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Purpose: 
Often times, students struggle with grasping the concept of electrochemical cells and their applications. This active learning module aims to familiarize both introductory chemistry students and those enrolled in upper level chemistry courses with real-world applications of electrochemistry through electrochemical sensors. The goal of this project is to spark curiosity, inspire awareness, and facilitate inquiries into markets that utilize electrochemical concepts in their operations. 
Textbooks tend to focus on electrochemical cells in the context of batteries, namely because they are a convenient real-world example of their application. Advanced chemistry courses, like analytical chemistry, are much the same, with labs that focus on voltammetry and electrochemistry in static conditions. This project allows students to explore concepts within the context of chemical and biochemical sensors. In this module, students were required to (1) identify a problem that could be mitigated through the use of chemical/biochemical sensors, (2) design a sensor and explain its implementation while integrating an electrochemical (or analogous) reaction, (3) estimate the costs of producing their sensors, and (4) “pitch” their problem and corresponding sensor to the class. Since the nature of the module was conducive to independent learning, students were given free-reign on the specifics of their projects/chemical reactions, and were encouraged to be creative. 

Implementation: 
Students were assigned this project at the beginning of the electrochemistry lectures in General Chemistry II. Students were required to read the background materials on sensors (attached to this packet). The concepts presented in the ‘Sensors background’ document were also referenced throughout the electrochemistry lectures. This module was implemented in a large lecture with roughly one-hundred-and-sixty students. Electrochemistry lectures were covered throughout the 3 week duration of this project. 

Due to the nature of large lectures, students were required to form groups of four to six individuals to facilitate presentations, and presentations were limited to a maximum of three minutes. Groups chose a team name and signed up on a Google Form in an organized fashion.   In smaller settings, students may work in smaller groups or work independently. In addition to efficiency, group work facilitates the exchange of ideas among students. Students had opportunities to consult with any number of resources, including the use of office hours (especially to ensure the accuracy of their chemical reactions), before and after class, use peer-student instructors, and graduate teaching assistance. This project would be much easier to implement in small lecture or lab courses in terms of logistics. However, with planning and use of google forms, the implementation in large lecture was relatively simple. The Google forms that have been used to facilitate simpler implementation are attached for reference. 

Modifications for upper level chemistry courses may ask students to identify which electrochemical technique would be best utilized for their sensor,  calibration methods, and current to concentration conversions. There are a vast number of permutations that could be achieved through modifications to this project.   

Grading:
 This module may be used as an extra credit assignment or may be counted for a portion of students’ overall grades depending on the class. In this case, the project was assigned as extra credit. The instructor and students both filled out an evaluation form (sent via email to students as a Google form) at the time of the presentation; there are seven categories, and each category may receive a minimum score of 1 and maximum score of 5. A sample google form is attached to this packet. Score analysis was simplified through excel. 
 Final grades were determined by correlating the instructor’s evaluation to the students evaluation via a linear regression. In our case, students received ten points if their total score reached a minimum of 80. Students scoring below an 80 received a fraction of the score, scaled to ten points. Alternatively, instructors may choose to set the grade as a weighted sum of student evaluations and instructor evaluations. For instance, if student evaluations were worth 50% of the grade, then grades would be calculated as: (0.5*average peer score) + (0.5* instructor evaluation), and scaled to a total of ten points. 
Learning outcomes: 
Although the module was only assigned as extra credit, students went above and beyond the outlined requirements. Students read peer reviewed literature to formulate their problem and their proposed sensor, in addition to researching different chemical reactions beyond the scope of the textbook lectures. They researched and inquired about multiple reference electrodes, in addition to specifying how different electrodes could be used to optimize their sensor design. Many students used 3D printing software to create their designs, and some students even printed physical versions of their designs to supplement their presentation. Moreover, students showed comradery and team work throughout the course of this module. 


Giving students free-reign over the project allowed them to present creative solutions to different, niche sets of problems. In our case, students were not aware of the grade breakdown; in order to prevent students from being disincentivized from putting forth substitive effort, it is recommended that the grade calculation (especially if weighted between instructors and average peer evaluation) not be made public. 

A STRIP survey was utilized to gauge student participation and time investment. Survey results indicate student felt the project was valuable to their leaning and gave overwhelmingly positive feedback. Attached to this packed is the STRIP survey that was utilized in our class. 
Student Assignment

After reading the background on Electrochemical and Biochemical Sensors, you and your group now know the basics of an electrochemical sensor/biosensor. Your next job as a group is to become creative and design a sensor of your choice. Maybe something you see a need for? Or perhaps to improve an existing one? 

