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Lay Abstract 

 

While the symptoms are severe and quick for the type – 1 diabetes,  there may be no 

symptoms shown, if some people, especially, have prediabetes (a higher-than-normal blood 

sugar), gestational diabetes (diagnosed for the first-time during pregnancy, gestation), and 

type – 2 diabetes (the pancreas does not produce enough insulin and/or cells respond poorly 

to insulin and take in less sugar).  Thus, early detection of diabetes through real-time 

monitoring of glucose is critical to prevent complications and can save lives. The 

electrochemical enzymatic electrodes face several drawbacks while dominating the world 

market for blood glucose monitoring devices.  Hence, facile, flexible, inexpensive, and 

high-performance electrochemical non-enzymatic electrodes are needed for non-invasive 

glucose monitoring devices. A very simple low-cost fabrication technique has been shown 

to make the facile, flexible, and inexpensive electrodes to detect sugar in sweat bio-analyte 

for a non-invasive glucose monitoring system using the native stable Cu oxides (CuNOx), 

Cu2O and CuO, layers grown on 35 µm thin Cu foils keeping under ambient conditions 

(25℃- and 760-mm Hg) for more than 2 years. Moreover, the foils also annealed at various 

temperatures such as 160, 230, and 280℃ with new temperature profile for reducing the 

required time of growing stable oxides and producing oxides with larger crystallized 

structures with higher surface – to – volume ratio. The cyclic voltammetry (CV) with the 3 

– electrode configuration of the potentiostat has been used for electrochemical 

characterization.  
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Abstract 

 

The electrochemical enzymatic electrodes dominate the world market for blood glucose 

monitoring devices for controlling, as well as reducing the detrimental effects of diabetes. 

However, the enzymatic electrodes exhibit constraints restricting their reliance on the 

enzyme’s activity which can be influenced by the external, and the environmental factors 

such as temperature, pH, and humidity etc. However, the greater thickness of the enzyme 

layer hinders the performance of the glucose biosensors resulting in signal dampening or 

loss. In addition, the selectivity of the electrodes is affected by the interferents present in 

blood.  Moreover, the invasive nature of the electrodes is a major problem considering the 

patient’s perspective. In contrast, recent research activities demonstrated that the 

electrochemical non-enzymatic electrodes possess huge potential for inexpensive and 

highly sensitive glucose monitoring devices, yet these electrodes are invasive in nature. 

Therefore, the purpose of this research was to fabricate electrochemical non-enzymatic 

non-invasive electrodes for sweat glucose monitoring devices.  

A very simple low-cost fabrication technique has been shown to make the facile, flexible, 

and inexpensive electrodes to detect sugar in sweat bio-analyte for a non-invasive glucose 

monitoring system using the native stable Cu oxides (CuNOx), Cu2O, layers grown on 35 

µm thin Cu foils keeping under ambient conditions (25℃- and 760-mm Hg) for more than 

2 years so that the oxide layers are full-grown, and fully stable. Moreover, the foils also 

annealed at various temperatures such as 160, 230, and 280℃ with new temperature profile 

for reducing the required time of growing stable oxides and producing oxides with larger 
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crystallized structures with higher surface – to – volume ratio. The X-ray photoelectron 

spectroscopy (XPS) and high-resolution transmission electron microscopy (HRTEM) 

results supported that at 280℃ annealing temperature the surface, mostly, transformed into 

highly electrocatalytic CuO with larger grain sizes, crystallized structures, and the uniform 

layer of ~ 140 nm.  

The electrochemical characterization, and sensing performance of the electrodes have been 

done by cyclic voltammetry (CV), one of the excellent and well accepted electrochemical 

methods, with the 3 – electrode configuration of the potentiostat. The CuNOx sensors of 

having ~10 nm layer of stable Cu2O exhibited a sensitivity of 603.42 μA mM−1 cm−2, a 

linear range beyond the desired limit of 7.00 mM with excellent linearity (R2 = 0.9983) and 

a low limit of detection of 94.21 μM. In contrast, the new annealing profile has. the CuNOx 

sensors annealed at 280 ºC using new temperature profile provided twin calibration curves 

of linear ranges of 0.05 – 1.00 mM and 1.00 – 7.00 mM, that applicable for sweat and blood 

glucose sensing, respectively, and exhibited a sensitivity of 1795 μA mM−1 cm−2, a linear 

range up to the desired limit of 1.00 mM for sweat glucose sensing with excellent linearity 

(R2 = 0.9844), and a lower limit of detection of 135.39 μM. 

In addition, it has been shown that the peak electro-oxidation current of glucose sensing is 

linearly related with the squire root of the annealing temperature, √𝑇. This can help to 

figure out the required applied annealing temperature for getting desired peak electro-

oxidation current of glucose in a human health monitoring system. 
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Chapter 1 

 

Introduction 

 

1.1 Human Health Monitoring 

Recent, severe acute respiratory syndrome (SARS), a viral respiratory illness 

caused by a coronavirus, worldly known as SARS – associated coronavirus (SARS – CoV), 

transmission as COVID – 19 shows that human race is predominantly under in danger of 

mass extinction, while connected each other more than ever in history. According to WHO, 

there have been 767,972,961 confirmed cases of COVID – 19, including 6,950,655 deaths, 

globally, as of 12 July 2023 [1]. The pandemic acquainted us with the importance of health 

monitoring. This health monitoring, however, is crucial not only for the diseases which can 

cause pandemic but also for personal health. Moreover, the diseases due to abnormalities 

and/or dysfunctionalities of neurotransmitters (NTs), a chemical messenger effects various 

psychological and neurophysiological purposes such as sleep, emotions, memory, and other 

cognitive functions, are great concern nowadays [2], [3]. The commotions have been 

happened in the central nervous systems (CNS) are psychotic (schizophrenia, depression, 

dementia, etc.), neurodegenerative diseases (Alzheimer’s, Parkinson’s, Huntington’s 

disease, autism, epilepsy, attention deficit hyperactivity disorder (ADHD), etc.), and other 

illnesses (glaucoma, arrhythmias, thyroid hormone shortage, congestive heart damage, 

sudden infant death syndrome, dejection, and anguish, etc.) [4], [5]. Although the Nobel 

Prize winner German pharmacologist Otto Loewi discovered the first known NT – 
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acetylcholine (ACh) in 1921, till now total 200 NTs are revealed [3], [6]. However, ACh 

regulates muscle contraction in the peripheral nervous system (PNS) through acetylcholine 

receptors (AChR). It also plays a key role in the central nervous system’s activities such as 

behavior, arousal, attention, learning, and memory. The choline acetyltransferase and acetyl 

coenzyme A synthesize ACh from choline in neurons [7]. Imbalanced ACh regulation in 

the brain can cause neuropsychiatric disorders such as schizophrenia, Alzheimer's, 

Parkinson's, and myasthenia gravis [7], [8]. On the other hand, Dopamine (DA) is another 

neurotransmitter that conveys messages of pleasure in the brain's reward system. 

Unreasonable levels of dopamine are linked to various diseases, including Schizophrenia, 

Parkinson's, restless legs syndrome, and attention deficit hyperactivity disorder [9].  

Likewise, proteins which provide genetic information through molecular 

expression that imprinted on nucleic acids define the underlying foundation of biological 

function [10]. After DNA studies, the researchers are entranced to unraveling the mysteries 

of proteins because they are at the core of most pathological conditions. C-reactive protein 

(CRP), an annular pentameric protein made in the liver, is found in blood plasma, increased 

in response to an offending agent which causes inflammation, and activated the first 

immune responders. In a healthy human, the normal range of CRP is <5 mg/L, where 

surgery, trauma, exercise, heatstroke, and childbirth can result in a drastic increase in CRP, 

ranging from 1 to 500 mg/L [11]. Moreover, the higher CRP values can indicate 

cardiovascular diseases, pathogenic diseases, inflammatory bowel disease (IBD), and colon 

cancer [11]. Further, Trypsin, an important enzyme of the digestive system, is produced as 

the inactive zymogen trypsinogen in the pancreas and activated in the small intestine while 
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breaking down long proteins into smaller digestible pieces [12]. Trypsin activities are 

regulated by pancreatic secretory trypsin inhibitor (PSTI) by inhibiting its secretion from 

the pancreatic acinar cells, which otherwise could damage the pancreas leading to 

pancreatitis [13]. Therefore, trypsin plays a necessary role, as a specific biomarker, for 

diagnosis of some important biological disorders as pancreatitis, pancreatic cancer, cystic 

fibrosis, and biliary cirrhosis [14], [15]. In addition, carcinoembryonic antigen (CEA) is a 

glycoprotein produced, typically, in gastrointestinal tissue and found in many types of cells 

associated with tumors [16]. The normal levels of CEA in healthy adults are in the range 

of 3–5 ng mL–1, although these levels increase up to 10 ng mL–1 in some benign diseases 

[17]. The level of CEA in the blood may be elevated by certain types of cancers, such as 

colon, rectal, breast, lung, pancreatic, stomach, liver, and ovarian cancer, and non-

cancerous conditions like cirrhosis, hepatitis, diverticulitis, IBD, peptic ulcer disease, 

chronic obstructive pulmonary disease, cholecystitis, and obstructed bile duct. The CEA 

test is crucial for the diagnosis of colorectal cancer, as well as for monitoring its response 

to treatment and the risk of reoccurrence [18]. As well prostate-specific antigen (PSA) is a 

glycoprotein secreted by the prostate gland and found in low amounts, <4 µgL-1, in the 

blood [19]. Its elevated levels, >10 µgL-1, in the blood can be caused by prostate cancer as 

well as non-cancerous conditions such as prostatitis, inflammation of the prostate, and 

benign prostatic hyperplasia, enlargement of the prostate [20].  

Furthermore, acute myocardial infarction (AMI), also known as a heart attack, is a 

common life-threatening cardiovascular disease throughout the world. Serum markers of 

myocardial cell injury, cardiac markers, are enzymes, as creatine kinase-MB isoenzyme 
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(CK-MB), and cell contents such as cardiac troponin T (cTnT), cardiac troponin I (cTnI), 

and heme-containing myoglobin (Myo) are released into the bloodstream after myocardial 

cell necrosis [21]. The cardiac markers appear at different times after myocardial cell injury 

and levels decrease at different rates. The AMI results in the rapid release of cTnT (37 kDa) 

from cardiac muscle cells into the bloodstream which remains elevated up to 14 days after 

cardiac ischemia, providing the possibility of prognosis of the disease and is the most 

sensitive and specific marker of choice [21].  While sensitivity and specificity for 

myocardial cell injury vary significantly among these markers, but the cTnT, a cardiac 

regulatory protein, is its specific biomarker [21]. The myoglobin, cardiac Myo, increases 

after the AMI onset.  Due to its small size of 17.8 kDa, Myo is quickly released into 

circulation within 1 – 3 h after symptoms onset and serves as a valuable screening molecule 

with high sensitivity and predictivity for the AMI detection [22]. However, the tumor 

necrosis factor-alfa (TNF-α) is naturally produced by activated macrophages and 

monocytes and has pleiotropic effects on normal and malignant cells. Though it is a key 

marker of inflammatory diseases, it is involved in a broad range of physiological and 

pathological responses, such as atherosclerosis, rheumatoid arthritis, psoriasis, IBD, 

Alzheimer's disease, and various pulmonary disorders [23]. Moreover, the TNF-α, 

associated with necrosis or apoptosis, is rapidly upregulated in the brain after injury and 

important for the understanding of inflammation and discovering drugs that alleviate it [23]. 

