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Pesticide contamination of produce and water in the United States has been a drastic problem to 

address partly due to the high overhead costs of screening in produce samples, while the other 

being the inability to report data in real-time-accurately. In 2007, Glyphosate was the most widely 

used pesticide in the US agricultural sector. More recently, the use of Glyphosate-based herbicides 

(GBH) has been reported to have increased more than 100-fold with the emergence of glyphosate 

resistant weeds. The WHO has classified it as being possibly carcinogenic to humans with more 

current reports suggesting that a few days of GBH use per year-increases the risk of cancer two-

fold. In addition to this, it has been known to cause chromosomal damage to cells. But, while there 

is high interest and a necessity to detect this compound-the challenge however lies in designing a 

sensitive, low volume sensor that can screen for glyphosate with high specificity directly from 

produce run-off/extract and report it as useful concentration information.  In this study, we have 

developed a portable real-time electrochemical sensing system that can identify and report trace 

levels of Glyphosate as below or above the Maximum Residue Limit (MRL) of that particular 

produce type.  Through an optimized label-free assay protocol developed in our laboratory, we 
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have built and characterized an electrochemical sensor device that utilizes Chronoamperometry as 

the detection modality to characterize concentration of glyphosate pesticide as a measure of 

current-It gauges the chemical interactions occurring at the active sensing region to modulations 

in electrical signal response. Using this system makes it possible to detect concentrations as low 

as 0.01ppm (1ng/mL), which is the sensor’s limit of detection (LOD). The device currently in the 

form factor of a small box can report contaminant concentration of glyphosate in the produce 

sample in under a minute (rapid) using a GREEN or RED light for SAFE (low) or UNSAFE (high) 

threshold ranges based on MRL/residue tolerance values of the produce in question. Hence, we 

have built an effective, low-cost, portable tool eliminating time consuming laboratory analysis that 

can be used by consumers and industry alike to keep a check on food safety and quality. 
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CHAPTER 1 

INTRODUCTION 
 

1.1 Project Objective and Goal 

The overall objective of this research is to build an Electrochemical Real-time Pesticide Sensing 

System that can screen for glyphosate in produce run-off/extract and report whether it is safe or 

unsafe to consume (i.e. contaminated with glyphosate or not). 

For this application, we have 3 specific aims to design and characterize the sensing system as 

given below: 

Specific Aim 1: 

Electrochemical Sensor characterization and feasibility study 

The first aim deals with designing and characterizing an electrode system and determine whether 

it is feasible to implement in an electrochemical sensing application. Different electrode designs 

and substrates were considered to obtain best sensor performance. Also, optimal fluid volume 

and electrode dimensions are inferred in this aim. Finally, the electrochemical immunoassay and 

chemistry is constructed and further validated to prove overall sensor feasibility. 

Specific Aim 2a: 

Study of Electrochemical Sensor Response in various Samples tested on Gamry Lab Instrument. 

This particular specific aim is recognized as the experimental protocol validation step, wherein 

the sensor performance is tested using a laboratory benchtop instrument-Gamry Potentiostat and 

results obtained initially to monitor/detect Glyphosate levels in a synthetic buffer medium-

Phosphate Buffer Saline (PBS) and improve the protocol accordingly based on which to further 

detect Glyphosate Pesticide in various produce run off/extract solutions. Here, the laboratory 
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instrument acts as the gold standard to determine whether or not the sensing mechanism is 

viable. 

Specific Aim 2b: 

Study of Electrochemical Sensor Response in various Samples tested on Pesticide Reader device 

From the results obtained in the previous aim, the optimized experimental immunoassay protocol 

is implemented using a field reader device designed specifically for this application and the 

sensor performance results are recorded similar to that of the previous step-initially to detect 

glyphosate pesticide levels in a synthetic buffer medium (PBS) and subsequently in produce run-

off/extract sample solutions. 

Specific Aim 3a: 

Comparing performances of Lab Instrument and Pesticide Reader 

Once the performances on both- the standard laboratory instrument as well as the field reader 

device is recorded, the results are plotted together to determine how they measure against one 

another in terms of resolution and accuracy.  

Specific Aim 3b: 

Cross-Reactivity Study to determine Glyphosate Specificity 

It is highly crucial that the developed sensing mechanism can accurately detect glyphosate levels 

in the samples with high specificity, this specific aim deals in particular to experimentally depict 

that the sensor is capable of being specific to glyphosate by comparing its dose response with 

that of a related pesticide-Glufosinate. 
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Specific Aim 3c: 

Machine Learning Classifier Integration 

In this aim, a proof of concept is developed for integrating machine learning functionality to the 

sensing system so that sensor response prediction can be characterized to perform with high 

accuracy and also serve as an analytics medium thereby minimizing error rate. 

1.2 Background 

Glyphosate is an organophosphorus herbicide that is applied to the leaves of plants and crops to 

kill broadleaf plants and grasses. It is known to be a non-selective herbicide, which implies it will 

kill most weed types. Glyphosate was first used in USA in the year 1974. It is now the most widely 

used pesticide in the country for agricultural use and also finds application to remove weeds in the 

Industrial area while in some products it is utilized to control aquatic plants. Currently, there are 

more than 750 glyphosate based products for sale in the United States.[37] 
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Figure 1.1: Estimated use of Glyphosate in the United States for the year 2016[48] 
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Figure 1.2: Table emphasizing the wide use of Glyphosate in USA[49] 

 
According to various reports[25][36], Global market for glyphosate was valued at 7.24 Billion 

USD and is expected to increase to reach 10.88 Billion USD by the year 2024. In terms of volume 

usage, 785.30 kilotons of glyphosate use was estimated for the year 2017. 
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Asia Pacific was the biggest market for glyphosate in the past decade, the reason being the 

abundant availability of arable land in the region with china being one of the major producers and 

consumer in the world with high capacity to produce and export glyphosate across the globe. Next, 

Latin America, North America and Europe are considered important outlets for glyphosate market 

with the shifting trend in agriculture towards genetically modified (GM) crops based farming in 

countries like Germany and UK. Also, Countries in Middle East and Africa are expected to achieve 

moderate-sustainable growth in market share and use over the forthcoming years. Figure 1.2 

depicts the use of organophosphate based herbicides globally based on a study conducted by the 

Environmental Protection Agency (EPA).  

 

Figure 1.3: Global use of Organophosphate (OP) based herbicides (based on data from 2016)[38] 
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1.3 Health Impacts associated with glyphosate  

A report from the World Health Organization’s International Agency for Research on Cancer 

(IARC) concluded that glyphosate was ‘probably carcinogenic’ after a consolidated review of 

scientific journal papers and peer-review publications. This was followed by the U.S. 

