombin was in 

a serum solution
61

. Zheng et al also used SPR techniques to detect thrombin
44

. Zheng et al 

functionalized a gold sensor chip in a two step process in which MPA immobilization was 

followed by aptamer immobilization. Zheng et al examined a thrombin aptamer and an anti-

thrombin aptamer. The thrombin aptamer successfully bound thrombin and resulted in a 

detection range of 5-1000nM. Further, when BSA was included in the thrombin solution, there 

was no significant change in SPR response illustrating efficient selectivity of the thrombin 

aptamer. The anti-thrombin aptamer did not result in thrombin binding
44

. Thus both, Mani et al 

and Zheng et al illustrate successful SPR systems for the detection of thrombin.  

 

SPR techniques are also used in various food safety applications. Tran et al for instance used 

SPR analysis to detect a common food allergen, peanuts
63

. Arah1 protein was analyzed as an 
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indicator of peanut presence in a sample. Tran et al used aptamers selective for Arah1 and 

observed proportional SPR response to varying concentrations of Arah1 in both TGK buffer and 

candy bar samples. The aptamers were concluded to have a dissociation constant of 353 nM and 

the SPR system was deemed selective and sufficient for peanut allergen detection
63

. Another 

important aspect of food safety monitoring is the ability to detect food borne pathogens. Wang et 

al used SPR techniques to monitor Escherichia coli O157:H7 in food matrices of cucumbers and 

ground beef
64

. Five lectins were used as the bioreceptors to bind to E. coli O157:H7 within the 

SPR system. The limit of detection was observed at 3 x 10
3
 cfu mL

-1
 as a result of the T. vulgaris 

lectin. Also, proportional responses were observed between E. coli O157:H7 concentrations and 

SPR responses. Thus, the SPR system was concluded to be an efficient and selective means to 

detect E.coli O157:H7 within complex food matrices
64

.      

 

PESTICIDES 

Classes 

Pesticides are used in numerous agricultural applications to mediate and prevent adverse effects 

from ecological pressures. The major categories of pesticides include insecticides, miticides, 

herbicides, fungicides, bactericides, and virucides. Each type of pesticide targets a unique 

ecological pressure. For example, insecticides and miticides target insects and mites respectively, 

fungicides target fungal spores or fungi, and herbicides target invasive plant species. Each type 

of pesticide can be further classified based on its mode of action, use, or activity. Insecticides, in 

particular, include organophosphates, carbamates, pyrethroids, neonicotinoids, and ryanoids. 

This paper will focus on organophosphate and neonicotinoid insecticides. 

 



13 

 

 

Organophosphates 

Organophosphates (OP) are a class of insecticides that inhibit the hydrolysis of acetylcholine 

(ACh) by interfering with acetylcholinesterase (AChE)
67

. Prior to OP exposure, AChE degrades 

ACh into choline and acetic acid
68

. This degradation is a regulatory response to maintain proper 

ACh activity. ACh aids in the transmission of nerve impulses to effector cells and thus aids in the 

stimulation of nerve fibers or muscles
68

. Upon OP insecticide exposure, however, AChE is 

phosphorylated at its serine hydroxyl moiety and can no longer hydrolyze ACh. ACh in return 

continues to transmit nerve impulses and ultimately results in overstimulation and insect 

paralyzation
68

. 

 

 OP insecticides account for 50% of insecticide sales worldwide
69

. The origin of OP insecticides 

dates back to the 20
th

 century with its synthesis by Gerhard Schrader
70, 71

. Applications of OP 

insecticides include controlling illnesses such as yellow fever and malaria along with the control 

of agricultural pests
72

. Despite its acute toxicity to humans, OP insecticides have been correlated 

with various adverse health conditions including metabolic diseases, respiratory diseases, and 

neurological disorders such as diabetes, respiratory blockage, and Alzheimer’s Disease 

respectively
73-76

. Thus, optimizing organophosphate insecticide detection mechanisms is vital to 

minimize the onset of these health conditions. 

 

To directly monitor exposure to OP insecticides for instance, Okamura et al used GC-MS to 

detect urinary 3-methyl-4-nitrophenol (MNP), a biomarker for OP exposure, and p-nitrophenol 

(PNP), a metabolite of parathion
77

. The metabolites were monitored in occupational sprayers and 



14 

 

general workers over a summer and winter. The detection limit for MNP was observed to be 0.3 

mu g/L and the detection limit for PNP was observed to be 0.5 mu g/L. The conclusion of the 

study found MNP concentrations to be much higher in the occupational sprayers in comparison 

to the general workers with a higher concentration observed in the summer. No significant 

difference in PNP concentration were observed between the two groups however. Okamura et al 

concluded the use of GC-MS as a sufficient and sensitive means to monitor OP biomarkers in 

humans
77

. 

 

Another means of detecting OP insecticides is to analyze possible residues on food commodities. 

Fuentes-Matus et al used liquid GC with a thermionic specific detector to detect malathion 

residues in mangos
78

. Malathion was applied to two varieties of mangos, Ataulfo and Atkins, at 

days 1, 30, and 60. Fuentes-Matus et al observed malathion in 75% of the Ataulfo samples and 

95.6% of the Atkins samples
78

. OP residues have also been analyzed on other food commodities 

such as grapes and apples by Sinha et al
79

. Sinha et al used LC-MS/MS to test for 18 OP 

insecticides on red grapes, green grapes, and apples. The detection limit was observed at 0.002 

ppm with recoveries of 97%. Imidacloprid, fenitrothion, and quinalphosin were observed on the 

red and green grapes while imidacloprid, quinalphos, triazophos, ethion, and acephate were 

observed on the apples
79

.  

 

Neonicotinoids 

Neonicotinoids are a synthetic class of insecticides that target piercing-sucking pests such as 

aphids, whiteflies, and leafhoppers
80

. Neonicotinoids account for 11-15% of insecticide sales 

worldwide
80

. Its origin began in the 1970s with the discovery of 2-(dibromonitromethyl)-3-
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methylpyridine by the Shell Development Company
81, 82

. Neonicotinoids are effective 

systemically in crops, meaning the insecticide travels throughout the entire crop upon 

application. Neonicotinoids act as ACh mimics which results in hyper-excitation and eventual 

insect paralyzation
83

. Neonicotinoids are advantageous because they are more selective towards 

the insect form of ACh over the mammalian form of ACh
83

. Hence, although neonicotinoids are 

known for their high level of toxicity towards piercing and sucking insects; neonicotinoids are 

less potent towards mammals. However, despite its lower toxicity level in humans, neonicotinoid 

detection is still an important area of research gaining much attention.  