Also, acetaldehyde, also known as ethanal by IUPAC, is an organic colorless liquid or gas 

and one of the most important aldehydes. Although it occurs widely in nature in plants, it 

is also produced by the partial oxidation of ethanol by the liver enzyme alcohol 
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dehydrogenase and is a contributing cause of hangover after alcohol consumption [24]. The 

International Agency for Research on Cancer (IARC) has listed acetaldehyde as a Group 1 

carcinogen [25]. Most importantly, glucose, the main source of energy for the human body, 

is produced from food, mainly plant based, through digestion. The pancreas produces 

insulin to help the body to convert glucose into energy in the blood stream for the cells to 

consume. However, the uncontrolled blood sugar levels due to ineffective insulin use or 

deficiency can cause diabetes, which can lead to blindness, kidney failure, heart attack, 

stroke, and serious damage to nerves and blood vessels. 

 

Fig. 1-1, The schematic of the electrochemical health monitoring systems. 

These biomarkers have always enchanted researchers due to their effect on human 

life in general, as shown in Figure 1 – 1. Since the NTs, proteins, and glucose are in the 

core of human biological functions, they have intrigued researchers into decoding their 

secrets. Hence, these are feasibly the most intense research subjects as cutting-edge 

biosensing technology. The Biosensors can be electrochemical, opto-electrochemical, 

optical, piezoelectric, magnetic, and calorimetric. However, the electrochemical biosensors 
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have properties those outperforms the other existing sensing systems providing rapid, 

simple, and inexpensive on-field detection [10]. Moreover, electrochemical measurement 

protocols are also suitable for mass fabrication of miniaturized devices. In fact, 

electrochemical biosensors have played a major role in the advancement towards simplified 

testing for point-of-care usage. Indeed, self-testing glucose strips, based on screen-printed 

enzyme electrodes, coupled to pocket-size amperometric meters for diabetes, have 

dominated the market over the past two decades [26]. In this work, we discuss the 

electrochemical sensors for glucose electro-analysis. 

In this chapter, we establish the importance of human health monitoring systems. 

Next, we discuss the necessity of glucose monitoring for the human body. Then, we discuss 

conventional methods as well as different electrochemical sensing techniques of glucose 

sensing. These techniques include cyclic voltammetry (CV) based sensors for 

electrochemical non-enzymatic glucose sensing. We provide a summary and comparison 

of the sensor structures, operation conditions, sensing mechanisms, relevant materials, and 

some key performance parameters such as sensitivity, sensing range, response time and 

stability of the sensors. Then, the motivation of this research is provided along with the 

specifications of the fabricated glucose sensors. Finally, the research contribution and thesis 

organization are presented. 

1.2 Necessity of Glucose Monitoring 

Diabetes mellitus, or simply diabetes, is a chronic disorder, which is caused by 

uncontrolled blood sugar (glucose), and it is the result of ineffective use or the deficiency 

of insulin, a hormone that regulates the movement of sugar into the cells, in the body. 
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Depending on the sugar level in blood, diabetes symptoms are revealed in the human body. 

There may be no symptoms shown, if some people, especially, have prediabetes (a higher-

than-normal blood sugar), gestational diabetes (diagnosed for the first-time during 

pregnancy, gestation), and type – 2 diabetes (the pancreas does not produce enough insulin 

and/or cells respond poorly to insulin and take in less sugar). However, the long-term 

damage to heart, blood vessels and kidneys may already be happening due to these types 

of diabetes. On the other hand, the symptoms are severe and quick for the type – 1 diabetes.  

 

Fig. 1-2. The human body organs severely affected by diabetes [33]. 

Moreover, type – 1 diabetes is thought to be caused by an autoimmune reaction that means 

the body attacks itself by mistake which stops the body from making insulin [27]. It is the 
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seventh leading cause of the death worldwide. According to the WHO, diabetes directly 

caused an estimated 1.5 million deaths, and 460,000 more deaths due to kidney disease 

caused by diabetes in 2019 [28]. Furthermore, elevated blood glucose causes around 20% 

of cardiovascular deaths in 2019 [29]. It has been reported that the illnesses associated with 

the metabolic syndrome including diabetes act as comorbidities by putting excess strain on 

the organ systems affected by COVID-19 [30]–[32].  

Diabetes causes heart and blood vessel (cardiovascular) disease, nerve damage (diabetic 

neuropathy), kidney damage (diabetic nephropathy), eye damage (diabetic retinopathy), 

foot damage, bacterial and fungal infections on skin as well as in mouth, hearing 

impairment, Alzheimer's disease, and depression related to diabetes, as shown in Figure 1-

2 [33], [34]. Alarmingly, type – 1 is commonly diagnosed in children, teens, and young 

adults while there is no way available to prevent it without taking insulin to survive. Hence, 

the guidelines for managing type – 1 diabetes are: testing blood sugar; giving insulin; eating 

regular meals and snacks; balancing food, medication, and physical activity; recognizing 

the signs of low and high blood sugar [35]. Thus, early detection of diabetes through real-

time monitoring of glucose is critical to prevent complications and can save lives. 

1.3 Glucose Biosensors 

First historical document about diabetes was a papyrus, ancient Egyptian 

chronological and hieroglyphically written document dating back in 1552 BC by a 

physician Hesy-Ra, mentioning ‘to regulate………excessive urine’ discovered by Georg 

Ebers in 1862, and stated by Ebbell (in 1937) and Tattersall (in 2010) [36]. Nwaneri 

describes diabetes mellitus as a silent epidemic [36]. Since its discovery, a surfeit of 
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biosensors has been developed to provide diagnostic information, monitoring, and 

medication. In a review by Hassan et al. 2021 detailing the advances of glucose sensors 

showed that the research on glucose biosensors and monitoring systems significantly 

increased in recent years [37]. There are optical and electrochemical glucose biosensors, 

usually. Several methods of optical glucose biosensors have been introduced such as 

fluorescence, absorptiometry, and surface plasmon resonance (SPR), where optical fiber is 

the main glucose sensing materials to be used by the principles of absorption, illumination, 

light scattering, or refraction principles [38]–[45]. While this type of biosensors provides 

many advantages (remote sensing, low cost, free of electrical interference, and fast response 

time in comparison to conventional methods), there are some associated drawbacks too, 

which hinders their usages in general, such as interference from ambient light, requirement 

of high-energy light sources, and limited linear range, which limit their usages [46], [47]. 

1.3.1 Electrochemical Glucose Biosensors 

Electrochemical, also known as electroanalytical, biosensing is a rapidly growing 

field in global healthcare research. This involves studying the flow of electrical current 

induced by chemical reactions and measuring the subsequent electrical energy produced 

[48]. Given that biological systems rely on chemical processes, electrochemical sensing is 

critical for the fast, reliable, and real-time detection of target molecules and disease 

diagnosis. In comparison to the lab-based techniques, electrochemical sensing methods are 

quick, adaptable, portable, cost-effective, and do not require skilled professionals [49], 

[50]. These methods can be conveniently used in point-of-care settings. Moreover, 

electrochemical techniques have been extensively used in detecting biomarkers, analytes, 
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and contaminants in healthcare, environmental monitoring, food packaging, and other 

applications [51], [52]. However, a few of them proved to be accurately applicable to detect 

glucose in bio-analytes [53]. In addition, the electrocatalysts are needed to be highly active, 

and efficient to design an efficient, reliable, stable, and innovative sensing device [54]. 

Furthermore, recent developments in the field of nanotechnology and synthesis of advanced 

functional materials have facilitated new strategies for the tailoring of novel materials with 

desired morphologies and exceptional physicochemical properties [55]. 

Electrochemical Cell & Measurement Circuitry (Potentiostat) 

Electrochemical sensing techniques, a subset of analytical chemistry, focus on analyzing 

analytes in a solution [56]. Moreover, the techniques can be categorized into bulk and 

interfacial methods [1]. The former measures properties related to the total concentration 

of dissolved ions, while the latter concentrates on potential, current, or charge at the 

interface [57]. However, the interface comprises an electronic conductor (electrode) and an 

ionic conductor (electrolyte). An electric potential prompts the current to flow through the 

interface, representing the rate of change of charges (electrons or holes) flowing through 

the electrode [56]. On the other hand, an electrochemical cell features complex 

environments with multiple interfaces [58]. The modern potentiostat systems are 4 – probe 

instruments with working (WE), counter (CE), reference/auxiliary (RE), and working sense 

(WSE) electrode. Depending on the electrochemical techniques and experiments set up, the 

4 – probe instruments can be used as 2 –, 3 –, or 4 – electrode measurement configurations 

because each individual technique may have multiple possible experimental setups.  In a 

two-electrode electrochemical cell configuration, the sense leads measure the complete 
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voltage dropped by the current across the whole electrochemical cell that means WE, 

electrolyte, and CE, since the CE also works as the RE and so the applied potential is the 

one across the whole cell. When the user defined potential is applied, the current flows 

through the electrolyte and the potentials of the solution in between WE and CE interfaces 

change [59]. The change of the potentials is the function of the chemistry of the electrolyte 

in the cell in terms of solution composition, the electrode materials, and the relative areas 

of the electrodes.  

 

Fig. 1-3. Schematic of the three electrode potentiostat circuit diagram. 

Recently, the standard 3-electrode configuration, shown in Figure 1-3, of an 

electrochemical cell has gained tremendous popularity to conduct necessary experiments. 

This setup allows users to experiment, only, with the interface of WE and solution, while 

the electrochemical activities at the CE and its adjacent interface can be ignored [59].  The 

function of a potentiostat circuitry, see in Figure 1-3, is to make the ‘potential difference 
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(voltage) static’ i.e., constant between the WE and the RE, 𝑉𝑤𝑟, by regulating current, 𝑖𝑐𝑡, 

through CE, electrolyte, and WE. The high gain operational amplifier (Op-Amp), the input 

Op-Amp, is considered an infinity gain,  𝐴𝑉 =
𝑉𝑜

𝑉+−𝑉−
= ∞, amplifier, ideally. 

Mathematically, the infinity gain is only possible when the input voltage, 𝑉+ − 𝑉−, is zero. 