Environmental Protection Agency (EPA) going back and forth on their draft report that glyphosate 

is unlikely to pose a cancer risk to humans. The research [7] [17] [19] [20] around this glyphosate has 

become highly politicized and controversial. Environmental activists claim exposure and 

contaminated produce intake is linked to a wide spectrum of diseases including cancer [16], 

reproductive issues, neural disorders, and etc. while on the other hand, industry-backed reviews 

and certain regulatory institutions continue to emphasize that no effects concerning impacts on 

health has been proven.  

 

Figure 1.4: Acceptable daily intake for humans based on body weight (kg)[21] 

 
However, there is some research which hypothesize that glyphosate behaves as an 

endocrine disruptor [14] based of experiments on human liver HepG2 cells exposed to different 

formulations of glyphosate based herbicides. It showed effects of estrogen hormone receptor 

inhibition as well cytotoxic and DNA damage problems. Similarly, certain studies have revealed 
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the association of non-alcoholic fatty liver disease [15] in rats after exposure to low doses of 

glyphosate formulations. Other effects to glyphosate like adverse outcomes on pregnancy [13] 

(reproductive issues), birth defects, and celiac disease [18] have also been studied and published in 

the scientific community. 

 

Figure 1.5: Various health effects associated with Glyphosate use[20]. 
 

There is wide acceptance to the fact that while concern regarding the risks of glyphosate 

exposure/intake is serious, more comprehensive studies are required to fully understand its impact 

and make an informed hypothesis. 

1.4 Glyphosate- the Weed killer 

Chemically, Glyphosate (N- Phosphonomethyl Glycine) is a derivative of glycine which the 

smallest amino acid that can be found in proteins. In the glyphosate molecule, one of the amino 

group hydrogen atoms is replaced by a phosphonomethyl group-this is represented in Figure 1.6 
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Figure 1.6: Comparing the chemical structures of Glyphosate and Glycine[41] 

Glyphosate when absorbed by the plants binds to and blocks the enzymatic activity of the 

enzyme-enolpyruvylshikimate-3-phosphate synthase (EPSPS). This enzyme is part of the shikimic 

acid pathway that converts simple carbohydrate derived through glycolysis process and pentose 

phosphate pathway to aromatic amino acids and other plant nutrients or metabolites. 

 

Figure 1.7: Pictorial representation of Glyphosate action inhibiting shikimic enzyme pathway[35] 
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EPSPS enzyme is normally present within the chloroplast in plants, where it catalyzes the 

shikimate-3-phosphate (S3P) and phosphoenol pyruvate reaction to form 5-enolpyruvyl-

shikimate-3-phosphate (ESP). ESP acts as a precursor for aromatic amino acid production and 

thereby vitamins, hormones and other metabolites essential for the plant. Phosphoenol pyruvate 

structure is similar to that of glyphosate, hence this makes it possible for glyphosate to bind to the 

active site of EPSPS as we can see from Figure 1.7, inhibiting its activity.  

The active site of the EPSPS enzyme is highly common in all higher plants, and hence glyphosate 

affects a broad spectrum of weeds indiscriminately as mentioned previously. Inhibiting the process 

of the shikimic acid pathway causes deficiency in aromatic amino acid production causing the 

plants to die due to lack of sufficient nutrients.[35] 
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CHAPTER 2 

MOTIVATION 
 

2.1 Current Detection methods 

Various methods to analyze glyphosate have been developed and described in previous works. 

This includes techniques such as liquid chromatography-mass spectrometry (LC-MS), capillary 

electrolysis (CE) and enzyme-linked immunosorbent assays (ELISA). These are explained in 

detail in the following sub-sections. 

2.1.1 Liquid Chromatography-Mass Spectrometry (LC-MS) 

It is an analytical technique which combines the physical separation principle of liquid 

chromatography (LC) along with mass based analyzing capability of mass spectrometry (MS).  

 

Figure 2.1: Graphical representation of an LC-MS integrated system[31] 

 
Partition chromatography method [31] implemented makes use of non-polar, hydrophobic 

stationary phase and a polar mobile phase (liquid). Here, the test sample of interest (volume usually 
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around 20 µL) is injected into the mobile phase of the system. This conjugate containing the 

analyte is pumped under high pressure (upto 400 Bar/300,000 Torr) into the HPLC column (Figure 

2.1) containing the stationary bed (phase) where the constituents of the conjugate mixture are 

separated depending on their chemical affinity with respect to the mobile and stationary phases. 

Separation occurs after repeated sorption and desorption steps which take place as the fluid sample 

interacts with the stationary bed. Depending on this separation between the two phases (mobile 

and stationary), the constituents of the sample will flow out of the column at different times. 

Then, the sample is transferred to the MS system via the LC-MS interface integrated 

together with the ion source (Figure 2.1). This ion source transforms ions in sample from the liquid 

phase to gas phase while converting neutral sample molecules again into gas phase ions which are 

sent into the mass analyzer. Mass spectrometry technique measures mass-to-charge (m/z) of the 

ions by applying electric or magnetic field to separate ions by their masses which is captured by 

the detector system and analyzed to plot the Chromatogram along with mass spectrometry results. 

A representation of this kind of work was employed specifically towards the detection of 

glyphosate and is displayed in Figure 2.2. 
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Figure 2.2: LC-MS analysis results for detecting Glyphosate in oats, wheat extracts.[22] 

2.1.2 Capillary Electrophoresis (CE) 

Capillary electrophoresis (CE) [32] has been used as a scheme for separating and detecting 

glyphosate coupled with indirect fluorescence or UV absorbance detection. It is an analytical 

method that separates ions based on electrophoretic mobility by applying a high voltage, the 

mobility is further dependent on a number of factors including charge of the molecule, viscosity 

of the medium, and the radius of the atom. 
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Figure 2.3: Functional Diagram depicting Capillary Electrophoresis (CE)[32] 

 
From Figure 2.3, we deduce the typical setup of a CE system-a high powered voltage 

source is connected to two ends of an electrode (i.e. anode and cathode) dipped in a vial filled with 

buffer medium. The test sample is inserted into the anode vial usually through hydrostatic injection 

and activation potential is applied. The rate at which the constituent sample particle moves is 

directly proportional to this applied potential i.e. when the field applied is greater, the 

electrophoretic mobility increases. 

Based on studies for detection of Glyphosate using CE, the capillary system is equilibrated 

with the running buffer under electric field around 250 V/m for a fixed period of time 

(approximately 30 minutes). The detector located near the cathodic end of the capillary (Figure 
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2.3) allows UV-VIS light to pass through the analyte and thereby able to measure the absorbance. 