 

Xu et al for example recently developed a rapid immunoassay to detect imidacloprid and 

thiamethoxam from cucumber, tomato, lettuce, orange, and apple
84

. The immunoassay used nano 

gold-labeled monoclonal antibodies with conjugates of imidacloprid-BSA and Thiamethoxam-

BSA as the test lines and goat anti-mouse IgG as the control line. The system was able to achieve 

a detection limit of 0.5 ng/mL for imidacloprid and 2 ng/mL for thiamethoxam
84

. Watanabe et al 

also analyzed food matrices for the presence of neonicotinoids
85

. Watanabe et al optimized 

ELISA methods to detect dinotefuran in carrot, green pepper, cabbage, spinach, Japanese 

mustard spinach, and leek. Approximately 100% recovery was achieved with all of the samples 

except for komatsuna. A detection limit of 0.06 to 0.12 mg/kg was achieved
85

. In addition, 

Seccia et al optimized HPLC with diode-array detection (DAD) techniques to detect acetamiprid, 

imidacloprid, thiacloprid, and thiamethoxam in bovine whole milk samples
86

. Seccia et al 

achieved recovery rates from 85.1 to 99.7%
86

. 
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Chapter 2: Using Surface Plasmon Resonance to Quantify and Compare the Efficiency of 

Malathion-Selective Aptamers 
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ABSTRACT 

This study utilizes Surface Plasmon Resonance techniques to compare the efficiency of two 

malathion-selective aptamers denoted as aptamers 6 and 7. Each aptamer was analyzed as a 

component of a mixed SAM consisting of EG3 or MCH on a gold sensor chip. The efficiencies 

of each functionalized gold sensor chip containing aptamers 6 and 7 were compared by analyzing 

their responses to malathion solutions with concentrations of 250 µM, 100 µM, and 50 µM. The 

gold sensor chip functionalized off-line with aptamer 7 resulted in responses of 121.4 µRIU, 75.1 

µRIU, and 59.3 µRIU to malathion solutions of 250 µM, 100 µM, and 50 µM respectively. The 

gold sensor chip functionalized off-line with aptamer 6 resulted in responses of 81.0 µRIU, 47.7 

µRIU, and 40.5 µRIU to malathion solutions of 250 µM, 100 µM, and 50 µM respectively. Thus, 

aptamer 7 was responsible for a greater SPR response at each malathion concentration. Once the 

more efficient aptamer was concluded to be aptamer 7, the immobilization of aptamer 7 onto the 

plain gold sensor chip was quantified to be 20 µRIU. Further, the efficiency of aptamer 7 was 

also illustrated as malathion solutions of 200 µM, 400 µM, 600 µM, and 800 µM were injected 

onto a gold sensor chip functionalized on-line with a mixed SAM of aptamer 7 and MCH 

resulting in SPR responses of 39.1 µRIU, 76.3 µRIU, 130.8 µRIU, and 151.2 µRIU respectively.  
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INTRODUCTION 

Being able to detect trace concentrations of insecticides is essential when analyzing food 

commodities for insecticide residue level compliancy with tolerances set by the EPA. Current 

methods for insecticide analysis include fluorescence spectroscopy, high performance liquid 

chromatography (HPLC), thin-layer chromatography (TLC), gas chromatography/ mass 

spectrometry (GC/MS), enzyme-linked immunosorbent assay (ELISA), and liquid 

chromatography/ mass spectrometry (LC/MS)
3, 34, 39, 45, 87-95

. Although these methods have been 

effective at trace analyte analysis with sufficient selectivity and sensitivity, these methods are 

time consuming, require extensive sample preparation, large sample volumes, expensive 

equipment, and lack real-time analysis
3, 34, 87, 90

. A concern with the ELISA method in particular 

is its inconsistency between batches and time required to produce antibodies
3
.  Thus, researchers 

have begun to find alternative methods of trace analyte analysis such as Surface-Enhanced 

Raman Spectroscopy (SERS) to overcome these issues.  

 

SERS is an emerging spectroscopic technique that can conduct trace analyte detection in real-

time
3
. SERS increases the Raman signal of a molecule due to the amplification of surface 

plasmon resonance at the metal surface and chemisorption of the molecule’s electrons at the 

metal surface
2, 16

. The enhancement factor due to SERS has been observed to range from 10
6
 to 

10
15

. However, the intensity of this enhancement factor is dependent on the proximity of the 

analyte to the metal surface. Thus, many applications use aptamers as a means to capture and 

bring the analyte closer to the metal’s surface for optimal SERS enhancement
17

. 
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Aptamers are short sequences of DNA or RNA that are tailored to select specific molecules. 

Their selectivity arises from the SELEX (systematic evolution of ligands by exponential 

amplification) method in which a DNA library is put through a series of selection and 

amplification steps until aptamers of interest are isolated
81,82

. Because the SELEX process results 

in more than one efficient aptamer, however, further analysis can aid in selecting the best 

aptamer of interest. Surface plasmon resonance (SPR) is an analytical technique that can aid in 

the selection of the optimal aptamer.  

 

SPR is an optical technique that measures the change in refractive index at the surface of a metal 

upon analyte binding
16

. The SPR phenomenon is attributed to analysis of the incident angle 

reflected from its prism. SPR is ideal for quantification of an aptamer’s binding efficiency due to 

its sensitivity, small sample volume, and ability to conduct real-time analysis 
16,18

. The aim of 

this study is to use SPR as an analytical tool to quantify the binding efficiency of two malathion-

specific aptamers in an effort to aid in choosing the optimal aptamer for other applications. 

Further, SPR will be used to quantify the immobilization of the more efficient malathion-

selective aptamer to the surface of a gold sensor chip. To assist in optimal stability of aptamer 

binding, a mixed SAM consisting of malathion-selective aptamer and triethylene glycol 

monoamine (EG3) or 6-mercapto-1-hexanol (MCH) is used. These co-adsorbents minimize non-

specific nitrogenous binding of the aptamers to the gold sensor chip surface. 
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EXPERIMENTAL 

Materials 

Reagents were used as received. 1-ethyl-3-(3-dimethylamino propyl) carbodiimide, 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were received from Thermo Scientific 

(Waltham, MA). BSA and anti-BSA IgG were obtained from Sigma Aldrich (St. Louis, MO). A 

mixed SAM of 10% COOH-(PEG)6-Alkanethiol/ 90% OH-(PEG)3-Alkanthiol gold sensor chips 

were obtained from Reichert Technologies (Depew, NY). 6-mercapto-1-hexanol (MCH) was 

obtained from Sigma Aldrich (St. Louis, MO). Malathion 98% purity was obtained from Chem 

Service (West Chester, PA). Plain gold sensor chips were obtained from Reichert Technologies 

(Depew, NY). Type A immersion oil was obtained from Cargile (Cedar Grove, NJ). Triethylene 

glycol monoamine (EG3) was obtained from Molbio Ultra (Boulder, CO). Aptamers were 

received from Integrated DNA Technologies, Inc. (Coralville, IA).   