In addition, the input of an Op-Amp is constructed of several differential amplifiers, a very 

high input impedance/resistance amplifier, that makes the input impedance/resistance is 

infinite, ideally, of an Op-Amp. Hence, the zero-input voltage, 𝑉+ − 𝑉− = 0, and the 

infinity-input impedance/resistance, 𝑍𝑖  𝑜𝑟 𝑅𝑖 = ∞, are considered as so called ‘Virtual 

Ground’, while the practical circuit ground means the potential difference is zero, and the 

current is infinity, short-circuited current. When, the input applied voltage 𝑉𝑖 = 0 and the 

Op-Amp is ideal or offset null procedure is done correctly then the 𝑉𝑜 = 0, which resulted 

in no current in between CE, and WE, as a result the 𝑉𝑤𝑟 = 𝑉𝑊𝐸 − 𝑉𝑅𝐸 = 0, so there is no 

changes in voltage at the inverting terminal of the high gain Op-Amp. If the applied voltage, 

𝑉𝑖, is any positive value, the red polarity, there is no current through the inverting terminal 

of the high gain as well as electrometer, which is basically a voltage follower where ±𝑉𝑖𝑛 =

±𝑉𝑜𝑢𝑡, Op-Amps due to the virtual ground. Thus, the output 𝑉0  drives toward the negative 

power supply, not shown in the diagram, which resulted in the current  𝑖𝑐𝑡 upwards from 

WE to CE, the red-dotted arrow. Ideally, there is no current through the non-inverting 

terminal of electrometer as well as the inverting terminal of the transimpedance amplifier 

(TIA), a current follower where 𝑖𝑐𝑡 = 𝑖𝐹. However, the voltage 𝑉𝑤𝑟 = 𝑉𝑊𝐸 − 𝑉𝑅𝐸 is 

positive, that produces the voltage at non-inverting terminal of electrometer negative. 

Therefore, the 𝑉 = −𝑉𝑤𝑟 will reduce the total applied voltage at the inverting input terminal 
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which will reduces the 𝑉𝑂 until 𝑉𝑤𝑟 = 𝑉𝑊𝐸 − 𝑉𝑅𝐸 = 0. In contrast, if the applied voltage, 

𝑉𝑖, is any negative value, the circuit will work as the green polarities and directions have 

been shown, see Figure 1-3, to make the voltage 𝑉𝑅𝐸 equals to 𝑉𝑊𝐸. It is assumed that the 

voltage drop in the cell is negligible considering the solution of high ionic conductivity 

and/or the RE at a minimum distance of the WE. 

The potentiostat & Cyclic Voltammetry (CV) Technique 

The standard 3 – electrode electrochemical configuration has been used in this work to 

detect analyte (glucose/sugar) using the CV technique. Since the configuration studies the 

interface of the WE and bulk solution only, and the user have the freedom to keep the 

potential difference between the WE and the RE static,  the current, 𝐼𝐹, and voltage, 𝑉𝑜𝑢𝑡 =

𝐼𝐹𝑅𝐹 , values provide the charge with time that was passed across the interface of WE and 

bulk solution as a function of the voltage difference between the WE and RE, and time 

[59]. The CV is a potentiodynamic electrochemical measurement technique in which a 

cyclic potential scan is performed between two peak potentials 𝐸1 and 𝐸2, as shown in 

applied potential section of Figure 1-4. The scan potential is not smooth, rather a staircase 

potential with height of each step potential is 𝐸𝑠𝑡𝑒𝑝. At the end of each step, the current has 

been sampled or recorded. Hence, the number of points per scan of the current versus 

potential curve is 
2×(𝐸2−𝐸1)

𝐸𝑠𝑡𝑒𝑝+1
. Moreover, the sampling time, the time between two 

consecutives steps, determines the scan rate, and denoted as Vs-1. However, the interval 

time is determined by 
𝑆𝑐𝑎𝑛 𝑅𝑎𝑡𝑒

𝐸𝑠𝑡𝑒𝑝
. The voltammogram, the curve of the current 𝑖𝑐𝑡, see Figure 

1-3, against the voltage difference between the WE and RE, gives the CV trace, shown in 
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Figure 1-4, 𝐼 vs 𝐸 section. In addition, the voltammogram can be reversible, quasi-

reversible, and irreversible depending on the characteristics of the reduction and oxidation 

chemical reaction of the analyte, as shown in the section of voltammogram in Figure 1-4.   

 

Fig. 1-4. Schematic of the different components of CV technique. 

Electrochemical glucose biosensors are the crucial tool of a blood glucose 

monitoring device. Moreover, these biosensors are extensively used due to their sensitivity, 

reproducibility, and manufacturability in huge volume and at low cost [60]. In 1962, Clark 

and Lyons, at the Children’s Hospital in Cincinnati, proposed the first enzymatic 

electrochemical glucose biosensors [61]. However, in the last 60 years, huge effort has been 

commanded to enhance the performance of these biosensors. Electrochemical glucose 

biosensors encompass two types: enzymatic and non-enzymatic biosensors.  
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1.3.2 Enzymatic Glucose Biosensors 

For the first time, Clark and Lyon presented, in a patent, the principle of 

electrochemical enzymatic glucose biosensors explaining the science behind the 

conversion of electro-inactive substrates into electroactive products using enzymes [61]. 

Moreover, the commercial blood glucose monitoring systems, mostly, use electrochemical 

enzymatic glucose biosensors. All current blood glucose monitoring systems are enzyme-

based, and marketed by Abbott Laboratories, Roche Diagnostics, LifeScan, Medtronic, 

Dexcom Inc., Tandem Diabetes Care Inc., Insulet Corporation, and Terumo Corporation 

[62], [63]. The global diabetes care devices market is expected to grow from US$ 28,942.1 

million in 2022 to US$ 42,119.3 million by 2028; it is estimated to grow at a compound 

annual growth rate (CAGR) of 6.4% from 2022 to 2028 [63]. Enzymatic glucose 

biosensors, introduced by Clark and Lyons in 1962, in which oxygen consumption was 

monitored according to the enzyme-catalyzed oxidation of glucose in the 

 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂𝑥𝑦𝑔𝑒𝑛 
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑥𝑖𝑑𝑎𝑠𝑒 (𝐺𝑂𝑥)
→                 𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝐻2𝑂2    (1 − 1) 

presence of oxygen, as given in equation (1-1). However, the variation in background 

oxygen interferes with the reactants and products of the equation. Hence, Updike and Hicks 

developed an electrode system using two electrodes which can measured the differential 

current and remove background oxygen noises [64]. Moreover, Guilbault and Lubrano 

developed the first enzymatic amperometric glucose biosensor in 1973, where variable 

oxygen reduction current is omitted and the anodic production of hydrogen peroxide was 

monitored, as shown in equation (1-2) [65].  



Ph. D. Thesis – M Maksud Alam      McMaster University – Electrical and Computer Engineering 

16 
 

𝐻2𝑂2 → 𝑂2 + 2𝐻
+ + 2𝑒−                                                                                                   (1 − 2) 

The redox center of the enzyme, glucose oxidase/glucose 1 – oxidase, 𝐺𝑂𝑥 is flavin adenine 

dinucleotide, 𝐹𝐴𝐷, which is protected by a thick protein layer deep in the enzyme.  The 

𝐺𝑂𝑥(𝐹𝐴𝐷) is interacted with glucose and reduced to 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) and produces 

glucolactone, according to equation (1-3) [66]. In contrast, an electron acceptor and 

oxidation mediator, 𝑀𝑒𝑑𝑜𝑥, oxidizes 𝐺𝑂𝑥 to produce the oxidized form 𝐺𝑂𝑥(𝐹𝐴𝐷), as 

given in equation (1-4) [66].  

𝐺𝑂𝑥(𝐹𝐴𝐷) + 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 → 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) + 𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑                                       (1 − 3) 

𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) + 𝑀𝑒𝑑𝑜𝑥  → 𝐺𝑂𝑥(𝐹𝐴𝐷) + 𝑀𝑒𝑑𝑟𝑒𝑑                                                        (1 − 4) 

However, electron transfer to the active center of 𝐺𝑂𝑥 is most important function of the 

mediator, 𝑀𝑒𝑑𝑜𝑥, to regenerate, 𝐺𝑂𝑥(𝐹𝐴𝐷),  for further electro-oxidation of glucose. 

Depending on the mediator, 𝑀𝑒𝑑𝑜𝑥, there are 3 – generations of electrochemical enzymatic 

glucose biosensors; 𝑂2 as a physiological mediator, an artificial (synthetic) electron 

acceptor, and direct oxidation by an electrode, as show in Figure 1-5.  

First Generation Enzymatic Glucose Biosensors 

This type of glucose biosensors regenerate 𝐺𝑂𝑥(𝐹𝐴𝐷) using 𝑂2 as a mediator and 

detects glucose analyzing the consumption 𝑂2, or the generation of 𝐻2𝑂2 [67].  However, 

the monitoring of generation of 𝐺𝑂𝑥(𝐹𝐴𝐷) has been done using the anodic oxidation and 

cathodic reduction of 𝐻2𝑂2, where the prior enhances regenerate/replenish the 𝑂2, which 

helps the enzymatic cycle [68]. Though these biosensors are stable, simple, and easily 
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miniaturized, the electroactive interferences arise due to the relatively higher potential 

requirement of  𝐻2𝑂2, since some of the interferents such as ascorbic acid (AA) and uric 

acid (UA) are highly active at higher potential energies and hamper its properties such as 

the selectivity and accuracy [69], [70]. Several technologies have been proposed to solve 

the interference problem [37].  

 

Fig. 1-5. Schematic representation of enzymatic glucose oxidation mechanisms for the 

three different generations of biosensors (adapted from Ref. [37]). 

Additionally, a drawback of the first-generation electrochemical enzymatic glucose 

biosensors is the dependency on 𝑂2 that used as the 𝑀𝑒𝑑𝑜𝑥 [64], [71]. However, the 

physiological concentration of glucose is much higher than the concentration 𝑂2 which 

causes errors in the glucose sensing [72]. Some of the ways to solve the problem are a two-
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dimensional cylindrical electrode [73], an oxygen-rich carbon paste enzyme electrode [74]–

[76], and an air diffusion biocathode that used oxygen directly from the air [77]. 