In this design process, there are a couple of criteria you will have to follow: 

1. The sensor has to have the main components present

a. Analyte (sample) of interest

b. Receptor

c. Electrode and what materials would you use.

2. Propose the Reaction that is happening at the electrode/ what is the chemistry?

3. Why do we need this sensor? What is the real-life problem you are trying to solve with it?

4. What would be the market for this type of sensor?

5. A visual model of this sensor. This could be any of the following:

a. A Physical model of the sensor (build it)

b. Design and 3D print the sensor

c. A realistic 3D drawing/painting/sketch of the sensor

You might also think about catalysts, membranes, receptors to make it specific,  etc. 

[image: image1.tiff]What is a sensor?

Why would you need this
sensor?

What is the biological
problem you are trying to
solve/analyze?

What electrode materials
would you choose and why?
1.Working (anode or
cathode)
2.Counter/auxiliary
(anode or cathode)
3.Reference
What would be your electrolyte
solution or do you need one?
Do you need a biological entity
or coatings? What would those
be?
How can you make your sensor
more sensitive? (How can you
make it detect lower
concentrations of your spices of
interest?)

What is the reaction happening at
the anode and the cathode?
Whatis being oxidized and what is
being reduced in the reaction?

Is this reaction spontaneous or not?
If not, what needs to be done to
make it work?

Who can you market this
sensor to and how big is your
market?

How much would you sell your
sensor for? Cost analysis?

Is your sensor reusable or
onetime use? If reusable, how
would you calibrate it before
each use?

How would you package this
sensor?





You can divide your group up to make it most efficient. 
 As an example have a few people on each part of the assignment: 
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On presentation day in class, you/groups will present the sensor in a 3 minute pitch. Each group/person will be evaluated by the class on content, chemistry, applications, market evaluation, and overall design.  Instructor and peer-evaluations will be used in assigning overall points for the project.
Introduction To Electrochemical Sensors
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What’s a sensor? 

The most basic definition of a sensor is an object that detects signals from its surrounding environment and converts it to meaningful or quantifiable information. Your eyes, ears, and nose are all different types of sensors that help you navigate your surroundings on a day-to-day basis by detecting and processing light, sound, and smell/taste. In chemistry, sensors serve a similar purpose: their job is to translate the reactions and conditions in a given environment into useful data for analysis—and just like your nose, eyes, and ears, different chemical sensors gather distinct sets of information that may be combined for a more complete picture of a given chemical environment. In this module, we cover the basics of electrochemical sensors, gas sensors, and biosensors

ELECTROCHEMICAL SENSORS 

Electrochemical sensors are made up of three essential components: a receptor that binds the sample, the sample or analyte, and a transducer to convert the reaction into a measurable electrical signal. In the case of electrochemical sensors, the electrode acts as the transducer.6
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In most electrochemical sensors, an electrode surface is used as the site of the reaction.6 The electrode will either oxidize or reduce the analyte of interest. The current that is produced from the reaction is monitored and used to calculate important data such as concentrations from the sample.6

For instance, the nitric oxide (NO) sensor below, is a common electrochemical sensor. NO is an important vasodilator, and monitoring its levels becomes crucial in the diagnostics of cardiovascular complications. The sensor monitors the oxidation of NO as it occurs on the electrode surface. In many instances of electrochemical sensors, the electrode surface can be modified with catalysts, membranes, or other metals to make the electrode more sensitive and/or more selective toward the analyte (in the instance below, the Glassy Carbon (GC) electrode is modified with Cobalt (IV) Oxide and Platinum). 
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Figure 2. Nitric oxide sensor developed by the Masef research group

The direct electrooxidation of NO in solutions follows a 3 step reaction. The ( E for the overall process is +0.5V vs. a Ag/AgCl reference electrode. 
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The (E for the overall process is +0.5V vs. a Ag/AgCl reference electrode. 
The reaction for the Ag/AgCl reference electrode is the following:
                                    AgCl + e- ( ( Ag + Cl-                             E(+ 0.222V
GAS SENSORS  

What is it?

Gas sensors detect chemicals in the gas phase. Gas chromatography and electrochemical gas sensors are common examples of this technique. Like other sensors, gas sensors also require a sample and receptor to acquire and analyze measurements1; a good example of this are semiconductor gas sensors, where a gas interacts with the metal oxide surface and the subsequent analysis is made on the basis of whether that gas is reduced or oxidized.1
How is it made and how does it work?