 

Buffers and Solutions 

Phosphate buffered saline (PBS) was prepared with 0.05% Tween 20 to create PBST. The 0.2 M 

EDC/ 0.05 M NHS solution was prepared fresh in deionized water. 20 µg/mL BSA was prepared 

in 10 mM sodium acetate (pH 5.2). 1 M ethanolamine (pH 8.5) was prepared in deionized water. 

The anti-BSA IgG solutions of varying concentrations were prepared in PBST. 0.1 M PBS (pH 

7.2) was prepared in deionized water. 1 M potassium phosphate buffer (PPB; pH 8) was prepared 

in deionized water. 100mM phosphoric acid (PPA) was prepared in deionized water. Malathion 

solutions were prepared in 0.1 M PBS. 
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Aptamer Development 

The DNA aptamers utilized in this paper were designed by Bruno et al
96

. The aptamers were 

produced through the SELEX method. In this SELEX method, a DNA library of 

oligonucleotides is put through a series of selection and enrichment steps to isolate malathion-

selective aptamers
96

. To isolate the malathion-selective aptamers, a PharmaLink affinity column 

was used to pass the DNA library through. The target aptamers were to bind to the immobilized 

malathion in the column. These specific aptamers were then eluted and put through a PCR 

enrichment step
96

. This process was repeated six more times until the aptamers of choice were 

isolated
40

.  

 

The aptamers isolated included two malathion-specific aptamers M25 Forward and M17 

Forward, denoted as aptamer 6 and 7 respectively. Aptamer 6 has a DNA sequences of 5’-

ThioMC6-ATCCGTCACACCTGCTCT-GGCCTTATGTAAAGCGTTGGG-

TGGTGTTGGCTCCCGTAT and aptamer 7 has a DNA sequence of 5’-ThioMC6-

ATCCGTCACACCTGCTCT-TATACACAATTGTTTTTCTCTTAACTTCTTGACTGC- 

TGGTGTTGGCTCCCGTAT.  

 

SPR Efficiency Test 

The SPR efficiency test was adopted from protocol by Reichert Technologies
1
. A gold sensor 

chip with a mixed SAM consisting of 10% COOH-(PEG)6-Alkanethiol/ 90% OH-(PEG)3-

Alkanthiol was mounted onto the SR7000DC SPR spectrometer. PBST flowed over the chip 

overnight at 50 µL/min. PBST was injected several times, using a 500 µL loop, to ensure 

baseline stability.  The flow rate was changed to 20 µL/min as the EDC/ NHS solution was 
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injected. EDC/ NHS activated the mixed SAM monolayer in preparation for BSA 

immobilization. 500 µL of the BSA solution was then injected onto the sample side of the flow 

cell for 10 mins. 

 

An aliquot of 1 M ethanolamine was injected onto both the sample and reference sides of the 

flow cell for 10 mins to deactivate any functional groups from the mixed SAM not occupied by 

immobilized BSA. This was followed by a PBST injection. Non-bound BSA was removed by 

injecting a 20 mM HCl solution for 3 mins at 20 µL/ min. This was followed by a PBST 

injection. The following anti-BSA IgG solutions were then injected in duplicates for 3.5 mins 

followed by a 5 min dissociation: 160 µg/mL, 80 µg/mL, 40 µg/mL, 20 µg/mL, 10 µg/mL and 5 

µg/mL. Between each anti-BSA IgG injection, 20 mM HCl was injected for 3 mins to regenerate 

the gold sensor chip surface.  

 

Gold Sensor Chip Functionalization 

The plain gold sensor chips were functionalized with the following two methods: 

functionalization of the sensor chip prior to SR7000DC mounting, denoted as off-line 

functionalization, and functionalization of the sensor chip within the parameters of the 

SR7000DC, denoted as on-line functionalization. Both methods were adopted from techniques in 

the literature
97

.     

 

Off-line functionalization of gold sensor chip 

Two plain gold sensor chips were cleaned by rinsing with DI water, followed by an ethanol rinse, 

and concluded with a DI water rinse. The chips were then dried with a stream of nitrogen. 
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Aptamers 6 and 7 were thawed, vortexed briefly, and quickly centrifuged. An aliquot of 1 µM of 

each aptamer was created in 1 M K2PO4 (pH 8). Each gold sensor chip was saturated with a 

separate aptamer solution and allowed to sit for 2 hrs at room temperature covered in a small 

Petri dish. The functionalized sensor chips were then carefully rinsed with DI water and dried 

under a stream of nitrogen. 

 

Each sensor chip was saturated with a solution of EG3 in which 3 µL of EG3 was combined with 

1.2 mL of ethanol. The saturated chips stood at room temperature for 2 hrs covered in a Petri 

dish. Figure 1 illustrates the surface chemistry of each gold sensor chip functionalized off-line 

with aptamers 6 and 7. The gold sensor chip with the mixed SAM containing aptamer 6 

functionalized off-line was analyzed first. The gold sensor chip functionalized off-line with 

aptamer 7 was stored at 4°C until needed. The gold sensor chip with aptamer 6 was mounted 

onto the SR7000DC using Immersion Oil Type A. The tubing was connected so that the running 

buffer, 0.1 M PBS (PH 7.2), ran through the sample side of the flow cell only. 0.1 M PBS ran at 

100 µL/ min for approximately 10 mins before data collection began. Once data collection 

began, the buffer was allowed to run over the sensor chip overnight at 25 µL/min. The flow rate 

was then changed to 50 µL/min.  
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Figure 1.  (a) Gold sensor chip with a mixed SAM of aptamer 6 and EG3 monoamine in a 

1:10 ratio respectively. (b) Gold sensor chip with a mixed SAM of aptamer 7 and EG3 

monoamine in a 1:10 ratio respectively. The thiol caps on both aptamers allow the 

aptamers to bind to the gold sensor chip surface. The 6-carbon (C6) spacers on the 

aptamers aid in maintaining proper aptamer orientation on the gold sensor chip surface. 