Second Generation Enzymatic Glucose Biosensors 

Instead of 𝑂2, an artificial, synthetic, 𝑀𝑒𝑑𝑜𝑥 mediates to keep the 𝐺𝑂𝑥 cycle going 

in second generation of glucose biosensors to transport electrons, [78]. Various types of the 

artificial 𝑀𝑒𝑑𝑜𝑥 are proposed by various scholars such as directly attached or trapped in 

the 𝐺𝑂𝑥 immobilized mediator [79], [80], diffusible in and out of the 𝐺𝑂𝑥 center solution-

state mediator [72], a redox-conducting polymer mediator able to transport its electrons in 

and out of the 𝐺𝑂𝑥 active site [81], [82]. In the catalytic process, step 1, the glucose transfers 

electrons to the 𝐹𝐴𝐷 active center of 𝐺𝑂𝑥 which reduces 𝐺𝑂𝑥(𝐹𝐴𝐷) to 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2); step 

2, 𝐹𝐴𝐷𝐻2 transfers electrons to the artificial mediator, 𝑀𝑒𝑑𝑜𝑥, to be reduced to 𝑀𝑒𝑑𝑟𝑒𝑑; 

step 3, the transport of electrons through the artificial mediator to the electrode [72]. One 

of the most prominent drawbacks of the mediator is maintaining closeness with both the 

surface of the electrode and the enzyme for longer use. To overcome the problem, complex 

methods of tethering are required [83]. In addition, the dissolved oxygen could be 

participating with the mediator and producing 𝐻2𝑂2.  

Third Generation Enzymatic Glucose Biosensors 

The third generation of enzymatic glucose biosensors adopts an ambitious 

technology direct energy transmission (DET) between the enzyme and the electrode [84], 

[85]. Heller and Degani presented the fundamental idea of DET of connecting the enzyme 

active site covalently to the surface of the electrode using a redox polymer [86]. This 

technology could be reduced problems associated with mediators, the intervention of 
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electroactive interferences, and the dependence on dissolved oxygen. The concepts become 

reality due to hugely researched on nano and porous materials where surface area and 

ability to entraps and encompasses the enzyme of electrodes increased [87], [88]. As the 

DET has increased the performance of glucose biosensors compare to the prior generations, 

the ambient conditions, temperature, pH, and humidity, as well as the thickness of the 

enzyme can regulate the enzyme’s performance such as selectivity, and sensitivity [85], 

[89]–[92].  

Regardless of all these developments, stability is the main concern issue among 

others several problems and hinders the prospects of the enzymatic glucose biosensors. 

Enzymatic glucose biosensors suffer from several constraints such as pH ranges of 2-8, 

temperatures below 44ºC, and ambient humidity levels, a fourth generation of biosensors 

has been developed and known as non-enzymatic glucose biosensors where glucose 

directly electro-oxidized on the electrode surface [83]. 

1.3.3 Non-enzymatic Glucose Sensors 

Instead of an unstable and relatively thick complex enzyme, the direct electro-

oxidation of glucose occurs on non-enzymatic electrodes. In century ago, the principle 

behind the nonenzymatic glucose biosensors was discovered by Walther Loeb by observing 

the direct electro-oxidation of glucose in sulfuric acid while producing gluconic acid at a 

lead (Pb) anode [93]. This occurred long before the fabrication of the Clark oxygen 

electrode [61], though extensive research into the non-enzymatic approach coincided with 

enzymatic development. Direct electro-oxidation and electroreduction of glucose in 

alkaline (pH > 11) and acidic (pH < 2) solutions have also been investigated [83]. Despite 
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decades of research into non-enzymatic systems, however, the problems associated with 

this approach have prevented the practical application of the sensors. This is due to the slow 

kinetics arises from the absorption of glucose oxidation intermediates (e.g., CO) or solution 

active species (e.g., Cl−) which can lead to blockage of electrode activity, but also the lower 

selectivity compared to enzymatic amperometric glucose biosensors by real sample 

constituents, and the limited number of systems that are applicable to physiological pH 

[37], [83]. However, non-enzymatic amperometric glucose sensors present long-term 

stability, which is the main drawback of the enzymatic biosensors due to the inherent nature 

of enzymes. However, noble metals and their composites have been used specifically as 

electrode materials for non-enzymatic sensors due to their high electrocatalytic activity, 

and high sensitivity to the electrooxidation of glucose [83].  

1.4 Research Motivation 

While there is no preventative treatment or cure for diabetes, the most effective way 

of managing the disease is monitoring the glucose level and controlling it. It has been 

proven that monitoring and controlling sugar in blood can prolong life expectancy [94], 

[95]. In addition, glucose monitoring can be used to optimize patient treatment strategies, 

and provide an insight into the effect of medications, exercise, and diet on the patient [96]. 

Although blood-glucose monitoring is the gold-standard medium for glucose sampling, 

measurements carried out in this fluid are invasive [38]. Blood-glucose concentrations are 

typically in the range of 4.9–6.9 mM for healthy patients, increasing to up to 40 mM in 

diabetics after glucose intake [97]. 
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Much research has been carried out to develop non-invasive glucose sensors for monitoring 

purposes. However, most of them are enzymatic electrodes. This research is devoted to 

developing a facile and flexible electrode for sweat glucose monitoring system that is 

capable of on-demand measurement of glucose in sweat accurately. Such an electrode 

should realize the following objectives: 

• High accuracy: The electrode should be characterized with high sensitivity, repeatability, 

stability, and selectivity. 

• Real-time response: The electrode in the system should respond fast to obtain results on-

site towards the detection of the target analyte. 

• Low-cost: A low-cost electrode can be afforded by people living in developing and 

underdeveloped regions and can also be distributed over a wide geographical area. 

Table 1-1: Sensing performance of the electrodes 

Parameters CuNOx@25ºC CuNOx@280ºC 

Sensitivity 603.42 μA mM−1 cm−2 1795 µA mM-1 cm-2 

Sensing range 0.05 – 7.00 mM 

0.05 – 1.00 mM [Sweat] 

1.00 – 7.00 mM [Blood] 

Accuracy/LoD 94.21 μM 135.39 μM 

Response time ~120s ~120s 

Stability 96.91% (55 Days) 96.91% (50 Days) 

Surface Area 1 cm2 1 cm2 

Cost < $0.25 < $0.25 
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To accomplish the abovementioned objectives, this research focuses on the development 

of an electrode to sense glucose in sweat where sweat glucose range is 0.277–1.11 mM 

[94], [98]. The sensing performance of the electrodes are listed in Table 1-1.  

1.5 Research Contribution 

The research work conducted in this thesis focuses on developing a facile, flexible, 

easy-to-use, low cost, and accurate electrochemical non-enzymatic glucose sensing 

electrode which will be useful for sweat monitoring systems. The major contributions of 

this work are summarized as follows. 

✓ The fabrication of a facile, flexible, and inexpensive glucose biosensors using the stable 

native cuprous oxide (Cu2O) of 35 µm thin Cu foil at ambient conditions (25℃). A very 

simple low-cost fabrication technique has been shown to make a facile, flexible, and 

inexpensive electrode to detect sweat glucose for a sweat glucose monitoring system. Since, 

the metallic Cu is unstable, the native stable Cu oxide, cuprous oxide (Cu2O), layer has 

been grown on 35 µm thin Cu foil keeping at ambient conditions (25℃) for more than 2 

years to make sure that the full-grown oxide layers are fully stable. The CV electrochemical 

sensing performance of the electrodes was characterized in terms of their effective surface 

area, scan-rate, and pH of the solution. A linear glucose sensing response in the range of 

0.05−7.00 mM with a limit of detection of 94.21 µM was obtained. 

✓ The introduction of a new temperature profile to annealed Cu thin foils to grow 

uniform Cu native oxide layer with larger CuO crystalline structures and grain sizes. 

A very simple but effective temperature profile has been introduced to anneal the 35 µm 
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thin Cu foil for growing native cupric oxide (CuO) on the surface of the films. The X-ray 

photoelectron spectroscopy (XPS) and high-resolution transmission electron microscopy 

(HRTEM) results shows that at 280℃ annealing temperature the surface, mostly, converted 

into CuO and the uniform layer grow till 140 nm.  

✓ The fabrication of the high-performance thermally grown native CuO glucose sensing 

electrode for sweat as well as blood glucose monitoring system. A very simple low-cost 

fabrication technique has been shown to make a facile, flexible, inexpensive, and high-

performance electrode to detect sweat as well as blood, twin calibration curves, glucose for 

a sweat and blood sugar monitoring system, respectively. At ambient conditions (25℃), it 

is needed almost 2 years to get stable Cu2O while the oxide layer is not uniform. However, 

at 280℃ with new temperature profile a thick uniform CuO layer, with larger CuO 

crystalline structures and grain sizes, has been grown where CuO is highly electrocatalytic 

and good electro-conductor compared to Cu2O. The CV electrochemical sensing 

performance of the electrode was characterized in terms of their effective surface area, 

scan-rate, and pH of the solution. The twin calibration curves have been found; a linear 

range of 0.05 – 1.00 mM for sweat and 1.00 – 7.00 mM for blood glucose monitoring with 

a limit of detection of 135.39 μM was obtained, where the range of sweat glucose is 0.277 

– 1.11 mM for diabetic patients [94], [98], and blood glucose range 4.90 – 6.90 mM [97]. 

✓ Discover the linear relation of the peak electro-oxidation current of the glucose with 

the squire root of the temperature, √𝑻. It has been shown that the peak electro-oxidation 

current of glucose is linearly related with the annealing temperature. This can help to figure 
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out the required applied annealing temperature to get a higher peak electro-oxidation 

current of glucose. 

Publications 

✓ M. M. Alam, A. U. Alam, and M. M. R. Howlader. "Sweat Glucose Sensing by Directly 

Bonded Thin Films.” In 2019 6th International Workshop on Low Temperature Bonding 

for 3D Integration (LTB-3D), pp. 76-76. IEEE, 2019. 

✓ M Maksud Alam, Victor Mitea, Matiar M. R. Howlader, Ravi P. Selvaganapathy, and M. 

Jamal Deen,” Analyzing Electrochemical Sensing Fundamentals for Health Applications.” 

Advanced Sensor Research (2023), DOI: 10.1002/adsr.202300100. M.  

✓ M. M. Alam and M. M. R. Howlader, “Nonenzymatic electrochemical sensors via Cu 

native oxides (CuNOx) for sweat glucose monitoring,” Sens Biosensing Res, vol. 34, p. 

100453, Dec. 2021, doi: 10.1016/J.SBSR.2021.100453. 

✓ M. Klimuntowski, M. M. Alam, G. Singh, and M. M. R. Howlader, “Electrochemical 

Sensing of Cannabinoids in Biofluids: A Noninvasive Tool for Drug Detection,” ACS Sens, 

vol. 5, no. 3, pp. 620–636, 2020, doi: 10.1021/acssensors.9b02390. 

✓ M Maksud Alam, and Matiar M. R. Howlader,” High performance nonenzymatic 

electrochemical sensors via thermally grown Cu native oxides (CuNOx) towards sweat 

glucose monitoring.” Analyst (2023), DOI: 10.1039/D3AN01153D. 