Depending on the sample being analyzed, different methods of detection using gas sensors may be implemented. Electrochemical gas sensors work in a way similar to other electrochemical sensors, except in this case gases diffuse through a membrane to be reduced or oxidized at an electrode.7 The oxidation/reduction measurements allow us to measure the samples of interest.7
As an example the Figaro company’s CO gas electrochemical sensors works on this simple premises of monitoring the oxidation or reduction of a gas on an electrode surface. It works as an amperometric (detections current/time) cell with two electrodes, the working (sensing) electrode and the counter (psudo reference) electrode which are placed in between a layer of electrolyte (H+). 
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Electrochemical Sensors for Monitoring of Indoor and Outdoor Air Pollution. 10.5772/intechopen.68512. (2017).
In this instance when CO gas reaches the working electrode, it is oxidized with the participation of a water molecules from the surrounding air (eq. 1).

              (eq. 1)
Since the working electrode is connected to the counter electrode, the protons (H+) formed by reaction (eq.1) will flow toward the counter electrode through the ion conductor and the electrons will move to the counter electrode through the external wiring. The protons and electrons will then react with oxygen from the environmental air (eq.2)
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                                            (eq. 2)

Thus the overall reactions holds: 
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                       (eq. 3)

In Table 1 below are the standard electrode potential for the above reaction (in reference to Reduced Hydrogen Electrode (RHE). 

Table 1: Standard reduction potentials 
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BIOSENSORS
Biosensors require the same elements as electrochemical sensors in order to function, with a slight modification. For biosensors, the elements required are a receptor that binds the sample, an interface for the sample to react, and a separate transducer. There are a number of different biosensors available, including amperometric biosensors, thermometric biosensors, optical biosensors, and immuno-biosensors, to list a few. 

While there are a number of different biosensors available, at its core, a biosensor is a sensor that observes a specific reaction and quantifies it using a biological marker. For instance, enzymes, antibodies, and cell surface receptors are most often used to measure the amount of analyte in a given sample.5 To be effective, biosensors must meet certain criteria. They must be stable with little variation for a specific experiment, in addition to being both accurate and precise in the data they provide. It is also important that biosensors are specific, so that the experimenter can be sure of the parameters he or she measures.5 These are all important considerations when designing a biosensor. 

Below are couple of schematics of the basics of Electrochemical biosensors. [image: image9.tiff](A) Direct Electron Transfer (DET) (B) Mediated Electron Transfer (MET)
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Figure 3: Schematic illustrating a simple arrangement for (A) direct electron transfer (DET) and (B) mediated electron transfer (MET), between the active site of an
electrochemically-active enzyme and a solid electrode, during the oxidation of a substrate (Re-printed after [30] with permission from Elsevier)
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How is it made and how does it work? 
There are a variety of biosensors that are used to detect biological entities in different settings. As mentioned previously, biosensors require receptors, a surface for reaction, and a transducer; there are a number of ways to achieve this conformation. Electrochemical biosensors, for instance, have an electrode surface that acts as the reaction site and as the transducer. In this case, electrodes, an enzyme to catalyze a reaction, and the sample would make up the biosensor. For example, the electrode is placed in a solution containing an enzyme (the bioreceptor) specific to the analyte—let’s say in this case, glucose—and the change in potential is measured as the enzyme reacts with the glucose on the surface of the electrode, also known as the transducer. Depending on what electrochemical method is used, the current measured by the electrode or the change in potential caused by the redox reaction occurring on the electrode, is directly proportional to the concentration of a given sample.

Why is it important?  
Biosensors are especially important in detecting the levels of different substances in our bodies. For instance, biosensors can detect nutrients or oxygen levels, which can then be compared to normal. Sensors can also be used to check for hormone levels.4 In the medical field, patients’ glucose and oxygen levels are often measured to help doctors diagnose and treat them. For instance, an individual might present with frequent urination, high levels of hunger, and fatigue. Without sensors and further testing, a number of diagnoses might be applicable to said patient (type these symptoms into WebMD and see for yourselves!). Glucose sensors, in particular, are important for confirming whether a patient is hyperglycemic (has high blood glucose), which may often be a result of diabetes. 