Photomultiplier tube (Data Acquisition circuit) is also attached to this end enabling the 

construction of a mass spectrum graph, which gives useful information about the mass to charge 

ratio of the ionic species and is used to detect glyphosate in samples. 

2.1.3 Enzyme-Linked Immunosorbent Assay (ELISA) 

ELISA [28] is a micro-well plate based assay technique for detecting and quantifying various 

substances like peptides, antibodies and hormones. Antibody-Antigen interaction (i.e.) affinity 

based detection or sensing is the most crucial element of the principle. ELISA is used for rapid 

sample testing and accurate results while being known to be more cost effective than conventional 

chromatography methods. 

To briefly explain the ELISA process [28], the surface of the micro-well plate is immobilized 

with the antibody. An enzyme is tagged with this antibody for colorimetric purpose. Next, Antigen 

is added to micro-well and this incubation for a preset period of time is followed by washing which 

removes the unbound antigen. The appropriate chromogenic substrate is added to the medium to 

produce a signal through a colorimetric response, the signal is then measured and a standard 

concentration curve is plotted to determine the amount of antigen in the sample. Displayed below 

in Figure 2.4 is the principle of ELISA described here along with pictorial representations of other 

types of ELISA techniques. 
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Figure 2.4: Diagram representing common ELISA technique types.[28] 

 
For glyphosate detection [34], competition based ELISA has been used in commercially 

available kits. It is executed by designing the enzyme immunoassay in such a way that with only 

a limited number of antibody binding sites (Antibody bound to the micro-well plate in prior), 

glyphosate in test sample as well as glyphosate-Horseradish Peroxidase (HRP) conjugate are added 

together into the wells. When no glyphosate is present in the sample, the enzyme (HRP) tagged 

glyphosate will bind to the antibody binding sites resulting in high coloration while if a significant 

concentration of glyphosate is present in sample and binds to the antibody (active sites), then less 

of the enzyme (HRP) tagged glyphosate can bind to the antibody binding sites causing a decrease 

in coloration. Therefore, we conclude that the intensity of resultant color developed is inversely 

proportional to the concentration of glyphosate in sample. 

2.2 Innovation: 

Issues with the detection of glyphosate in field samples include the inability to report results in 

real-time accurately (i.e. without compromising sensitivity), high laboratory costs involved to 

perform comprehensive tests to determine contamination and also most importantly lack of a 
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quantitative sensing system that is portable. Hence, there is a need for such a field deployable test 

which addresses all of the above problems. 

The innovation of this work lies in designing a Real-time, Portable Electrochemical 

Sensing system in the form factor of a handheld device. This system can detect trace levels of 

Glyphosate in produce samples while here, real-time implies that the system can give effective 

responses in under a minute. Low cost option as it is designed to target an everyday use audience 

that might not have lab training/experience with the overall value addition being that- An effective 

tool is developed that can be used consumers and industry alike to keep a check on food safety and 

quality. 

Hence, an affinity based electrochemical sensing mechanism integrated with a custom 

electronics platform and machine learning model for analytics is established for real-time, portable 

detection of glyphosate pesticide. 

 

Figure 2.5: ELECTROCHEMSENSE prototype device designed at UTD-BMNL 
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CHAPTER 3 

MATERIALS AND METHODS 
 

3.1 Sensor Design 

The Sensor chip was designed using a commercially available computer-aided design and drafting 

software-AutoCAD by Autodesk, this particular interdigitated electrode (IDE) design has been 

characterized for electrochemical sensing previously in our Lab (UTD-BMNL) and based of which 

design changes were added to the sensor design (Figure 3.3 and Figure 3.4) and dimensions to 

incorporate easy interfacing mechanism with the electronic reader device. 

For this particular application, a 2-electrode system (Working Electrode [WE] and Reference 

Electrode [RE]) was preferred. As in the case of any 2-electrode system the Reference and Counter 

are shorted into a single electrode. Both the terminals of the electrode are designed such that it is 

symmetrical-therefore WE and RE can be used interchangeably. 

3.1.1 Printed Circuit Board (PCB) Substrate 

Sensor design described above is fabricated on a PCB substrate, manufactured in bulk by PCB 

Way (HK WEIKU Technology Company Limited, China). The fabrication was a single layer (Top 

layer) deposition with the conductive layer (copper layer), solder mask and overlay (silkscreen 

layer)-Here the conductive layer holds the immersion gold metal deposition and provides the 

electrical connectivity required for the sensor, while the solder mask provides insulation to the rest 

of the sensor region. The silkscreen layer is added for functionality and depicts sensor chip 

boundary regions thereby giving the necessary interfacing capability with the electronic reader 

(USB-Flash drive design to slot into reader port). 
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PCB substrate material type used in FR-4 TG-130 with thickness of 1.6mm (6/6 mil 

track/spacing), overall dimension of the sensor chip is 17.8 x 9.7 mm and Figure 3.1 represents the 

electrochemical sensor chip with the electrode region magnified and blown up for easier visibility. 

 

 

 

 

 

 

 

 
Figure 3.1: Sensor Image (2-electrode system) (TOP) and interdigitated electrode design (IDE) 

(BOTTOM) 

3.1.2 Electrode Dimension 

Electrode geometry plays a vital role in determining the effective signal threshold due to the 

chemical interactions and directly impacts the sensitivity to detect small changes in the overall 

signal. In addition to the geometry itself, electrode size/dimension is important towards the 

signal response and thereby, sensor performance. 

Interdigitated Electrode (IDE) Figure 3.2 is the electrode geometry adapted for this 

sensing system, where the width of the gold region is 0.15 mm and the dimensions are 2 x 0.675 

mm. Electrodes are shaped with rounded edges to prevent accumulation of charges around the 

corners/edges. 
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Figure 3.2: Interdigitated Electrode Geometry used in this application 
 

The following sensor designs (same Electrode geometry and specification) were considered: 

Design 1: 

To increase the functionality of the sensor design, the sensor chip (Figure 3.2) was designed by 

replicating a micro SD card design.  