1.6 Thesis Organization 

In Chapter 1, an introduction to the importance of human health, and glucose 

monitoring is presented. Recent research activities in electrochemical enzymatic and non-

enzymatic glucose sensors are discussed. Then, the motivation of developing facile, 
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flexible, inexpensive, and high-performance electrodes for sweat glucose monitoring 

systems is presented. Finally, a summary of the main contributions of this research and the 

structure of this thesis are described.  

In Chapter 2, analyzed crucial topics in chemical reactions in electrochemical 

sensing environments such as the dynamics of chemical energy, the roles of acidic and 

alkaline fluids, chemical reaction tendencies, thermodynamic equilibria, Gibbs free energy, 

water dissociation, and the pH scale have been discussed. Moreover, the significance of 

oxygen-derived radicals and nonradical reactive species in biochemical reactions, cellular 

responses, and clinical outcomes have been discussed in context of the impact of oxidation 

reduction reactions on human psychology, redox reactions in hemoglobin, redox 

environments in human serum albumin and cells/tissues, and thermodynamics of biological 

redox reactions have analyzed.  

In Chapter 3, evaluation of electrochemical sensing methods in context of 

healthcare applications has been presented. Moreover, the recent advances in 

electrochemical techniques, research challenges and future perspectives in health 

applications have been discueesd. 

In Chapter 4, A very simple low-cost fabrication technique has been presented to 

make a facile, flexible, and inexpensive electrode to detect sweat glucose for a sweat 

glucose monitoring system using the native stable Cu oxide (Cu2O) layer on 35 µm thin Cu 

foil keeping at ambient conditions (25℃) for more than 2 years to make sure that the full-

grown oxide layers are fully stable. Detailed fabrication approaches, material 

characterization methods, and sensor characterization set ups used in this research are 
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given. Efforts are devoted to studying the sensing mechanisms, and to characterize the 

sensor performance in terms of effective surface area, scan-rate, pH of the solution, and 

sensing performance with common interfering ions. 

In Chapter 5, A very simple low-cost fabrication technique has been presented to 

make a facile, flexible, inexpensive, and high-performance electrode to detect sweat as well 

as blood, twin calibration curves, glucose for a sweat and blood sugar monitoring system 

using a thick uniform CuO layer of 35 µm thin Cu foil annealed at 280℃ with new 

temperature profile. Detailed fabrication approaches, material characterization methods, 

and sensor characterization set ups used in this research are given. Efforts are devoted to 

studying the sensing mechanisms, and to characterize the sensor performance in terms of 

effective surface area, scan-rate, pH of the solution, and sensing performance with common 

interfering ions. 

In Chapter 6, this thesis is concluded with a summary of the research and several 

recommendations for future improvements for sweat glucose monitoring system. 
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Chapter 2 

 

Analyzing Electrochemical Sensing Fundamentals for 

Health Applications 

This chapter is part of our work published as ‘M Maksud Alam, Victor Mitea, Matiar M. 

R. Howlader, Ravi P. Selvaganapathy, and M. Jamal Deen, “Analyzing Electrochemical 

Sensing Fundamentals for Health Applications.” Advanced Sensor Research (November 

2023), DOI: 10.1002/adsr.202300100.’ 

 

2.1 Background 

Electrochemical biosensing is a rapidly growing field in global healthcare research. 

This involves studying the flow of electrical current induced by chemical reactions and 

measuring the subsequent electrical energy produced [48]. Given that biological systems 

rely on chemical processes, electrochemical sensing is critical for the real-time detection 

of target molecules and fast, reliable disease diagnosis. In comparison to lab-based 

techniques, electrochemical sensing methods are fast, adaptable, portable, cost-effective, 

and do not require skilled professionals [49]. These methods can be conveniently used in 

point-of-care settings. Electrochemical sensors have extensively used in detecting 

biomarkers, analytes, and contaminants in healthcare, environmental monitoring, food 

packaging, and other applications [51],[52]. For instance, low-cost and portable glucose 

blood sensor strips based on electrochemical sensing generate over $5 billion in revenue 

annually [26].  

Among various reviews, the series titled “Dynamic Electrochemistry: Methodology 

and Application” in the Analytical Chemistry Journal is particularly notable for its impact 
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in the field of electrochemical sensing. This series includes contributions from Ryan et al. 

from 1992 [99] and 1994 [100], and Anderson et al. in 1996 [101], 1998 [102], and 2000 

[103]. Covering a decade, these reviews highlight both fundamental advancements and 

practical applications in electrochemistry, particularly in the field of electroanalytical 

chemistry. Topics covered in this series range from ultramicroelectrodes, analytical 

voltammetry, and electrode kinetics to surface electrode phenomena, modified electrodes, 

bioelectrochemistry, characterization of various redox couples, spectroelectrochemistry, 

and instrumentation [100], [103]. Although this series offers an extensive overview, our 

current review is more focused on the application of these techniques in health monitoring, 

recognizing the growing interest in health assessment through electrochemical methods. 

Similarly, Bakker et al. in 2002 concentrated only on electrochemical sensors, emphasizing 

those based on potentiometric and voltametric techniques, and their applications in areas 

like immunosensors, DNA sensors, electrochemiluminescence sensors, and amperometric 

gas sensors [56]. In 2003, Stetter et al. reviewed insights on various sensors, including 

chemical sensors, electrochemical sensors, and the broader purview of the Electrochemical 

Society (ECS) [104]. Given the rapid advancements of electrochemical sensors in health 

monitoring, our review aims to comprehensively address the bioanalyte environments 

within the human body, factors influencing them, and the electrochemical techniques 

suitable for their detection.  

Review articles on electrochemical sensing in health applications cover a wide 

range of subjects, from pharmaceutical compounds, metals, pathogenic bacteria, and 

biomolecules to neurotransmitters and glucose [105]-[106]. One outstanding review delves 
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into modern electroanalytical techniques, highlighting their roles particularly in the 

pharmaceutical and metal industries [105]. Another key article emphasizes the capabilities 

of electrochemical sensors for real-time, in situ chemical assessments, highlighting the 

significance of microfluidics, immunomagnetic separation, and multiplexing in microbial 

detection [107]. A unique review casts light on electrochemical biosensors and their ability 

in converting biological activities directly into electronic signals [108]. Further, a review 

on electrochemical sensors underlines their adaptability in detecting diverse signals across 

fields like agriculture, food, and biomedicine [109]. A subsequent review investigates up-

to-date electrochemical methodologies, spotlighting the platforms that synergize 

nanomaterials and biorecognition elements for immediate detection [110]. Another article 

offers a detailed exploration of glucose biosensors built on nanomaterials, outlining their 

operational strategies and prospective directions [106]. Cyclic voltammetry (CV), 

recognized as a paramount voltametric technique, has been detailed in a review [111], 

granting readers a comprehensive view of the core attributes of electrochemical techniques. 

However, there is a gap in articles that simplify the basics, strengths, and limitations of 

each method. Crucially, the electrochemical identification of bio-analytes in biofluids, 

essential for advancements in non-invasive biosensing technologies, depends on 

understanding foundational concepts like biological redox reaction thermodynamics [90], 

[105], [107]–[111]. Addressing this void and catering to the increasing demand, a timely 

review could provide clarity on the principles and physics underlying each method. To 

effectively employ these techniques, an in-depth understanding of reactions at the electrode 

and the electrical dynamics at the electrode-solution interfaces is essential [58]. 
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In this chapter, we summarize crucial topics necessary to understand chemical reactions in 

an electrochemical cell environment and the concept of reactions on sensing electrodes. In 

section 2.2, the concepts that have been summarized are chemical reaction tendencies, 

thermodynamic equilibria, Gibbs free energy, water dissociation, the pH scale. In section 

2.3, the influence of oxygen-derived radicals and nonradical reactive species on human 

psychology, oxidation reduction reactions, redox reactions in hemoglobin, redox 

environments in human serum albumin and cells/tissues, and thermodynamics of biological 

redox reactions have been discussed. 

2.2 Fundamentals of Analytical Chemistry for Electrochemical 

Sensing 

Electrochemical sensing techniques, a subset of analytical chemistry, focus on 

analyzing analytes in a solution [56]. They generate signals representing properties of an 

analyte, such as mass, volume, concentration, or absorbance, facilitating both qualitative 

and quantitative analyses [104]. Historically, the "classical" technique, which measures 

signals proportional to analyte concentration, was widely used [48]. Electrochemical 

techniques can be categorized into bulk and interfacial methods [58]. The former measures 

properties related to the total concentration of dissolved ions, while the latter concentrates 

on potential, current, or charge at the interface [57]. The main concern in electrochemical 

techniques is the charge transport through the interface and the factors affecting it [100]. 

The interface comprises an electronic conductor (electrode) and an ionic conductor 

(electrolyte). An electric potential prompts the current to flow through the interface, 

representing the rate of change of charges (electrons or holes) flowing through the electrode 
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[56]. The electrode phase includes solid metals (e.g., Pt, Au), liquid metals (Hg, amalgams), 

carbon (graphite), and semiconductors (indium-tin oxide, Si), while the electrolytes are 

liquid solutions containing ionic species (H+, Na+, Cl-) in water or a nonaqueous solvent 

[48]. Electrochemical cells feature complex environments with multiple interfaces [58].  

As illustrated in Figure 1-1, the relationship between the signal and analyte concentration 

is a theoretical function that depends on experimental conditions and the measuring 

instrument used. Now, we will discuss some chemical reactions and thermodynamics, 

including oxidation-reduction (redox) reactions, which govern the sensing performance, to 

gain insights into electrochemical sensing techniques.  

2.2.1 Chemical Equilibrium 

Until the 18th century, chemical reactions were believed to proceed only in one 

direction, as demonstrated by equation (2-1), where substances AB and CD react to produce 

AC and BD as the products [112].  

𝐴𝐵 + 𝐶𝐷 → 𝐴𝐶 + 𝐵𝐷                                                                                                        (2 − 1) 

These chemical reactions were understood through the lens of chemical affinities. For 

instance, substances A and B were thought to have affinities for C and D, respectively. 

Moreover, the idea of a reverse reaction was dismissed. However, after 1798, French 

chemist Claude Berthollet made a significant discovery while studying the salt water of 

Natron Lakes during Napoleon's military expedition to Egypt [113].  

𝑁𝑎2𝐶𝑜3(𝑠) + 𝐶𝑎𝐶𝑙2(𝑎𝑞)  ⇌ 2𝑁𝑎𝐶𝑙(𝑎𝑞) + 𝐶𝑎𝐶𝑜3(𝑠)                                              (2 − 2) 
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This groundbreaking scientific discovery emphasizes the reversible nature of chemical 

reactions, as indicated by the equilibrium arrow "⇌", as shown in equation (2-2). Berthollet 

found that the direction and final composition of a reaction depend on the relative amounts 

of reactants and products. Initially, the mass of Ca2+ in the solution decreases, while the 

mass of CaCO3 precipitates increases. Once the reaction reaches a steady state with no net 

changes, it is in equilibrium. This concept plays a vital role in interfacial interactions in 

electrochemical cells. Rogers et al. 2012 highlighted the importance of chemical equilibria 

in machine learning for chemical analysis, introducing the term "perturbed isotherms" to 

describe non-isothermal experimental conditions influenced by temperature and thermal 

history [114]. 