EG3 monoamine minimizes non-specific binding of the aptamers to the gold sensor chip 

surface. Both gold sensor chips were functionalized off-line. 

(a) 
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The sample loop was cleaned and the PPA regeneration solution was injected as previously 

described. Next, the following concentrations of malathion were injected at a flow rate of 50 

µL/min for 3.5 mins and dissociated for 5 mins: 250 µM, 100 µM, and 50 µM. Between each 

malathion injection, the surface of the sensor chip was regenerated. This protocol was then 

repeated with the sensor chip functionalized with aptamer 7 off-line.             

 

On-line functionalization of gold sensor chip 

A plain gold sensor chip was mounted onto the SR7000DC using Immersion Oil Type A. The 

0.1 M PBS running buffer was allowed to flow over the sensor chip for 10 mins before data 

collection began. The running buffer was then allowed to stabilize overnight by running over the 

sensor chip at 25 µL/ min. The next day the tubing was arranged so the buffer flowed over the 

sample side of the flow cell only. The flow rate was changed to 20 µL/min. A mixed SAM was 

created in a two step process by first injecting 500 µL of a 1 µM aptamer 7 solution in 1 M PPB 

(pH 8) for 3.5 hrs at 20 µL/min followed by a 30 min dissociation. Then 500 µL of a MCH 

solution (50 µL MCH stock and 450 µL of 1 M PPB (pH 8)) was injected for 1.5 hrs at 20 

µL/min followed by a 30 min dissociation.   

 

The tubing was then reconnected so the running buffer flowed over the sample and reference 

side of the flow cell. The flow rate was changed to 50 µL/ min. The sample loop was cleaned and 

100 mM PPA was injected for 3 mins to remove any non-bound MCH or aptamers. Figure 2 

illustrates the surface chemistry of the gold sensor chip functionalized on-line. The sample loop 

was cleaned as previously stated. The following concentrations of malathion were  injected for 

3.5 mins then allowed to dissociate for an additional 5 mins: 200 µM, 400 µM, 600 µM, and 800 
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µM. In between each malathion injection, 100 mM PPA was injected for 3 mins and allowed to 

dissociate for an additional 3 mins. Malathion was also injected onto a plain gold sensor chip at 

200 µM, 400 µM, 600 µM, and 800 µM to analyze its response to the surface without aptamers.      
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Figure 2. Gold sensor chip illustrating a mixed SAM of aptamer 7 and MCH in a 

1:10 ratio respectively. The co-absorbent MCH assists in minimizing non-specific 

immobilization of the aptamer onto the gold sensor chip surface. The thiol group 

allows the aptamer to immobilize on the metal surface while the 6 carbon spacer 

(C6) aids in the maintenance of proper aptamer orientation. This gold sensor chip 

was functionalized on-line. 
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RESULTS AND DISCUSSION 

This study proposes the use of SPR techniques to compare the efficiency of aptamers 6 and 7 in 

binding malathion along with the quantification of the immobilization of the more efficient 

aptamer onto a gold sensor chip surface. To directly compare aptamers 6 and 7, off-line 

functionalization techniques from the literature were used to functionalize plain gold sensor 

chips
97

. On-line functionalization techniques were used to compare the magnitude of SPR 

response upon  malathion binding between aptamers 6 and 7 along with analyzing malathion 

interactions with a gold sensor chip functionalized with the more efficient aptamer.   

 

Efficiency of the SPR7000DC System 

Initial experiments were conducted to analyze the efficiency of the SPR system to achieve 

expected results comparable to a standard manipulation of gold sensor chips containing a mixed 

SAM of 10% COOH-(PEG)6-Alkanethiol/ 90% OH-(PEG)3-Alkanthiol. BSA versus anti-BSA 

IgG analysis was conducted following protocol from Reichert using the SPR7000DC
1
. The aim 

of this test was to efficiently immobilize BSA onto the mixed SAM gold sensor chip followed by 

analysis of anti-BSA IgG injections. The resulting sensogram should exhibit similar SPR 

responses to the expected sensogram illustrated by Reichert
1
. 

 

Figure 3 illustrates each step observed upon injection of an aliquot of anti-BSA IgG onto the 

mixed SAM with immobilized BSA. Figure 4 illustrates the resulting sensorgram of each anti-

BSA IgG injections at various concentrations which parallels the expected results displayed in 

the literature
1
.  The sensorgram shows a decrease in the change of µRIU with a decrease in anti-

BSA IgG concentration. Each concentration shows characteristic responses at its injection, 
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dissociation, and surface regeneration steps. Also, after each injection, the baseline of the 

running buffer returns to a consistent response. Further, both the resulting sensorgram and 

reports from the literature exhibit SPR responses of 750 µRIU, 500 µRIU, 250 µRIU, 150 µRIU, 

and <100 µRIU at anti-BSA IgG concentrations of 80 µg/mL, 40 µg/mL, 20 µg/mL, 10 µg/mL, 

and 5 µg/mL respectively
1
. Because these characteristics match the expected results from 

Reichert Technologies, the SR7000DC was concluded to be efficient to carry out further SPR 

measurements.   
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Figure 3. Sensorgram defining each step observed upon injection of an aliquot of anti-BSA 

IgG onto a mixed SAM of 10% COOH- (PEG)6- Alkanethiol/ 90% OH-(PEG)3- Alkanethiol 

with immobilized BSA. Step A starts the injection of the anti-BSA IgG aliquot, step B is the 

start of the dissociation, step C is the end of the dissociation, step D begins the surface 

regeneration, step E is the end of the surface regeneration, and step A starts the injection of 

the next aliquot of anti-BSA IgG.   
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∆ µRIU 

Figure 4. Sensorgram of anti-BSA IgG injections onto a mixed SAM of 10% COOH- 

(PEG)6- Alkanethiol/ 90% OH-(PEG)3- Alkanethiol with immobilized BSA. From left to 

right each pair of peaks represents anti-BSA IgG injections with concentrations of 160 

µg/mL, 80 µg/mL, 40 µg/mL, 20 µg/mL, 10 µg/mL, and 5 µg/mL, respectively. The 

consistency of the SPR response at each concentration was compared to standard results 

from the literature
1
. A SPR response of approximately 1250 µRIU was observed at 160 

µg/mL anti-BSA IgG from the above sensorgram in comparison to a SPR response of 

approximately 1000 µRIU from the literature
1
. Both the above sensorgram and standard 

results exhibited SPR responses of approximately 750 µRIU, 500 µRIU, 250 µRIU, 150 

µRIU, and <100 µRIU at anti-BSA IgG concentrations of 80 µg/mL, 40 µg/mL, 20 µg/mL, 

10 µg/mL, and 5 µg/mL respectively. The SPR was deemed efficient because of these 

similar responses at each anti-BSA IgG concentration.    
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Analysis of Functionalized Gold Sensor Chips  

Off-line techniques were used to functionalize plain gold sensor chips with aptamers 6 and 7. 