The feasibility of this design is considered with respect to the following factors: 

1. Ease of fabrication 

2. Connector design to interface with electronic reader 

3. Programming constraints 

 



 

21 

 

Figure 3.3: Sensor Design 1 (Micro SD card replicate structure) 
 

Design 2: 

Similar to the previous design, the intent of increasing functionality and also keeping in mind 

fabrication, interfacing and programming constraints- a sensor chip replicating a USB Flash 

Drive is drawn using the CAD software. 
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Figure 3.4: Sensor design 2 (USB Flash drive structure) 

3.1.3 Sensor Characterization 

3.1.3 A) Electrode Geometry Characterization to determine Feasibility: 

Interdigitated Electrode (IDE) design from Figure 3.2 is characterized using Finite Element 

Analysis (FEA) with the help of COMSOL Multiphysics software. Modelling parameters are given 
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in Table 1, and along with the activation conditions-they are used to simulate the actual sensor 

performance. 

Table 3.1: Modelling Parameters used in COMSOL simulation 
Parameter Value 

Electrical Conductivity: Gold 4.13 * 107 S/m 
Electrical Resistivity: Gold 2.83 * 10-5 Ω.m 

Temperature Co-efficient: Gold 0.0034 K-1 
Dielectric Permittivity (ε): Gold 6.9 

Electrical Conductivity: PBS 1.8 * 10−3 S/m 
 

Table 3.2: Activating Condition (Potential Stimulation of Electrode Terminal) 

 
 

Modelling parameters are given in Table 1, and along with the activation conditions in Table 2-

they are used to simulate and capture the actual sensor performance/response. 

3.1.3 B) Contact Angle and Optimal Volume Study: 

Contact angle measurements are captured with a Ramé-Hart goniometer tool to determine the 

surface properties of the rigid PCB substrate and analyzed using the DROPimage software. Next, 

the optimum fluid volume is determined by performing a drop test using a standard buffer solution 

(PBS) with and without red food coloring for better visibility. 

3.2  Buffers, Reagents and Chemicals 

3.2.1 Dithiobis (succinimidyl propionate) [DSP] - Lomant's Reagent 

Dithiobis (succinimidyl propionate) [40]  contains an amine-reactive N-hydroxysuccinimide (NHS) 

ester on either end along with a cleavable disulfide bond in its spacer arm as can be seen from 

Figure 3.5. The disulfide bond is cleaved in the presence of gold wherein it forms a thiol-linkage 



 

24 

with the electrode surface and holds two NHS-ester amine reactive groups on the other end.  NHS-

esters react with primary amines to form stable bonds. Proteins, including antibodies, generally 

have several primary amines in their side chains and this principle is exploited to immobilize 

antibodies to the gold surface via the cross-linker. 

 

 

Figure 3.5: Chemical Structure of Dithiobis (succinimidyl propionate) cross-linker[40] 

 
DSP (Thermo Scientific, USA) is a widely used cross-linker in protein binding 

applications, its chemical properties are summarized in Table 3. In our application, we have used 

DSP to serve as the linker between the gold surface on the electrode and the antibody. 
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Table 3.3: Summary of Dithiobis (succinimidyl propionate) [DSP] Properties[40] 

 

3.2.2 Phosphate Buffer Saline (PBS) 

Dulbecco’s phosphate buffered saline (Thermo Scientific, USA) is a balanced salt solution and 

was used to prepare and reconstitute the antibody and target pesticide (Glyphosate) as well as the 

produce extract solutions. PBS is an isotonic and non-toxic buffer maintained at pH 4.3-4.7. The 

concentration used for serial dilutions and other applications was 10 mM (10X PBS). The buffer 

contents include calcium and magnesium inorganic salts. PBS is highly popular and used for 

spectrum of applications from mammalian cell culture applications, to increase the longevity of 

stock proteins when used over a course of time. 

3.2.3 Produce Run-Off/Extract solutions 

For this study, experiments were conducted on run-off/extract solutions obtained from Apples, 

Strawberries, Bell Peppers and Carrots. To start off, pulp was extracted from sliced pieces of apple 

samples utilizing pestle and mortar to mash them gently-this pulp extract from each produce served 

as 1 part to which 4 equivalent parts of 10X PBS was added and mixed (vortexed) before 

centrifuging it at 13,000 rpm for 2 minutes to produce the required produce extract solution. This 

same process is then repeated for strawberries and bell peppers. For Carrots, we adopt another 
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procedure to obtain run-off solution by washing small pieces of carrot with 1 mL of 10X PBS 

before centrifuging at 13,000 rpm for 2 minutes. By this method produce run-off/extract solutions 

are obtained for all of the samples. 

3.2.4 Glyphosate Antibody and Antigen 

Glyphosate comes under the family of organophosphorus pesticides/herbicides, with its structure 

as represented in Figure 3.6. It is a derivative of phosphonic acid and glycine [50]. It was obtained 

in powder form from Sigma Aldrich, USA and reconstituted in PBS to 1mg/mL concentration, 

then it was mixed using pipette action and stored at 4°C for short term use. This is the stock solution 

of glyphosate antigen and was further serially diluted as needed for experiments. 

 

Figure 3.6: Chemical structure of Glyphosate (N-(Phosphonomethyl) glycine)[42] 
 

Antibodies are produced by the immune system when any foreign body or immunogen 

enters the system [43]. Here, we use Polyclonal Glyphosate antibody (Fitzgerald Antibodies, USA) 

of IgY isotype extracted from a chicken host where a BSA-Glyphosate conjugate was used as the 

immunogen and injected into the host. The antibody was obtained at 5mg/mL stock concentration 

and was reconstituted according to experimental requirement. Small aliquots of diluted antibody 

solution was stored short term at 4°C and the stock was maintained long term at -20°C. 
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In a Brief explanation [43] [4], antibodies are immunoglobulins i.e. immune system related 

proteins which consists of 4 polypeptide chains out of which 2 are heavy chains and 2 are light 

chains as depicted in Figure 3.7. These 4 polypeptide chains are joined together to form the Y-

shaped molecule structure of the antibody. 

 

Figure 3.7: Structural Anatomy of Antibody molecule[43] 
 

The primary amine group in the heavy chain of the Y-shaped molecule chemically interacts 

with NHS-ester ends of the DSP cross-linker immobilized onto the gold surface to form stable 

amide bonds. Further, the ‘arm-tip’ region of the Y-shaped antibody molecule is depicted as the 

variable region as the amino acid sequence varies in this area. This is the region composed of 110-

130 amino acids and gives specificity towards the binding antigen, and hence acts as the binding 

site for the antigen to interact with antibody. 
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3.3 Immunoassay Protocol 

The experimental protocol to construct and characterize sensor immunoassay stack depicted in 

Figure 3.8 is given as follows. Sensing modality used to characterize the response in all of the 

experiments is Chronoamperometry (CA). Sensor preparation involves soldering copper wires to 

the gold connector leads of the sensor and subsequently cleaning the surface with IPA and DI 

water before using the Nitrogen gas spray-gun to dry the surface. The whole protocol is devised 

for one individual chip and each chip is dosed serially from the lowest to highest dose (Ascending 

order). 