2.2.2 Thermodynamic Equilibrium 

Chemical equilibria are influenced by individual molecular interactions and 

thermodynamics, which studies energy changes during chemical reactions [115]. 

According to Berthollet, the equilibrium chemical reaction represented by 𝑎𝐴 + 𝑏𝐵 ⇌

𝑐𝐶 + 𝑑𝐷, where a, b, c, and d are the stoichiometric coefficients of the respective 

substances, does not guarantee a favorable forward reaction and may depend on initial 

conditions. Depending on initial conditions, the reaction may shift to the left, to the right, 

or exist in a state of equilibrium, as seen in Figure 2-1(a) and (b) [48]. The aim of chemical 

thermodynamics is to understand the conditions affecting a reaction’s equilibrium position. 

The Le Chatelier-Braun principle describes how external factors, such as temperature, 
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pressure, volume, or concentrations of reacting substances, lead to predictable system 

changes to reach a new equilibrium state [116],[117].  

Ligand-protein recognition has potential in assays [118],  inflammation [119], 

cancer [120], and Alzheimer’s disease [121] treatments. Zhang et al. (2019) developed a 

label-free electrochemical sensor for the biomarker CD44, detecting human serum and 

cancer cells [118]. Lerner et al. (2021) created a carbon nanotube FET (NT-FET) for 

detecting osteopontin (OPN), a prostate cancer biomarker [122]. While traditional methods 

like ELISA are sensitive, they struggle with OPN quantification [122], [123]. The NT-FET 

sensor's response curve was well fitted by a modified Hill-Langmuir equation, shown in 

equation (2-3), which describes ligand-receptor binding in thermodynamic equilibrium 

[122], [124]. 

∆𝐼

𝐼
= 𝐴 {

(𝑐/𝐾𝑑)
𝑛

1 + (𝑐/𝐾𝑑)𝑛
} + 𝑍                                                                                                (2 − 3) 

Where 
∆𝐼

𝐼
 is the measured responses of devices, c is the OPN concentration, A is the response 

when all binding sites are occupied, Z is an overall offset to account for the response to 

pure buffer, Kd is the dissociation constant, and n is the Hill coefficient describing 

cooperativity of binding. However, ligand-protein interactions, such as ligand binding, can 

impact cell environment thermodynamics, affecting water molecules near binding sites 

[125]. 
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2.2.3 Gibb’s Free Energy 

Thermodynamic changes involve alterations in free energy due to interactions 

among biomarkers, ligands, solutes, and solvent molecules. These interaction energies 

depend on fluctuating interatomic distances and orientations, which vary over time in 

accordance with the conformational dynamics [115]. Under any external conditions, the 

overall free energy determines the direction of a chemical reaction, be it in the forward or 

reverse direction. With constant pressure and temperature, Gibbs' free energy (named after 

J. Willard Gibbs, 1839-1903) is represented by 𝐺 = 𝐻 − 𝑇𝑆, where H, T, and S represent 

the enthalpy, the temperature in Kelvin, and the entropy, respectively [126].  

Enthalpy measures energy flow as heat absorbed or released during a reaction. 

Endothermic reactions absorb heat and have positive enthalpy, while exothermic reactions 

release heat with negative enthalpy. Entropy relates to molecular freedom, disorder, and 

complexity. Change in Gibbs free energy (∆G=∆H-T∆S) is widely used, with ∆H, T, and 

∆S representing changes in enthalpy, temperature in Kelvin, and entropy, respectively. 

Changes in Gibbs free energy, enthalpy, and entropy are calculated as differences between 

product and reactant values. 

Wallerstein et al. (2021) studied the impact of small ligand structure changes on 

galectin-3C's carbohydrate recognition domain, focusing on binding enthalpy and entropy 

[115]. They analyzed various interactions in an isothermal environment, finding that minor 

structural differences affected binding thermodynamics, free ligand chemical potential, and 

complex structures [115]. Using isothermal titration calorimetry (ITC), they determined 
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binding enthalpy (ΔH), binding-competent protein fraction (n), and dissociation constant 

(Kd) through a single-site binding model [127]. The heat released or absorbed during the ith 

injection is given by the following equation (2-4) [128]. 

∆𝑄𝑖 = 𝑄𝑖 − 𝑄𝑖−1 + (
𝑉𝑖
𝑉𝑂
) {
(𝑄𝑖 − 𝑄𝑖−1)

2
} + 𝑄𝑜𝑓𝑓                                                           (2 − 4) 

where 𝑉𝑖 is the volume of the ith injection, 𝑉𝑂 is the cell volume, 𝑄𝑜𝑓𝑓 is an offset parameter 

that accounts for the heat of mixing, and 𝑄𝑖 = (
𝛥𝐻𝑉𝑂

2
) {𝛼 − √𝛼2 − (4𝑛𝑀𝑖𝑋𝑖)} represents 

the heat following the ith injection, where 𝛼 = 𝑛𝑀𝑖 + 𝑋𝑖 + 𝐾𝑑 and 𝑀𝑖 and 𝑋𝑖 are the total 

concentrations of protein and ligand, respectively, in the cell at any given point during the 

titration. 

Thus, the change in Gibbs free energy can be expressed as equation (2-5) for 

equation (2-1). Here, [A] and [A0] represent the concentrations of substance A at any point 

during the reaction and under standard-state conditions, respectively [126]. 

∆𝐺 = ∆𝐺𝑜 + 𝑅𝑇𝑙𝑜𝑔𝑒

{
[𝐶]
[𝐶𝑜]

}
𝑐

{
[𝐷]
[𝐷𝑜]

}
𝑑

{
[𝐴]
[𝐴𝑜]

}
𝑎

{
[𝐵]
[𝐵𝑜]

}
𝑏 = ∆𝐺

𝑜 + 𝑅𝑇𝑙𝑜𝑔𝑒 𝑄𝑟;  𝑤ℎ𝑒𝑟𝑒, 𝑄𝑟

=
{
[𝐶]
[𝐶𝑜]

}
𝑐

{
[𝐷]
[𝐷𝑜]

}
𝑑

{
[𝐴]
[𝐴𝑜]

}
𝑎

{
[𝐵]
[𝐵𝑜]

}
𝑏
                                                                                 (2 − 5) 

R represents the universal gas constant (8.314 JK-1mol-1), T denotes the temperature in 

Kelvin, and 𝑄𝑟 signifies the reaction quotient. Standard states are defined as gases with unit 

partial pressures, solutes with unit concentrations, and a value of 1 for pure solids and pure 
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liquids. The change in Gibbs free energy, ∆G, is zero under standard state conditions or at 

thermodynamic equilibrium. Hence, the equation (2-5) can be reduced to ∆𝐺𝑜 =

− 𝑅𝑇𝑙𝑜𝑔𝑒
[𝐶𝑒𝑞]

𝑐
[𝐷𝑒𝑞]

𝑑

[𝐴𝑒𝑞]
𝑎
[𝐵𝑒𝑞]

𝑏 = − 𝑅𝑇𝑙𝑜𝑔𝑒𝐾𝑑, where 𝐾𝑑 =  
[𝐶𝑒𝑞]

𝑐
[𝐷𝑒𝑞]

𝑑

[𝐴𝑒𝑞]
𝑎
[𝐵𝑒𝑞]

𝑏 under standard state 

conditions or at thermodynamic equilibrium, where 𝐾𝑑 is the equilibrium constant or the 

dissociation constant. The authors found that protein-ligands with similar structures exhibit 

similar thermodynamic signatures [115]. Wallerstein et al. (2021) calculated the entropy 

(∆𝑆) of the protein-ligand chemical reaction in a cell using equation (2-5), ∆𝐺𝑜 =

− 𝑅𝑇𝑙𝑜𝑔𝑒𝐾𝑑 and −𝑇∆𝑆 = ∆𝐺 − ∆𝐻. They demonstrated that, for isothermal protein-

ligand reactions, the complexes exhibit overall similar thermodynamic signatures, which 

might be expected due to the similar structures of the ligands [115].  

Wallerstein et al. (2021) found several insights on isothermal ligand-protein 

interactions: 1) chemical potentials in the free state depend on structural differences; 2) 

binding thermodynamics differences relate to ligand-protein complex variations; 3) binding 

enthalpy differences can be explained by fewer interactions; 4) total entropy differences 

come from opposing contributions. More flexibility leads to unfavorable entropic 

contributions, and galectin-3C’s backbone exhibits reduced entropy when bound [115]. 

Isothermal interactions involve entropy-entropy compensation in protein conformation, 

while enthalpy–entropy compensation is more prominent at higher temperatures [115], 

[129]. Vodyanoy et al. (2015) examined erythrocyte vesicle thermodynamics at higher 

temperatures [129],[130][131]. At 37°C, red blood cells are oval and flexible, but at 52°C, 

they transform into crenated spheres with tiny spicules. Elevated temperatures cause 
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spontaneous vesiculation in some erythrocyte membranes, disrupting normal protein and 

lipid interactions [129],[130][131]. Good (1967) demonstrated that vesiculation 

mechanisms in red blood cells are consistent across species and depend on the physical 

state of water within the cells and cell membranes [132]. Vodyanoy et al. (2015) analyzed 

vesicle loss kinetics in red blood cells during temperature increases due to physical exercise 

or exposure to external heat [133], [134]. Erythrocytes reduce volume and surface area 

through vesiculation, with the number of vesicles remaining constant under steady-state 

conditions [129]. Under these conditions, an equilibrium exists between vesicles generated 

by erythrocytes and vesicles destroyed by Kupffer cell mechanisms [135], [136]. 