Each aptamer contains a thiol cap along with a 6-carbon (C6) spacer at their 5’ end. The thiol cap 

allows the aptamers to bind to the gold sensor chip surface. The C6 spacer aids in the extension 

of the aptamers above the surface of the gold sensor chip. The C6 spacers along with EG3 and 

MCH co-adsorbents aid in minimizing non-specific aptamer binding to the gold sensor chip 

surface and decrease inconsistencies of aptamer orientation. 

 

 Once the plain gold chips were functionalized off-line with a mixed SAM of their respective 

aptamer and EG3, they were mounted onto the SPR7000DC for further analysis. Figure 5 (a) 

illustrates SPR responses of 81.0 µRIU, 47.7 µRIU, and 40.5 µRIU at malathion concentrations 

of 250 µM, 100 µM, and 50 µM respectively from the gold sensor chip functionalized with 

aptamer 6 off-line. The sensorgram exhibits characteristic injection and dissociation; thus, 

showing successful binding of malathion by aptamer 6. The change in µRIU decreases with a 

decrease in malathion concentration.  

 

Figure 5 (b) illustrates SPR responses of 121.4 µRIU, 75.1 µRIU, and 59.3 µRIU at malathion 

concentrations of 250 µM, 100 µM, and 50 µM respectively from the gold sensor chip 

functionalized with aptamer 7 off-line. This sensorgram also shows standard injection, 

dissociation, and surface regeneration chemistry; thus illustrating successful capture of malathion 

by aptamer 7. The change in µRIU decreases with a decrease in malathion concentration. When 

comparing aptamers 6 and 7, the overall SPR response at each malathion concentration is greater 

from the chip functionalized with aptamer 7 off-line. Thus, although both aptamers can be 
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concluded to be efficient at binding malathion, aptamer 7 has a greater magnitude in response.  

Figure 6 shows the resulting calibration curves from plotting the malathion concentrations with 

their respective µRIU response from each sensor chip functionalized off-line. Linear regression 

analysis reveals a slope of 0.31008 for aptamer 7 and 0.207 for aptamer 6 which further 

illustrates a larger SPR response for aptamer 7 at the various malathion concentrations.  
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Figure 5. (a) Sensorgram of malathion solutions injected onto a gold sensor chip functionalized 

off-line with a mixed SAM of aptamer 6 and EG3 in a 1:10 ratio respectively. A SPR response of 

81.0 µRIU, 47.7 µRIU, and 40.5 µRIU was observed at malathion solutions of 250 µM, 100 µM, 

and 50 µM respectively. (b) Sensorgram of malathion solutions injected onto a gold sensor chip 

functionalized off-line with a mixed SAM of aptamer 7 and EG3 in a 1:10 ratio respectively. A 

SPR response of 121.4 µRIU, 75.1 µRIU, and 59.3 µRIU was observed at malathion solutions of 

250 µM, 100 µM, and 50 µM respectively.  
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y = 0.31008x + 43.92308 

 

R
2
 = 0.999 

                         Aptamer 6 

 

          y = 0.207x + 28.8 

 

                      R
2
 = 0.997 

Figure 6. Calibration curves created by plotting the SPR response observed 

at each malathion concentration for the gold sensor chip functionalized with 

aptamer 6 off-line and the gold sensor chip functionalized with aptamer 7 

off-line.  Aptamer 6 resulted in a slope of 0.207 while aptamer 7 resulted in a 

slope of 0.31008. The larger slope illustrates an overall greater SPR response 

at each malathion concentration for the gold sensor chip functionalized with 

aptamer 7 off-line.  
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Figure 7 illustrates successful immobilization of aptamer 7 onto the gold sensor chip surface. 

The sensorgram exhibits proper injection, dissociation, and surface regeneration chemistry in 

which a response of 20 µRIU is observed. Thus, one can conclude that aptamer 7 has efficiently 

immobilized onto the gold sensor surface. Figure 8 illustrates a SPR response of 39.1 µRIU, 76.3 

µRIU, 130.8 µRIU, and 151.2 µRIU to malathion solutions of 200 µM, 400 µM, 600 µM, and 

800 µM respectively from the gold sensor chip with a mixed SAM of aptamer 7 and MCH 

functionalized on-line. Thus, a proportional relationship between intensity of response and 

malathion concentration is observed.  
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Figure 7. Sensorgram illustrating the successful immobilization of aptamer 7 

onto a plain gold sensor chip. The immobilization of aptamer 7 results in a 

SPR response of 20 µRIU.  

Aptamer 7 PBS (pH 7.2) PBS (pH 7.2) Regeneration 
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Figure 8. Sensorgram of malathion injections onto a gold sensor chip with a mixed SAM of 

aptamer 7 and MCH functionalized on-line. Sensorgram illustrates proper injection and 

dissociation chemistry. A proportional relationship is illustrated between SPR response and 

malathion concentration with a SPR response of 39.1 µRIU, 76.3 µRIU, 130.8 µRIU, and 151.2 

µRIU to malathion solutions of 200 µM, 400 µM, 600 µM, and 800 µM respectively. 

PBS (pH 7.2) PBS (pH 7.2) Malathion 
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To further confirm these results one should examine the ability of non-malathion specific 

aptamers to cause a change in the refractive index of the gold sensor chip surface upon malathion 

injection. One may also analyze the ability of the malathion-specific aptamers to select malathion 

within a complex sample matrix. An issue that arose with the technique included possible 

leaching of aptamers to the reference side of the flow cell. This issue may be overcome with a 

longer injection time for the aptamer or the use of a slower flow rate upon aptamer 

immobilization.        