 

Figure 3.8: Electrochemical sensor Immunoassay stack 
 

Once the sensor is prepared, 5 µL of DSP made in dimethyl sulfoxide (DMSO) is dispensed 

onto the gold electrode sensing region and incubated for 1.5 hours-thereby, giving enough time for 

the DSP molecules to get immobilized to the gold surface. Also, the sensor is incubated in a 

humidifying chamber (must be dark since DSP is light sensitive) to ensure that DSP or any 

dispensed fluid does not evaporate. At the end of the incubation time, take CA measurement by 

applying 500mV step signal for 30 seconds and a negative step of -500mV for another 30 seconds 

and record the result. After this step is completed, the sensor surface is aspirated completely and 

5 µL of blank DMSO is dispensed to the sensor surface to wash off the unconjugated DSP. The 

sensor surface is again aspirated completely and dried with nitrogen before adding 5 µL of 
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Glyphosate Antibody solution of 500 µg/mL (serially diluted from stock concentration of 5 

mg/mL) concentration and allowed to incubate undisturbed for 30 minutes. Similar to the DSP 

step, once the incubation time is complete-CA measurements are taken with the same conditions 

as mentioned previously. Wash the sensor surface using 5 µL of PBS to remove unbound antibody 

and then aspirate completely till dry. Next, 5 µL of superblock (Blocking buffer) (Thermo 

Scientific, USA) is dispensed to the electrode surface and incubate for 10 minutes-this step is 

performed to minimize unspecific binding by using a blocking buffer medium. CA measurements 

are taken at the end of 10 minutes as per the original conditions. Remove the fluid and aspirate till 

electrode surface is dry. 

The glyphosate antigen doses are serially diluted using PBS from stock concentration of 1 

mg/mL to a range of concentrations required between 10 ng/mL – 50 µg/mL.  Blank PBS 

(Baseline/Negative control) is added to the sensor surface and incubated for 5 minutes. CA 

measurements are taken similar to the original setting. Then, the fluid is aspirated from the 

electrode surface and this procedure is repeated for the all doses in ascending order for the same 

interval of 5 minutes to promote antigen-antibody binding to take place. 

After completing the above steps for all the doses prepared in PBS (Synthetic Glyphosate 

Sample), the doses are prepared serially again in produce run-off/extract solution instead of PBS 

in a similar manner. Once the doses are prepared, the same steps as above is repeated to take CA 

measurements for each dose in produce solution (Here, unspiked produce run-off/extract solution 

acts as negative control). 

Each of the above experiments are repeated for N=5 replicates to prove repeatability. 
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3.4 Validation of immunochemistry using FTIR [2] [3] [6] 

Gold electrode surface modifications by conjugation of DSP linker molecules followed by 

antibody was validated using FTIR analysis. Functionalization of electrode surface was carried out 

as described in the previous section. Prior to FTIR measurements, the sample was thoroughly 

washed with DI water and subsequently dried with N2 air to get rid of any unbound material that 

may interfere with the analysis. The infrared spectra of surface functionalized samples were 

recorded with a Nicolet iS50 FTIR spectrometer.  Absorbance spectral measurements were 

obtained with a scan resolution of 4 cm−1 for 64 scans in the spectral range of 4000 cm−1 to 600 

cm−1. Absorption spectra was recorded first for the Glass-Gold surface conjugated with only DSP 

molecules, and then Glass-Gold surface with antibodies linked via the DSP cross-linker. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 

4.1 Electrode Characterization using COMSOL Multiphysics simulation 

Finite element analysis (FEA) performed on the Interdigitated Electrode (IDE) design geometry 

based on the activating conditions mentioned in the previous section [10]. The Electrolyte Potential 

and Current density was analyzed using secondary current distribution module in COMSOL 

Multiphysics.  

In Figure 4.1, the plot with electrolyte potential (Bottom) depicts the surface potential at 

the WE (where the activation potential is applied) against the RE (which is maintained at ground). 

Current density investigates the variation in charge distribution which is visualized in the Figure 

(Top-Right) with a line plot as we move from WE-RE (Boundary conditions depicted in Figure 

4.1 Top-Left).  

Secondary Current Distribution [51] accounts for losses due to solution resistance as well as 

effects related to electrode kinetics. Concentration dependent effects are not considered in this 

model. This particular model is used to estimate activation losses and showcase proof of design 

feasibility for this application before taking into account concentration dependent reaction kinetics. 

The assumptions about the electrolyte composition and properties are the same as for the primary 

current distribution model, resulting in Ohm’s law for electrolyte current. However, Secondary 

Current distribution model makes the following assumptions: convection within the electrolyte 

does not significantly affect current density, the electrolyte is homogeneous, but the potential of 

the electrolyte–electrode interface may be different from its equilibrium value. 

 Based on these assumptions, the following equations govern within the system: 
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Jelectrode= − σs. ∇. ϕs with ∇. Js=Qs  

 ….Equation 1 

 

Jelectrolyte= − σl. ∇. ϕl with ∇. Jl=Ql  

 ….Equation 2 

 

ηm = ϕs−ϕl-Eeq,m  

 ….Equation 3 

 

In the above equations, J represents the current density (A/m2), and σ represents conductivity 

(S/m), while φ signifies electric potential (V). In the equations, the subscript‘s’ depicts the 

electrode domain, while the ‘l’ subscript denotes the electrolyte domain. Eeq,m represents the 

potential difference at the electrode–electrolyte interface at equilibrium. 
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Figure 4.1: Line plot (Top-Right) demonstrating the current density distribution along the red 
line (Top-Left) which depicts WE-RE variation and Contour plot depicting surface electrolyte 

potential distribution (Bottom) 
 

Therefore, from the results of the COMSOL simulation we infer that Current density is 

maximum around the working electrode and decays towards zero as it approaches RE. Also, 

Potential distribution is maximum around WE as we would expect. 
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4.2 Contact Angle and Optimal Volume Study 

Contact angle measurements were taken using the Goniometer instrument and for the rigid PCB 

substrate coated with immersion gold, the contact angle of 60° (average value ≃ 62°) suggests a 

hydrophilic interface and hence can be used for this biosensing application. The solid-liquid 

interface captured is shown in Figure 4.2 below. 

 

Figure 4.2: Solid-Liquid Interface to determine Contact angle made by fluid on PCB substrate 
 

Further, to determine optimal volume required by the electrode surface for this application-

the drop test with 5 µL volume yielded satisfactory results which can be visualized in Figure 4.3.  