The thermodynamic analysis of transformations in living cells is an important tool 

for the quantitative study of energy transductions that occur during these changes [129]. It 

allows the definition of the nature and function of the chemical processes underlying these 

transformations [137]. For two temperature points, T1 and T2 measured in Kelvin,  the 

logarithmic form of the Arrhenius equation, 𝑘 = 𝐴𝑒(−
𝐸𝑎
𝑅𝑇
)
, yields the activation energy, 𝐸𝑎, 

which represents the thermal activation level of transitions from the intact vesicle at T1 to 

the destroyed vesicle at T2 within the context of first-order activation kinetics, as shown in 

equation (2-6) [129], [138]. 

log 𝐴 = log 𝑘1 +
𝐸𝑎

2.303𝑅
×
1

𝑇1
= log 𝑘2 +

𝐸𝑎
2.303𝑅

×
1

𝑇2
𝑘   ∴ 𝐸𝑎

=
2.303𝑇1𝑇2 log

𝑘2
𝑘2

𝑇2 − 𝑇1
                                                                    (2 − 6) 
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Where 𝐴 represents the pre-exponential Arrhenius factor,  𝑘 stands for the first-order rate 

constant of vesicle destruction process, and 𝑅 denotes the universal gas constant. The value 

of 𝑘 depends on the thermodynamic activation parameters of this transition state and can 

be represented by the Eyring equation, 𝑘 =
𝑘𝑏𝑇

ℎ
𝑒(−

∆𝐺

𝑅𝑇
) =

𝑘𝑏𝑇

ℎ
𝑒(
∆𝑆

𝑅
)𝑒(−

∆𝐻

𝑅𝑇
)
, where ∆𝐺 is the 

standard Gibbs free energy of activation, h is the Planck’s constant, ∆𝑆 is the standard 

entropy of activation, ∆𝐻 is the standard enthalpy of activation, 𝑘𝑏 is the Boltzmann 

constant, 𝑅 is the gas constant, and 𝑇 is  the absolute temperature in Kelvin [139]. The 

authors, Vodyanoy et al. (2015), derived a linear relation between the logarithm of the 

Arrhenius frequency factor and the entropy of activation obtained from the Eyring equation 

for the transitional state, as shown in equation (2-7) [129]. 

log 𝐴 = log (
𝑒𝑘𝑇

ℎ
) +

∆𝑆

2.303𝑅
                                                                                          (2 − 7) 

From equation (2-6) and (2-7), the entropy is derived as ∆𝑆 = 2.303𝑅 {log𝐴 − log
𝑘𝑏

ℎ
−

log(𝑒𝑇)} and the enthalpy can be calculated as ∆𝐻 = 𝐸𝑎 − 𝑅𝑇, and the Gibbs free energy 

can be calculated as ∆𝐺 = ∆𝐻 − 𝑇∆𝑆. 

Elevated temperatures affect the release of potassium ions (K+) and 

acetylcholinesterase (AcChE) from human erythrocytes, as well as methemoglobin 

formation during erythrocyte transformation and vesiculation [140]. At higher 

temperatures, erythrocyte vesiculation and hemolysis are endothermic, absorbing heat with 

positive enthalpy change (∆H>0) [129]. However, entropy changes (∆S) during these 

processes are negative (∆S<0), typically associated with decreased molecule’s rotational 
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and translational freedom [129]. This negative entropy (∆𝑆 < 0) often involves 

dehydration of aqueous solvent moieties and ion release, forming the interface between 

them [141]. The discocyte–echinocyte transition also has a negative entropy change due to 

increased cell membrane curvature [142]. The energy from entropy change, 𝑇∆𝑆, correlates 

enthalpy change, ∆𝐻, resulting in small Gibbs free energy, ∆𝐺 = ∆𝐻 − 𝑇∆𝑆, compared to 

both ∆𝐻 and 𝑇∆𝑆 [129]. This is thermodynamic phenomenon known as enthalpy–entropy 

compensation [143]–[146]. 

A chemical reaction is thermodynamically favorable when its enthalpy decreases 

and its entropy increases. The Gibbs free energy, ∆𝐺 = ∆𝐻 − 𝑇∆𝑆, indicates that a reaction 

is thermodynamically favorable, unfavorable (where the reverse reaction is favorable), or 

at equilibrium when ∆G is negative, positive, or zero, respectively, as shown in Figure 2-

1(a) and (b). As a reaction approaches equilibrium through forward or reverse progression, 

the concentrations of its species experience change. For both Figure 2-1(a) and (b), the 

equilibrium mixture points, as described by equation (2-1), can be represented by equation 

(2-8), where all the species’ concentrations are at equilibrium.  

𝐴𝑒𝑞𝐵𝑒𝑞 + 𝐶𝑒𝑞𝐷𝑒𝑞 = 𝐴𝑒𝑞𝐶𝑒𝑞 + 𝐵𝑒𝑞𝐷𝑒𝑞                                                                            (2 − 8)                                                                            

At elevated temperatures, erythrocyte vesiculation and hemolysis processes are 

endothermic, with a positive change enthalpy (∆𝐻 > 0) and a negative change of entropy 

(∆𝑆 < 0). Consequently, the Gibbs free energy, ∆𝐺 = ∆𝐻 − 𝑇∆𝑆, is positive (∆𝐺 > 0), 

making the protein-lipid interaction thermodynamically unfavorable [129]. 
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(c) 
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Fig. 2-1. Summary of the changes in Gibbs free energy, chemical equilibrium, and the 

equilibrium constant [147] for reactions that are (a) product-favored and (b) reactant-

favored, when they are at equilibrium. Reproduced by permission. 

www.cengage.com/permissions, Copyright 2015, Copyright Holder Cengage Learning, 

https://www.cengage.ca/. (c) The pH and pOH scales indicate the concentrations of [H3O
+] 

and OH, respectively. The chart also shows the pH and pOH values of some common 

substances at standard temperature (25°C) [148]. Reproduced (Adapted) under the terms 

of the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0,  Copyright 1999-

2013, Copyright Holder OpenStax, https://openstax.org/.  

In contrast, under isothermal conditions, protein-ligand interactions, involving 

enthalpy-entropy compensation, are thermodynamically favorable, because the Gibbs free 

energy, ∆𝐺 = ∆𝐻 − 𝑇∆𝑆, is negative, while the change in enthalpy is negative (∆𝐻 < 0) 

and the change in entropy is positive (∆𝑆 > 0) [115]. 

2.2.4 Equilibrium Constant of Water Dissociation 

Key chemical reactions include precipitation, acid-base, complexation, and 

oxidation-reduction (Redox) reactions. Water, as an amphiprotic solvent, can act as a base 

and an acid by accepting and releasing protons, and it can also interact with itself, as 

demonstrated by equation (2-9). 

2𝐻2𝑂(𝑙) ⇌ 𝐻3𝑂
+(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞)                                                                                 (2 − 9) 

http://www.cengage.com/permissions
https://www.cengage.ca/
https://creativecommons.org/licenses/by/4.0
https://openstax.org/
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The equilibrium constant of water, known as the dissociation constant of water, determines 

is acidic or basic state in acid-base reactions. It can be calculated from equations (2-7), (2-

9), and (2-10) at 25ºC [148].  

𝐾𝑤 = [𝐻3𝑂
+][𝑂𝐻−] = 1.00 × 10−14                                                                        (2 − 10) 

The value of Kw changes with temperature, such as 6.809×10-15 at 20ºC, 1.469×10-14 at 

30ºC, and 1.008×10-14 at 25ºC. All values are close enough to the value in equation (2-10) 

that it is used.  

2.2.5 pH Scale 

For pure water at room temperature, which is neutral (neither acidic nor basic), 

[H3O
+] =[OH-]. The hydrogen ion concentration, [H+], can be easily determined from the 

hydronium ion concentration, [H3O
+], as 𝐾𝑤 = [𝐻3𝑂

+][𝐻3𝑂
+]  ⇒ [𝐻3𝑂

+] =  1.00 ×

10−7, using equation (2-11) with equation (2-10). Additionally, the p-function of [H3O
+] 

or the pH of pure water at 25ºC can be expressed as equation (2-11). 

𝑝𝐻 = −𝐿𝑜𝑔10[𝐻3𝑂
+] = 7.00                                                                                      (2 − 11) 

The pH and pOH values of common substances, based on the concentrations of [H3O
+] and 

OH respectively, are shown in Fig. 2-1(c) at standard temperature (25°C). However, there 

is no pH for vegetable oil or alcohol because they are not in aqueous solution (solution 

containing water) at 25°C [149].  

Wastewater pH is crucial for in-sewer biomarker stability [150]. Wastewater based 

epidemiology (WBE) estimates community chemical usage or exposure by analyzing 
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biomarkers in sewage [151], [152]. Li et al. (2021) used a first-order kinetics model to 

simulate biomarker degradation considering pH and other factors in sewers [150]. The first 

order model for biomarker transformation rates is given as the following equation (2-12) 

[153]–[157]. 

Ln
𝐶𝑡
𝐶0
=− 𝑘𝑡𝑜𝑡𝑎𝑙 × 𝑡 = −(𝑘𝑤𝑤 + 𝑘𝑏𝑖𝑜) × 𝑡 = − {𝑘𝑤𝑤 + (𝑘

´
𝑏𝑖𝑜 ×

𝐴

𝑉
)} × 𝑡     (2 − 12) 

Where 𝐶𝑡(μg/L) is the concentration of a biomarker at time 𝑡(h), and 𝐶0 is the initial 

biomarker concentration at 𝑡(0) in the reactor. 𝑘𝑡𝑜𝑡𝑎𝑙 (1/h) represents the overall 

transformation rate of a biomarker in sewers, which consists of abiotic transformation 

(𝑘𝑤𝑤, 1/h) in the bulk wastewater and biodegradation (𝑘𝑏𝑖𝑜, 1/h) driven by biofilms. It is 

assumed that suspended solids have negligible biological activity compared to biofilms, 

and thus, 𝑘𝑤𝑤 is mainly determined by chemical hydrolysis in the bulk wastewater. 

Biodegradation is considered a surface process, which is correlated with 
𝐴

𝑉
 in a sewer 

section, i.e., 𝑘´𝑏𝑖𝑜 ×
𝐴

𝑉
. Meanwhile, 𝑘´𝑏𝑖𝑜 (m/h) includes 𝑘´𝑏𝑖𝑜𝑎𝑛 and 𝑘´𝑏𝑖𝑜𝑎, indicating the 

biodegradation under anaerobic and aerobic conditions, respectively. 𝑘𝑤𝑤, 𝑘´𝑏𝑖𝑜𝑎𝑛 and 

𝑘´𝑏𝑖𝑜𝑎 are estimated based on the experimental results obtained from the control reactor, 

rising main reactor, and gravity sewer reactor, respectively. 

In summary, hydrolysis accelerates at higher pH levels, enhancing biomarker 

removal, while lower pH levels suppress both biodegradation and chemical hydrolysis 

[150]. The dominant effect of pH on in-sample and in-sewer biomarker stability has been 

observed. pH affects micropollutant removals in aquatic environments by altering physio-
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chemical properties and biodegradation potential [158]–[163]. The dissociation of 

compounds (indicated by pKa) should also be considered, as protonation and deprotonation 

processes at different pH levels can affect abiotic transformation and biomarker stability 

[150]. 

2.3  Effects of Oxygen, and its radicals on Human Physiology  

In electrochemical sensing, either sensor materials or biomarkers undergo 

oxidation. Oxygen-derived radicals and nonradical reactive species play major roles in 

biochemical reactions, cellular responses, and clinical outcomes [164]–[170]. Since 

oxygen's discovery, its importance and potential toxicity have been acknowledged. In 1969, 

the discovery of superoxide dismutase (SOD) in almost all aerobic cells highlighted the 

superoxide theory of oxygen toxicity, sparking research on aging, development, diseases, 

and cell signaling [171], [172]. These species are radicals due to their unpaired electrons, 

leading to high reactivity. Oxygen itself is a biradical, [164]–[170] but its reactivity is 

limited by spin restriction. Non-radical compounds also include various substances, some 

highly reactive despite not being radicals. 