 

CONCLUSIONS 

This study presents a SPR technique that efficiently quantifies the ability of two aptamers to bind 

malathion and quantifies the immobilization of aptamer 7 onto a gold sensor chip surface. The 

technique illustrates the varying ability of aptamers to select malathion by comparing the degrees 

of changes in µRIU. Although both aptamers 6 and 7 are shown to bind malathion, aptamer 7 has 

a greater affinity for malathion shown by its larger overall SPR response at each concentration of 

malathion. This SPR technique also quantifies the immobilization of aptamer 7 onto a gold 

sensor chip surface. These findings lend credence to literature applications that use aptamer 7 as 

a means to increase the SERS signal of malathion
40

. Although several malathion-selective  

aptamers are available, aptamer 7 has shown to be more efficient in this case. As more 

applications begin to use aptamers as diagnostic tools, SPR techniques can be used to optimize 

aptamer selections.   
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Chapter 3: Detection and Quantification of Common Insecticides in Apples Using Surface-

Enhanced Raman Spectroscopy 
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ABSTRACT 

Using Surface Enhanced Raman Spectroscopy (SERS) as an analytical tool to detect trace 

analytes is emerging as an important detection method that is surpassing traditional methods of 

analyte detection. This study presents an effective method for the analysis of common 

insecticides thiamethoxam, acetamiprid, chlorpyrifos, phosmet, and thiaclorpid using Surface 

Enhanced Raman Diagnostic Membranes (SER-DM
TM

). Each calibration curve generated 

exhibited efficient correlation with R
2
 values greater than 0.94. The calibration curves were then 

translated into tools for real-world sample analysis. Apple samples were analyzed for insecticide 

residues using the SER-DM
TM 

and the generated calibration curves were applied to quantify the 

presence of the residues. Analysis of the apple rinsates by the proposed methodology revealed 

the presence of peaks matching with chlorpyrifos and thiacloprid. The calibration curves were 

used to conclude the possible detection of chlorpyrifos and thiacloprid in concentrations of 1.1 

ppb and 12.4 ppb respectively. These observed values were both below the EPA insecticide 

residue tolerance levels for apples.      
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INTRODUCTION 

Insecticides are used on numerous food crops to optimize yield from harvest by decreasing the 

effects of agricultural pests and can be observed in trace quantities on food products in the 

marketplace
87

.  Insecticides are classified into classes according to their different modes of 

action, use, or activity.  Organophosphate and neonicotinoid insecticides for example generally 

act by over stimulation of an insect’s nervous system which ultimately leads to insect death. 

Despite their effectiveness towards agricultural pests, chronic exposure to certain insecticides has 

shown to have potentially adverse effects in humans. These effects include problems with the 

central nervous system, respiratory system, and cardiovascular system
98, 99

. To maintain a safe 

food supply, the EPA sets tolerances for insecticide residues in sub-micro molar concentrations 

for various commodities. Thus, being able to quantify trace concentrations of insecticides is 

important when diagnosing the safety of such food commodities. 

 

In order to meet these needs of trace insecticide detection, analytical scientists have traditionally 

used GC-MS, MS, LC-MS, and ELISA methods
91-95

. Although these methodologies are reliable 

and sensitive they require extensive sample preparation, large sample volumes, and lack real-

time analysis ability
3, 34, 87, 90

. To overcome these issues, many researchers have turned to 

Surface-Enhanced Raman Spectroscopy (SERS) as a means to detect trace analytes in real time
2
. 

SERS is a vibrational spectroscopic technique that enhances the Raman signal of a molecule by 

chemisorption of the molecule to a metal surface. The enhancement factors are contributed by a 

chemical enhancement and an electromagnetic enhancement
2
. 
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SERS substrates vary in nature, size, and shape and can range from Ag or Au nanorods, 

nanospheres, or nanogaps to nanoparticles arranged on polymer spheres or films
2, 42, 97

. Surface 

Enhanced Raman Diagnostic Membranes (SER-DM
TM

) in particular are a novel SERS substrate 

for rapid trace analyte detection developed by iFyber (Ithaca, NY). These membranes are ideal 

for trace insecticide residue analysis due to their absorbent nature, custom shape, gold coating, 

and non-rigid structure
42

. This study proposes the use of a novel SERS substrate in the form of 

SER-DM
TM

 to create calibration curves of common insecticide active ingredients that can be 

used for insecticide residue analysis.  

 

EXPERIMENTAL 

Materials 

Reagents were used as received. Active ingredients thiamethoxam, acetamiprid, chlorpyrifos, 

phosmet, and thiacloprid were received from Sigma Aldrich (St. Louis, MO). Commercial 

formulations of insecticides Lorsban 75WG, Actara 25WG, Imidan 70W, Assail 30SG, and 

Calypso 4F were obtained from the New York State Agricultural Experiment Station (Geneva, 

NY).  SER-DM
TM 

were obtained from iFyber, LLC (Ithaca, NY). Apples were purchased from a 

local supermarket, January 2013 (Ithaca, NY). NERL reagent grade water was obtained from 

Thermo Scientific (Waltham, MA). 

 

SERS Measurements 

Active Ingredients versus Commercial Formulations 

An aliquot of each active ingredient and commercial formulation was allowed to incubate with 

the SER-DM
TM 

for 48 hrs at room temperature with consistent rocking in glass vials. Table 1 
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lists the composition of each commercial formulation. The membranes were then carefully 

placed onto glass slides by adherence with 2-sided tape. SERS signals of the solutions were 

captured using a hand-held spectrometer from iFyber (Ithaca, NY). The parameters used 

included 68 mW laser power, rastering, 1 s integration time, and an average of 5 captures per 

sample. The data was analyzed with Peak Data Acquisition Software and Grams AI 8.0 

Spectroscopy Software. 

 

Calibration curves were developed for thiamethoxam, acetamiprid, chlorpyrifos, phosmet, and 

thiacloprid. An aliquot of each active ingredient at various concentrations were incubated, in 

triplicates, with the SER-DM
TM 

for 48 hrs at room temperature with consistent shaking in glass 

vials. The membranes were then carefully placed onto glass slides. SERS signals of the solutions 

were captured using a hand held spectrometer from iFyber (Ithaca, NY). The parameters utilized 

included 67 mW laser power, rastering, 1 s integration time, and an average of 5 captures per 

sample. A characteristic peak was then defined for each insecticide. 
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Table 1. Composition of each commercial formulation in relation to its makeup of active ingredient. An 

aliquot of each commercial formulation and its active ingredient was incubated with triplicate samples of 

SER-DM for 48 hrs for comparison of SERS spectra between the commercial formulations and active 

ingredients.     