For better visibility, (from, Figure 4.3) (A) Electrode region dispensed with buffer solvent (B) 

Electrode region dispensed with buffer solvent in red food color mix to highlight that electrode 

region is fully encompassed by the buffer solution. 
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Figure 4.3: Drop test with (A) PBS solution (B) PBS solution in red food coloring to determine 
optimal fluid volume 

Hence, Contact angle and Drop test results clearly display that 5µL is the optimum volume 

and that the PCB substrate can be utilized for this application. 

4.3 Validation of immunochemistry using Fourier-transform infrared spectroscopy 

(FTIR) [2] [3] [6] 

To confirm the chemisorption of DSP onto the gold surface we first analyzed the absorbance peak 

observed in the DSP spectrum, depicted in red in Figure 4.4 at 1741 cm-1 which is attributed to the 

symmetric carbonyl stretch of the NHS-ester. Furthermore, the peaks at 1450 cm-1 and 1370 cm-1 

indicates the CH2 and CH3 group bending in DSP molecule. The reaction between the NHS-ester 

group and the primary amine group in the antibody molecule can be noted in the DSP + Antibody 

(AB) spectrum depicted in the Figure as the blue absorbance curve. C–O bonds of the NHS ester 

break down and react with the antibody amine group, resulting in a stable amide bond. Suppression 
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of peak characteristic of NHS ester (1741 cm-1) is observed, whereas new peaks formed at 1540 

cm-1 and 1650 cm-1 are characteristic of amide-I and amide-II peaks.  

 

Figure 4.4: FTIR Spectrum of DSP (Red) and DSP-AB (Blue) to validate immunoassay 
chemistry 

 
The results summarized in Table 4 signifies stable formation of immunoassay stack 

through the binding of the Glyphosate Antibody to the DSP-functionalized surface and validates 

the chemistry. 
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Table 4.1: Summary of FTIR absorbance peaks with their characteristic trait 

 
 

4.4 Antibody Saturation Study 

To determine the optimum antibody parameters for the experimental protocol and determine 

suitable concentration, an antibody saturation study was conducted. Anti-Glyphosate polyclonal 

antibody was obtained at 5 mg/mL concentration and diluted serially to a range of concentrations 

between 10 µg/mL to 1 mg/mL. Post DSP incubation and wash steps on N=3 sensor chips as given 

in the immunoassay protocol from the previous chapter, Antibody of lowest dose was dispensed 

onto the chip and incubated for 30 minutes after which CA measurement was taken and recorded. 

This process was further repeated in ascending order for the other remaining doses. 
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Figure 4.5: Antibody Saturation Study-Results 
 

The results from the test is given in Figure 4.5, where it is clearly noticeable that the current 

values increase in a linear manner as we increase the dose concentration in the range between 10 

µg/mL to 500 µg/mL after which at dose point- 1 mg/mL, the sensor saturates and current value 

drops rapidly. Hence 500 µg/mL was determined to be the optimum antibody concentration for 

the ElectrochemSENSE system.  

 

4.5 Study of Electrochemical Sensor Response in various Samples tested on Potentiostat 

Lab Instrument 

In this section, the electrochemical response of the sensor to detect glyphosate in multiple samples 

is tested using the Laboratory Potentiostat Instrument-Gamry. Since, the calibration as well as 

resolution of this system is well characterized over its use in the scientific community for many 

years-it was considered for the sake of this study as the standard to measure the 

ElectrochemSENSE system against. 
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When implementing the experimental protocol (N=5) on a synthetic sample (Antigen dose 

prepared with PBS buffer), the increase in current response is observed when sensor is serially 

dosed at concentrations between 0.01-10ppm (as displayed in Figure 4.6). Calibrated dose 

response (CDR) is determined by plotting the current fraction against concentration.  

Current Fraction = (Current dose – Baseline Current)/ Current dose 

….Equation 4 

 

Figure 4.6: Dose response for Synthetic sample (left) and calibrated dose response curve (right) 
 
 

It was noticed that, at and above 10 ppm the system seems to approach saturation level (i.e. 

current change is decreasing to a negligible level in CDR curve). Hence, another metric was 

determined based on MRL database table and CDR extraction to analyze each produce sample 

called Field Operating Range (FOR). It was inferred that the highest MRL in this study does not 
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exceed 5 ppm while the lowest is 0.1 ppm and hence the region of interest lies between 0.1 ppm 

and 5 ppm where maximum signal threshold is captured. 

Next, experiments were repeated for each produce sample wherein the sensor (N=5) was 

dosed at low, MRL and high concentrations based on values from the MRL table for the particular 

produce group. The dose response for this set of experiments is represented in Figure 4.7. Similar 

to the CDR extraction of synthetic sample by using equation 4, the CDR plots for all produce 

samples are given in Figure 4.8. when sensor is serially dosed with glyphosate spiked produce 

samples at low, MRL and high concentrations, steady linear increase in signal with concentration 

is observed  with R2=0.99 (averaged for all produce). 
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Figure 4.7: Dose Response for produce sample (A) Apple (B) Strawberry (C) Bell Pepper (D) 
Carrot determined using Lab Potentiostat Instrument  
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Figure 4.8: Calibrated Dose Response graphs for all produce samples 
 

Next, to study if the CDR from the designed electrochemical sensor is able to detect random 

test doses-Another study was performed and the results were plotted. The Calibrated vs Test 

Response plot as shown in Figure 4.9 depicts that random test doses could be detected within the 

respective SAFE/UNSAFE range correctly based on the MRL value for each produce group 

although some deviation from CDR was observed. To quantify this deviation, Concentration 

recovery was used as the metrics and the data was tabulated (given in Tables 5-8). Here, 
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concentration recovery was obtained by plotting the observed current value into the CDR line 

equation (y=mx+c) for each produce. 

 

Figure 4.9: Calibrated vs Test Response for all produce samples (consolidated) 
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Table 4.2: Concentration recovery results from Apple Sample. 
Concentration 

Recovery Table 
Spiked Concentration Estimated 

Concentration 
from CDR 

Test Dose 1 0.1 ppm 0.05 ppm 

Test Dose 2 0.6 ppm 0.6 ppm 
 
 

Table 4.3: Concentration recovery results for Strawberry Sample. 
Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration 

from CDR 

Test Dose 1 0.1 ppm 0.06 ppm 

Test Dose 2 0.5 ppm 0.5 ppm 

 
 

Table 4.4: Concentration recovery results for Bell Pepper Sample 
Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration 

from CDR 

Test Dose 1 0.05 ppm 0.03 ppm 

Test Dose 2 0.5 ppm 0.4 ppm 

 
 

Table 4.5: Concentration recovery results for Carrot sample 
Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration 

from CDR 

Test Dose 1 1 ppm 1.3 ppm 

Test Dose 2 10 ppm 12.4 ppm 
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4.6 Custom Electronics Platform 

An integral part of the ElectrochemSENSE system is the custom electronic reader platform 

designed specifically to detect glyphosate pesticide in various samples by utilizing 

chronoamperometry as the electrochemical detection technique. 