Recently, glucose monitoring has seen the development of different methods of glucose detection. Today, glucose monitoring is possible through finger-pricking, which involves using the blood from the patient’s pricked finger to measure blood glucose via test strips and glucometers.4 First generation sensors, discussed below, used the glucose oxidase enzyme in conjunction with a platinum electrode to detect the amount of oxygen and hydrogen peroxide as the means to finding blood glucose concentrations.4
Example: Using Glucose Oxidase in Electrochemical Glucose sensors

You may be familiar with the process of oxidative phosphorylation, in which the electron carriers NADH and FADH2, generated in the Krebs cycle, are oxidized and their electrons are shuffled through complexes in order to produce water and ATP. The electron carriers NADH and FADH2 are also often seen acting as enzyme cofactors. A cofactor can be thought of as a part of an enzyme that is not made up of protein but is necessary for its function.  

Glucose oxidase is an example of an enzyme that uses FAD as a cofactor to catalyze the oxidation of glucose into hydrodgen peroxide and gluconic acid.5 This enzyme falls into the category of oxidoreductase enzymes because it catalyzes a redox reaction, shown below: 

Reaction 1: 

[image: image11.png]Scheme 1.
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In this reaction, FAD is reduced to FADH2 while glucose is oxidized to glucono-d-lactone and hydrogen peroxide. Glucose content in a given sample may be detected through an indirect (1) or direct (2) method. 

1.  The enzyme can be placed on the surface of the electrode, and the amount of H2O2 produced can be monitored find the amount of glucose present. This method works in the presence of oxygen, because, as shown in Reaction 1, the FADH2 cofactor is oxidized by oxygen, which is reduced to H2O2.5 This method is considered to be indirect because as opposed to measuring the amount of glucose remaining or glucono-d-lactone produced by the reaction, we are measuring the by-product, H2O2.5


2. Alternatively, in the absence of oxygen, an electron mediator can be used to quantify the reaction. In this method, the mediator is oxidized by the electrode and then reduced by FADH2. Since this reaction takes place in the absence of oxygen, H2O2 is not produced.5 This also gives a more direct method of measuring glucose in that only the oxidation of glucose, as opposed to the reduction of O2 to H2O2, is measured.5 In any case where a biological entity is used to facilitate the reaction, an adhesion method is applied to adhere the biological entity to the electrode material. 

Table 2. Reduction Potentials of common biological molecules. 
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THE MARKET: WHAT’S A SENSOR WORTH?  
Pat yourself on the back—you are a miracle that not only senses and processes information, but also understands it. Scientists around the world would give (almost) anything to develop a machine that can do even half of what you do every day, as accurately and precisely as you do it, without even having to think about it. That’s because sensing and processing information isn’t just important in passing your chemistry courses; in the medical field, it saves lives. It’s no surprise, then, that the biosensing market happens to be fast-growing and highly profitable. 

Point of care (POC) testing comprises the largest share of the biosensor market as of 2016.2 POC tests are a set of diagnostic tests that are performed at the patient’s bedside. POC tests detect glucose, oxygen saturation, and antigens, among other species. These tests are particularly important in that they are both simple and quick, allowing physicians to streamline the treatment process. Each of these tests uses a different sensor or instrument to analyze a given sample. The market for glucose monitoring is also expected to see growth and potentially beat out POC by 2022.2 As diabetes continues to become more prevalent, the market for glucose sensors will continue to increase, as they play a crucial role in managing blood glucose levels. 

Market analysis shows by 2020, the biosensor market is expected to be worth $21.2 billion USD, and $27.06 billion by 2022.3 In 2016, the industry was valued at $15.06 USD.3 Aside from POC testing and self-monitoring methods, sensors are important in research concerning genomics and proteomics. Both governments and private enterprises invest in this type invest in this research.3 The agricultural industry also contributes to the fast growth of the biosensor market, as biosensors have helped regulate pesticides.3 
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Sensor Projects Peer-Evaluation

* Required

1. Name of group presenting *

2. The sensor material was covered with adequate depth. *

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

3. The chemistry content of the sensor was logical.

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

4. The application and market was sufficiently covered. *

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

5. The design/model was well-thought out. *

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

6. The project was creative and innovative. *

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

7. The group was well prepared. *

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

8. The presentation was organized. *

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

9. My overall rating of this sensor is *

Mark only one oval.

1 2 3

Least deserving of praise Most deserving of praise

10. I have learned something new from this project.

Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree
Figure 1: Schematic illustrating the basic components of an electrochemical sensor.