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Commercial Formulation Composition  

Actara 25WG 25.0 % thiamethoxam; 75.0 % other ingredients 

Assail 30SG 30.0 % acetamiprid; 70.0 % other ingredients 

Calypso 4F  40.4 % thiacloprid; 59.6 % inert ingredients 

Imidan 70W 70.0 % phosmet; 30.0 % other ingredients 

Lorsban 75WG 75.0 % chlorpyrifos; 25.0 % other ingredients 
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Calibration curves were created by plotting the various concentrations of active ingredients 

versus their respective intensities at a characteristic peak, as an average of the triplicate samples. 

The calibration curves were developed using Origin Pro 7.5 software. 

 

Apple  Analysis 

Each  of the 3 apples was rinsed with deionized water for 10 s. The entire volume of rinsate was 

collected and stirred for 5 mins to evenly distribute any residues in the sample. SER-DM
TM 

were 

then incubated with 1mL of each sample for 48 hrs at room temperature with consistent shaking 

in glass vials. The membranes were then placed onto glass slides before spectral acquisition. The 

parameters used included 68 mW laser power, rastering, 1 s integration time, and an average of 5 

captures per sample. The data was analyzed with Peak Data Acquisition Software and Grams AI 

8.0 Spectroscopy Software.   

 

RESULTS AND DISCUSSION 

Detection of Active Ingredients within Commercial Formulations 

To examine the ability to detect the active ingredients within complex matrices of the 

commercial formulations, SERS spectra of each active ingredient and commercial formulation 

were obtained using SER-DM
TM 

and a hand-held spectrometer from iFyber, LLC. Figures 9 to 

13 illustrate the spectra for each active ingredient and its commercial formulation obtained using 

the conditions described in the experimental section. Green circles represent peaks between each 

spectra pair with matching wave numbers. Yellow circles represent similar peak pairs that have 

wave numbers within 5 cm
-1

 of each other. Actara 25WG and its active ingredient thiamethoxam 

for instance share an identical peak at 992.2 cm
-1

. However, Actara 25WG and thiamethoxam 

have peaks that are similar but not identical at 2131.2 cm
-1 

and 2127.6 cm
-1

 respectively. These 
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slight differences in wave numbers may represent the same vibrational mode transits, however 

small differences in the orientation of the absorbed molecule may generate differences in the 

spectra. Each commercial formulation exhibits numerous identical and similar peak wave 

numbers as its active ingredient.  Table 2 summarizes the percentage of commercial formulation 

peaks that have identical or similar wave numbers to its active ingredient. 73.91% of Imidan 

70W’s peaks for example are identical or similar to the wave numbers observed for phosmet. 

46.67% of Calypso 4F’s peaks are identical or similar to the wave numbers of its active 

ingredient thiacloprid. This data successfully illustrates the ability of SER-DM
TM

 to detect active 

ingredients within the complex matrix of their commercial formulations. 

 

Standard Curve Analysis 

SER-DM
TM

 were used to examine SERS signals of the active ingredients at various 

concentrations for the generation of calibration curves. Upon acquisition of the SERS spectra, a 

characteristic peak was chosen for each active ingredient. Several aspects taken into account 

when choosing the characteristic peak included SERS data from the reagent grade water, the 

intensity of the peak, commonality of the peak in other insecticides, and defined characteristic 

peak wave numbers from the literature. Also taken into account was the chemical structure of 

each active ingredient shown in Table 3 because standard functional group assignments from 

SERS spectra exhibit particular wave numbers (cm
-1

). The characteristic peaks, listed in Table 4, 

illustrated good resolution, high intensity, and proportional presence over several concentrations. 

Further, the vibrational coordinates compiled from the literature for the major peaks of each 

active ingredient are listed in Table 5
100-102

. These coordinates illustrate how the chemical 

structure of each active ingredient relates to the bands on their spectra. For example, peak 
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1006cm
-1

 in phosmet represents asymmetric P-O-C deformation vibration. After characteristic 

peaks were identified for each active ingredient, calibration curves were created by plotting the 

different concentrations of the active ingredients versus their respective intensities, as an average 

of the triplicate samples.   
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Figure 9. Identical peak observed at 992.2 cm
-1

 and 1074cm
-1

 between (a) sample of 

Actara 25WG commercial formulation composed of 25.0% thiamethoxam and (b) 

500 µM thiamethoxam solution. Similar peaks within 5 cm
-1

  illustrated by yellow 

circles. 
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Figure 10. Identical peak observed at 630.55 cm
-1 

and 1103cm
-1 

 between (a) sample 

of Assail 30SG commercial formulation composed of 30.0% acetamiprid and (b) 

500 µM acetamiprid solution. Similar peaks within 5 cm illustrated by yellow 

circles.  
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Figure 11. Identical peaks at 619.87 cm
-1

, 684.0cm
-1

, 927.91 cm
-1

, and 1325.4 cm
-1

 between (a) 

Calypso 4F sample composed of 40.4% thiacloprid and (b) 500 µM thiacloprid solution. Similar 

peaks within 5 cm between the two spectra exhibited by yellow circles. 

(a) 

(b) 

cm
-1 

Figure 12. Identical peaks observed at 497.99cm
-1

, 601.86cm
-1

, 666.36cm
-1

, 709.20cm
-1

, 

877.65cm
-1

, 963.72cm
-1

, 1006.6cm
-1

, 1153.4cm
-1

, 1182.1cm
-1

, 1368.3cm
-1

, 1400.5cm
-1

, 1597.6cm
-

1
, and 1773.5cm

-1
 between (a) Imidan 70W sample composed of 70.0% phosmet and (b) a 70 

µM phosmet solution. Similar peaks between the two samples within 5 cm are illustrated by 

yellow circles.  
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(b) 

cm
-1 

Figure 13. Identical peaks observed at 405 cm
-1

 and 791 cm
-1 

between (a) a Lorsban 75 WG 

sample composed of 75% chlorpyrifos and (b) a 1 µM chlorpyrifos solution. Similar peaks 

within 5 cm between the two samples are illustrated by yellow circles. 
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Table 2. Percentages of similar peaks (wave numbers) between the commercial formulations and their active 

ingredients. A proportional trend is observed between the percentage of similar peaks between each 

commercial formulation and its active ingredient versus the standard composition of each commercial 

formulation. 