 

Figure 4.10: Block diagram to depict working function of ElectrochemSENSE Platform 
 

For the Prototype Reader Instrument (as depicted in the functional diagram), an Atmel 

SAM3U (Microchip Technologies) was the microcontroller used and was interfaced with the 

ADC161S626 (Texas Instruments) micro-power ADC and the LMP91000 potentiostat IC (Texas 

Instruments). Working conditions for chronoamperometry was determined to be: Reference 

Voltage (Vref) of the system was maintained at 2.5V and the applied potential to the sensor was 

20% of Vref (500mV) while Transimpedance Amplifier (TIA) Gain was kept at 35KOhm.  

ADC circuit is capable of sampling at rate greater 50,000 samples/second while the required 

sampling frequency of interest is at 100 Hz. Hence, the designed system can clearly characterize 

the current peaks in CA measurement and used for our application. 
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Figure 4.11: Sample Graph which shows CA measurement on prototype board as discussed 
above plotted using LMP91000 EVM software (Texas Instruments) 

 

4.7 Study of Electrochemical Sensor Response in various Samples tested on 

ElectrochemSENSE device 

The Purpose of this study is to characterize the performance results of the reader device. All the 

experiments (N=5) performed in section 4.5 is repeated in this section but instead of performing 

the tests on the Benchtop instrument (Gamry), all the experimental runs utilize the custom designed 

ElectrochemSENSE Platform. 
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Figure 4.12: Dose Response and Calibrated Dose curve of Synthetic Sample measured with 
ElectrochemSENSE 

 
Similar to the dose response observed for the synthetic sample measured using a benchtop 

potentiostat (Figure 4.6), In Figure 4.12 we find that, while a linear response of electrical signal 

with increase in concentration is visible from the CDR curve (plotted using current fraction 

calculated by equation 4), the sensor system approaches saturation around 10 ppm. This provoked 

a key inference that data from CDR combined with MRL data for each produce clearly highlights 

a Field Operating Range (FOR) (0.1 – 5 ppm), wherein the signal threshold is maximum. 

Next, running the experiments similar to the conditions in section 4.5 on the ElectrochemSENSE 

device for the produce samples at low, MRL and high dose concentrations resulted in the dose 

response plot for all produce samples depicted in Figure 4.13 and the calibrated dose response 

(CDR) curve (Figure 4.14) extracted from it shows linearity with R2=0.98 (averaged for all 

produce samples). 
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Figure 4.13: Dose Response of all produce samples (consolidated) measured with 
ElectrochemSENSE 
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Figure 4.14: Calibrated dose response curve for all produce samples (consolidated) measured 
with ElectrochemSENSE 

 

The Calibrated vs Test Response plot to determine whether the ElectrochemSENSE system 

can effectively detect random test samples is shown in Figure 4.15 and based on the results, it is 

gathered that although test doses could be detected based on the safety metrics for the produce 

given by the MRL database slight deviation from CDR was observed. Concentration recovery is 

again tabulated in order to quantify the extent of deviation as shown in Tables 9-12. Concentration 

recovery value is determined in a manner similar to the previous section. 
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Figure 4.15: Calibrated vs Test Response graphs for all produce samples (consolidated) 
measured with ElectrochemSENSE 

 

Table 4.6: Concentration recovery characteristics for Apple sample with ElectrochemSENSE 
Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration from 

CDR 

Test Dose 1 0.1 ppm 0.1 ppm 

Test Dose 2 0.6 ppm 0.6 ppm 
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Table 4.7: Concentration recovery characteristics for Strawberry sample with 
ElectrochemSENSE 

Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration from 

CDR 

Test Dose 1 0.1 ppm 0.085 ppm 

Test Dose 2 0.5 ppm 0.5 ppm 

 
 

Table 4.8: Concentration recovery characteristics for Bell Pepper sample with 
ElectrochemSENSE 

Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration from 

CDR 

Test Dose 1 0.05 ppm 0.06 ppm 

Test Dose 2 0.5 ppm 0.5 ppm 

 

 

  Table 4.9: Concentration recovery characteristics for Carrot sample with     
ElectrochemSENSE 

Concentration 
Recovery Table 

Spiked Concentration Estimated 
Concentration from 

CDR 

Test Dose 1 1 ppm 1.5 ppm 

Test Dose 2 10 ppm 12 ppm 
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4.8 Comparing the Two Measures: Potentiostat vs ElectrochemSENSE 

One of specific aims of this research study is to determine the feasibility of ElectrochemSENSE 

as a sensitive sensing system that can be employed as a field test. Hence, the dose responses of the 

two measures were plotted in conjunction with each other to correlate both measures as shown in 

Figure 4.16. 

 

Figure 4.16: Dose responses of Potentiostat and ElectrochemSENSE instrument plotted together 
 

It was noticed that with greater resolution of the electrical signal response, the magnitude 

was higher in the case of the lab benchtop instrument-Potentiostat than our designed reader-

ElectrochemSENSE. However, from Figure 4.17- it is still clearly showcased that the signal 
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response of the handheld system is comparable to that of the benchtop model. This is enforced 

with the average Pearson’s correlation coefficient greater than 0.99 indicating high correlation 

between the two measurement methods. Also, performing a t-test showed no significant difference 

between these two measures. Hence, it can be concluded that the handheld system is a feasible 

system to detect pesticide (Glyphosate) in produce. 

 

Figure 4.17: Current performances of Potentiostat plotted against that of ElectrochemSENSE 

4.9 Machine Learning Classifier Integration 

Integrating a machine learning model which serves as a classifier that can predict whether samples 

are safe or unsafe is an important analytics tool and tends to offer the ElectrochemSENSE system 
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better end to end functionality. For this study, MATLAB machine learning classifier application 

(in-built) was used as the ML tool to train the ElectrochemSENSE model and extract accuracy 

percentage for each sample set. 