 

Commercial 

Formulation (CF) 

Active Ingredient 

(AI) 

%AI (wt/wt) basis 

% of CF SERS 

peaks similar to AI 

Actara 25WG Thiamethoxam 25.0 19.35 

Assail 30SG Acetamiprid 30.0 21.43 

Calypso 4F Thiacloprid 40.4 46.67 

Imidan 70W Phosmet 70.0 73.91 

Lorsban 75WG Chlorpyrifos 75.0 40.00 
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Table 3. Chemical structure of each active ingredient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Active Ingredient Chemical Structure 

Thiamethoxam  

Acetamiprid  

Chlorpyrifos  

Phosmet  

Thiacloprid  



55 

 

 

 

 

Table 4. Characteristic peaks observed for each active ingredient. Factors considered in assigning 

characteristic peaks included the intensity of the peak, commonality of the peak in other insecticides, and 

chemical structure of each active ingredient.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Active Ingredient Characteristic Peak  

wave number (cm
-1

) 

Thiamethoxam 1074 

Acetamiprid 1103 

Chlorpyrifos 405 

Phosmet 1776 

Thiacloprid 684 
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Table 5. Band assignments of major peaks in SERS spectra observed from each active ingredient.  

 

 

 

 

 

 

 

 

 

 

 

 

Band (cm-1) Assignment 

 

Thiamethoxam 

 

469 CC torsion 

677 CN bending, CC deformation 

830 CC deformation 

1013 CH bending 

1074 CH bending 

1142 CH bending, CH breathing 

1289 CH bending, CN stretching 

Acetamiprid  

444 CC torsion 

723 CN wagging, CH wagging 

917 CH wagging 

927 CH wagging 

1103 CH in-plane deformation, CCC in-plane 

deformation 

1181 CH bending 

1250  CN stretching 

1486 CC stretching 

1572 CC stretching 

Chlorpyrifos  

405 Ring torsion 

795 Ring deformation 

1078 CH bending 

1149 CH bending, CH breathing 

Continued…  

Phosmet  

601 C=O in-plane deformation, vibration 

666 P=S stretching 

709 Benzene ring breathing 

1006 Asymmetric P-O-C deformation vibration 

1182 CH in P-O-CH3 out-of-plane deformation 

1250 CN in S-CH2-N stretching 

1400 CH in S-CH2-N out-of-plane deformation  

1773 C=O stretching 

Thiacloprid  

684 CN bending, CC deformation 

927 CH wagging 

1017 CH bending 

1264 CN stretching 
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Figures 14 to18 illustrate the successful creation of calibration curves for each active ingredient. 

Each calibration curve has an acceptable correlation value which represents a proper linear 

regression. The equations generated with each calibration curve can be utilized for quick 

insecticide residue analysis with a concentration as low as 250 nM (0.00025 ppm).  

 

Apple analysis 

The rinsate of each apple was analyzed using the SER-DM
TM

. The peaks of the resulting spectra 

were compared with the characteristic peaks of each active ingredient. Each rinsate sample 

showed peaks matching the characteristic peaks of chlorpyrifos and thiacloprid. Once identical 

characteristic peaks were identified, the total percentage of identical peaks between the rinsate 

sample and the active ingredient of interest was calculated. 38.9% of chlorpyrifos’ peaks were 

similar to the wave numbers in the spectra of the apple rinsates. 61.5% of thiacloprid’s peaks 

were similar to the apple rinsates’ spectra.  Further, the linear equation from each active 

ingredient of interest was used to quantify the amount of insecticide residue in the rinsate sample 

(average). Chlorpyrifos and thiacloprid were observed in the apple rinsates at 1.1ppb and 12.4 

ppb, respectively.  Thus, the calibration curves were efficiently utilized in the analysis of apple 

samples to quantify the amount of active ingredient residue detected. The proposed method 

successfully permitted the detection of the residues below tolerance levels set by the EPA. The 

EPA tolerance levels for chlorpyrifos and thiacloprid are 10 ppb and 600 ppb, respectively. 

However, to confirm that the peaks analyzed in the rinsates were correctly attributed to the active 

ingredients and consequently that the proposed methodology can be potentially applied for the 

detection and quantification of samples of insecticides in fruits, further identification would be 

desired. In this sense, the confirmation may be performed by a complementary technique such as 
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mass spectrometry. Confirmation of the insecticides used by the apple supplier would also 

narrow the possible sources of the observed peaks. 
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Figure 14. Calibration curve of thiamethoxam created by plotting thiamethoxam solutions at 

500µM, 300µM, 100µM, and 750nM versus their respective intensities at peak 1074cm
-1

.  A linear 

regression value of 0.935 was observed.  
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Figure 15. Calibration curve of acetamiprid developed by plotting acetamiprid solutions at 

300µM, 100µM, and 250nM versus their respective intensities at peak 1103cm
-1

. A linear 

regression value of 0.989 was observed.  

y = 4.12x + 36.27 

y = 27.656x + 2.1141 
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Figure 16. Calibration curve of chlorpyrifos created by plotting chlorpyrifos solutions at 800nM, 

600nM, and 400nM versus their respective intensities at peak 405cm
-1

. A linear regression value of 

0.994 was observed. 
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Figure 17. Calibration curve of phosmet developed by plotting phosmet solutions at 70µM, 50µM, 30µM, 

and 750nM versus their respective intensities at peak 1776cm
-1

. A linear regression of 0.946 was 

observed. 

y = 526.98x + 487.08 

y = 7.1219x + 144.81 
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Figure 18. Calibration curve of thiacloprid created by plotting thiacloprid solutions at 300µM, 

100µM, and 750nM versus their respective intensities at peak 684cm
-1

. A linear regression value of 

0.993 was observed. 

y = 1.1056x + 679.93 
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CONCLUSIONS 

 

This study presents the use of current nanotechnology in the form of SER-DM
TM

 to create 

calibration curves for trace insecticide detection. To illustrate the efficiency of the technology to 

detect the insecticides within a complex matrix, SERS spectra of commercial formulations and 

their respective active ingredients were analyzed. Once the active ingredients were shown to be 

detectable within this complex matrix, SERS spectra were obtained of each active ingredient at 

various concentrations. Upon completion of the spectra analysis, efficient calibration curves 

were generated with efficient correlation values. These curves and their respective linear 

equations were then shown to be efficient in quantifying possible insecticide residues on apple 

samples. As the need for simple, real-time analysis of trace analytes continues to flourish, 

techniques such as those presented in this study will be useful in fulfilling those necessities.  
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