Based on training runs, support vector machine (SVM) and Bagged Trees algorithm were 

inferred as best suited for this application. Working of the algorithms are explained as follows: 

4.9.1 Support Vector Machine (SVM) Algorithm [44] 

Support vector machine is applicable for both regression and classification tasks, but more 

commonly used in classifiers. Overall objective of SVM is to identify a hyper plane in an N-

dimensional space which does the function of clearly classifying the data points. Here, the ‘N’ 

represents the number of features based on the feature selection process. Hyperplanes can be 

defined as decision boundaries that are capable of classifying the data values in the system. Based 

on the side where the data lies with respect to the hyperplane, it can be attributed to different 

classes.  

 

Figure 4.18: Representation of hyperplane with feature size N=2 (left) and N=3 (right)[44] 
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There can be many hyperplanes that can be chosen but for greater predictive capability, the 

hyperplane with the maximum margin (i.e.) hyperplane with maximum distance between data 

points of either class. This is so as to provide reinforcement so future data points can be classified 

with greater predictive confidence (accuracy). Support vectors are the data points close to the 

hyperplane and thereby affect the position and orientation of the plane, it is through these support 

vectors that the algorithm is capable of maximizing the classification margin. 

 

  

Figure 4.19: Various possiblities of hyperplanes available (left) and selection of optimal 
hyperplane with greater margin (right)[44] 

 

4.9.2 Bagged Tree Algorithm (Decision Trees) [45] [46] 

Bagged Tree is an algorithm which works based on the decision tree logic, it is most widely used 

in classification problems. ‘Bagged’ here means Bootstrap Aggregation wherein bootstrapping is 

a process of selecting random samples from a data set with replacement for estimating data set 
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statistics and model accuracy. Using this method, broadly, the population of the complete dataset 

is split or broken down into subpopulations based on significant splitters in the input variables 

(features). 

 

Figure 4.20: Block diagram representation of Bagged Tree Algorithm.[45] 

 
Sub-population or node creation largely affects the accuracy of the decision tree, hence 

factors causing splitting of nodes is crucial in this algorithm. Objective is to create a homogeneous 

branching process i.e. decision trees splits nodes based on all variables and selects the split 

resulting in the most homogeneous tree system. This is implemented for multiple random samples 

from the whole dataset by bootstrapping method after which the results from each decision tree 

iteration is bagged (aggregated) together and a prediction response is given based on this 

aggregated model. 
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4.9.3 Training model 

Integrating the classifier model to predict sensor performance is a key aspect of this study and is 

novel to the best of our findings. Certain key factors have been established prior to running the 

training protocol on MATLAB, this includes consolidating the data set in a manner so as to ensure 

easy feature extraction (Tableau workbook software tool was used for this aspect of the study), 

also the feature selection process was decided to utilize- dose represented in parts per million 

(ppm) and current values (Im) from the CA response corresponding to the dose as the input 

variables which forms either the support vectors in case of SVM or nodes in Bagged Tree. Further, 

based on these input variables, a conditional logic is applied based on MRL Concentration-(i.e.) if 

the corresponding dose concentration was equal to or lesser than the MRL value for that particular 

sample, then it is classified as SAFE with binary tag ‘0’ while in the alternative case (>MRL) it is 

classified UNSAFE and binary value ‘1’ associated to it. From this, the doses classified as safe or 

unsafe will be trained to predict the responses based on current values associated with each dose 

for each trial so the next time the system is exposed to a test case- it predicts the response from 

information in the trained dataset.  
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Figure 4.21: ML Training model performance in Synthetic Sample (PBS) 
 

 

Figure 4.22: ML Training model performance in Apple Sample 
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Figure 4.23: ML Training model performance in Strawberry Sample 
 

 

Figure 4.24: ML Training model performance in Bell Pepper Sample 
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Figure 4.25: ML Training model performance in Carrot Sample 
 

The results obtained by incorporating ML algorithm into the sensing system data as given 

above is for the data from various samples as seen in the experimental section is based on N=5 

replicated each tested for 5 dose points. Accuracy was highest in the synthetic sample performance 

(Figure 4.21) with 86.4% followed by resultant metrics for apple and bell pepper with 80.3% and 

80.2% respectively (Represented in Figure 4.22 and 4.24). Similarly prediction performances for 

strawberry (75.4%) and carrot (79.7%) samples are given by the data from Figures 4.23 and 4.25.  
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4.10 Cross-Reactivity Study 

The goal of this experiment is to evaluate biosensor specificity towards glyphosate and also 

understand the effects of cross-reactive species or interferents towards signal response. It is 

important to study these characteristics as non-specific binding at the sensor interface causes 

variation in the signal response which could potentially lead to the formation of false positives. 

Sensor performance was tested on a similar pesticide of the same family (organophosphate)-

Glufosinate. Chemical structures of glyphosate and Glufosinate are given in the Figure 4.26. 

 

Figure 4.26: 2-D Chemical structure of Glufosinate[47] and Glyphosate[42] 

 
The dose response for both antigens was quantified for N=5 sensor chips and plotted in Figure 

4.27. Then, the current fraction is calculated and plotted against concentration (Figure 4.28). 
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Figure 4.27: Dose Response of Glufosinate vs Glyphosate 
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Figure 4.28: Cross-reactivity study response measured based on Current change 
 

From Figure 4.28, we can see that with an increase in concentration of Glufosinate 

interferent-there is hardly any measurable change in current signal which is depicted as a near flat 

line (blue). Thus, it is enforced that the sensor and immunoassay is specific for glyphosate 

pesticide. 
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CHAPTER 5 

FUTURE WORK 

The immediate aim after validating system feasibility (i.e. proof of concept which is the current 

focus) is to further work on making the ElectrochemSENSE platform more sensitive and reliable 

and thereby, readily deployable for field use. This requires a lot more experimental runs to better 

calibrate the sensor response as well as integrate machine learning model completely (by training 

more sample sets) for predictive analysis in order to build an overall smart robust system. Next, 

Build a metric system (FOR) to sense and characterize pesticide levels in all vegetable and fruit 

produce (in addition to the 4 produce currently available). End goal is to build a multiplexed 

sensing system capable of detecting a spectrum of different pesticides. 
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CHAPTER 6 

CONCLUSION 

It has been shown that the proposed system offers real-time detection with response under 1 minute 

(< 60 seconds) while only using low sample volume of 5 µL to test for contamination with a Limit 

of Detection (LoD) of 0.01 ppm. Also, a new metric system for analysis has been devised in 

conjunction with MRL through Field Operating Range (FOR) determined for each produce type. 

Therefore, ElectrochemSENSE- A real-time, portable electrochemical sensing system in the form 

factor of a small hand held device has been shown to be viable for detecting glyphosate pesticide 

in various produce samples.  
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