Chemically, oxidants or oxidizing agents accept electrons, while reductants or 

reducing agents donate electrons for each compound [170], [173]. Reduction involves 

electron gain, while oxidation involves electron loss [174]. When a reductant donates its 

electrons, it causes another substance to be reduced, and when an oxidant accepts electrons, 

it causes another substance to be oxidized [175]. Redox reactions, where reducing agents 

donate hydrogen or remove oxygen, form the basis for many biochemical pathways, 
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cellular chemistry, biosynthesis, and regulation [176]. Understanding these reactions is 

crucial for studying biological oxidation and radical/antioxidant effects. 

In biological environments, reductants and oxidants are better termed as antioxidants and 

pro-oxidants, respectively [170], [175]. Pro-oxidants, including radicals and nonradicals, 

are called reactive oxygen species (ROS) that can cause damage to biological targets such 

as lipids, DNA, and proteins, as well as to the cell’s defense systems, which are composed 

of enzymes and reducing equivalents or antioxidants [174]. 

2.3.1 Oxidation-Reduction (Redox) Reactions 

The transition metals in the first row of the D block in the periodic table contain 

unpaired electrons and can participate as radicals, except for zinc. They can be converted 

into relatively stable oxidants [164]. The most abundant transition metals, such as copper 

and especially iron, are major players in the Fenton reaction, as shown in equation (2-13), 

and the metal-mediated Haber-Weiss reaction, as shown in equation (2-14) [177], [178].  

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛:                                        𝐹𝑒2+ + 𝐻2𝑂2  → 𝐹𝑒
3+ + 𝐻𝑂. + 𝐻𝑂−           (2 − 13) 

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛:                                       𝑂2
.− + 𝐹𝑒3+ → 𝑂2 + 𝐹𝑒

2+                               (2 − 14) 

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 + 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛:             𝑂2
.− + 𝐻2𝑂2  → 𝑂2 + 𝐻𝑂

. + 𝐻𝑂−                  (2 − 15) 

In 1894, Fenton described the oxidation of ferrous ions (𝐹𝑒2+) into ferric ions (𝐹𝑒3+), 

producing hydroxyl radicals (𝐻𝑂.), in interaction with 𝐻2𝑂2,explaining oxidative damage 

in biological environments [178], [179]. Loosely bound or removable metals, like these 

metal ions, participate in redox processes, but metals with one oxidation state hidden in 
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proteins or storage complexes cannot [180], [181]. At physiological pH, most iron is 

oxidized to Fe3+ and bound to biological chelates, but some cases involve metals in a higher 

oxidation state [181], [182]. Reducing equivalents with suitable oxidation potential and the 

nature of iron-binding chelates can strongly affect the occurrence of the Fenton reaction in 

biological surroundings [183].   

In contrast, the metal-mediated Haber-Weiss reaction, as shown in equation (2-14), 

involves the superoxide radicals, 𝑂2
.−, reducing ferric ions into ferrous ions. These ions are 

more soluble and enable the Fenton reaction, which is responsible for many of the 

deleterious effects of oxygen radicals [181], [182]. The combination of the Fenton and 

metal-mediated Haber-Weiss reaction is thermodynamically possible, representing the in 

vivo Haber-Weiss reaction but it is extremely slow [174]. 

2.3.2 Effects of Redox Reactions on Human Physiology 

The human body derives energy from glucose, which is primarily stored in plants 

through the Calvin Cycle, a light-independent step shown in Fig. 2-2(a). This cycle uses 

ATP (Adenosine Triphosphate), NADPH (Nicotinamide Adenine Dinucleotide 

Phosphate), and CO2 to produce carbohydrate molecules like glucose in the stroma. ATP 

and NADPH are essential energy-rich molecules generated during photosynthesis in plants, 

algae, and some bacteria. ATP acts as the primary energy currency for cellular processes, 

while NADPH serves as a coenzyme in anabolic reactions, providing electrons for 

biosynthesis pathways and maintaining redox balance. Both light-dependent and light-

independent reactions can be summarized by equation (2-16), typically a redox reaction. 
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6𝐶𝑂2 + 6𝐻2𝑂 + 𝐿𝑖𝑔ℎ𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 → 𝐶6𝐻12𝑂6 + 6𝑂2                                            (2 − 16) 

Within the plant cell, water is oxidized, losing electrons to oxygen, while carbon dioxide is 

reduced after gaining electrons, forming glucose.  

 

(a) 

 

(b) 
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Fig. 2-2. (a) Plants’ photosynthesis process; generation of glucose and oxygen from 

sunlight, water, and carbon dioxide. (b) Dual effects of nitrite on hemoglobin-dependent 

redox reactions [184]. Reprinted with permission. Copyright 2014 Elsevier Inc. 

2.3.3 Hemoglobin-dependent redox reactions  

Heme proteins, such as myoglobin (Mb) and hemoglobin (Hb) have various 

biological functions, including oxygen storage, transport and reduction, electron transfer, 

and redox catalysis [185]. However, they can also induce oxidative damage and contribute 

to pathophysiology of certain disease states, such as vasospasm following subarachnoid 

hemorrhages and renal dysfunction following rhabdomyolysis [185]–[189]. These 

pathologies are associated with the heme group interacting with peroxides, which initiates 

oxidative reactions that include the formation of free radical species and hypervalent states 

of the heme iron that attack cellular components [188]–[192]. On the other hand, the free 

radical nitrite (𝑁𝑂2
−), which originates from nitric oxide (NO) metabolism, is responsible 

for the endothelial dysfunction in humans and is correlated with an increased 

cardiovascular risk load [193], [194].  

In the peroxidase cycle of hemoglobin-dependent redox reactions, as shown in Fig. 

2-2 (b), H2O2 can oxidize ferric Mb/Hb (𝐹𝑒3+) to highly reactive ferryl Mb/Hb (𝐹𝑒4+), 

which can cause damage to biological molecules like Mb/Hb through a series of oxidative 

side reactions [188], [189][184]. Some antioxidants, such as 𝑁𝑂2
−at physiological pH, can 

act as reducing agents, preventing oxidation by removing ferryl Mb/Hb (𝐹𝑒4+) [184], 

[194]–[196]. However, at low concentrations, 𝑁𝑂2
− can promote a pro-oxidant effect on 
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Hb–H2O2-induced protein oxidation and reduce HepG2 cell viability [184]. In the reduction 

of ferryl Mb/Hb (𝐹𝑒4+) to ferric state (𝐹𝑒3+),  𝑁𝑂2
− is oxidized to a nitrating agent, 

NO2. 𝑁𝑂2
−-triggered tyrosine nitration might make an important contribution to the 

reduction of enolase inactivation, revealing a potentially protective mechanism in 

hemoglobin-dependent redox reactions [184]. It is now clear that 𝑁𝑂2
− can act as both an 

antioxidant and a promising therapeutic agent to protect against myocardial ischemia-

reperfusion injury through mediating NO homeostasis [195], [196]. 

2.3.4 Redox Environment in Human Serum Albumin (HSA) & 

Cells/Tissues  

Serum is an oxidizing environment containing 17 disulfide bonds such as cystine, 

homocystine, cystamine, and glutathione disulfide (GSSG), as well as one unpaired 

cysteine (Cys34) [197], [198]. The free cysteine (Cys34) is the most abundant protein in 

plasma, at levels of 0.6 – 0.8 mM. In healthy subjects, it can be found as free in the reduced 

albumin (about 70% of HSA), HSAred, or linked as a mixed disulfide with cysteine as a 

reversible oxidized form (about 25 – 30%), or in minor amounts with other natural thiols 

like cysteinylglycine, homocysteine, and glutathione (GSH) in the oxidized albumin, 

HSAox, or a tiny amount (about 3 – 4%) as an irreversible oxidized form, such as sulfinate 

and sulfonate [199]–[201]. Under pathologic conditions, such as kidney or liver diseases, 

the level of oxidized albumin increases up to 70%. High values are also possible in athletes 

after extreme exercise [202]–[208]. Thus, it evident that the presence of 70–80% reduced 

Cys34 in albumin coexists with 70–80% of oxidized low molecular mass thiols presented 
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as disulfides.[199] Hence, oxidized albumin is considered a short-term biomarker of 

oxidative stress [199]. 

Extracellular fluids like HSA are oxidizing environments, while reducing mediums 

are prevalent inside cells [199]. The movement of electrons from oxidizable organic 

molecules to oxygen (redox couple) provides the energy required to maintain the ordered 

state of a living organism, resulting in an overall reducing environment in cells and tissues 

[209]. Changes in the reducing/oxidizing environment or the redox environment affect the 

responsiveness of redox couples to electron flow, determining a cell’s Redox environment 

[209]. Bűcher introduced cellular redox biochemistry, which determines the states of 

various redox couples in cells and estimates the actual cellular reduction potentials (Ist-

Potential) for the NAD+/NADH and NADP+/NADPH couples [210]. According to Schafer 

and Buettner, the redox environment is the summation of the products of the reduction 

potential and reducing capacity of all the redox couples found in biological fluids, 

organelles, cells, or tissues, as shown in equation (2-17) [209].  

𝑅𝑒𝑑𝑜𝑥 𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 =  ∑ 𝐸𝑖

𝑛(𝐶𝑜𝑢𝑝𝑙𝑒)

𝑖=1

× [𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑆𝑝𝑒𝑐𝑖𝑒𝑠]𝑖                               (2 − 17) 

where, 𝐸𝑖 is the half-cell reduction potential for a given redox pair and [𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑆𝑝𝑒𝑐𝑖𝑒𝑠]𝑖 

is the concentration of the reduced species in that redox pair.  

A representative redox couple, such as the GSSG/2GSH couple, could be used as 

an indicator of changes in the redox environment since it is the most abundant redox couple 

in a cell, providing a large pool of reducing equivalents and serving as the cellular redox 
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buffer [209]. However, the ratio of interconvertible oxidized and reduced forms of a 

specific redox couple is not sufficient for all redox couples, such as GSSG/2GSH couple 

[209]. To have complete information about a redox couple, the redox state should include 

the reducing capacity (how large is the pool for the redox buffering system) of a redox 

couple along with the half-cell reduction potential. Schafer and Buettner proposed a 

notation for the redox sate/status of a redox pair, such as GSSG/2GSH, which includes half-

cell reduction potential, 𝐸ℎ𝑐, of the reduced species, in this case GSH, with its 

concentration, [GSH], shown as follows.  

{𝑬𝒉𝒄 (GSH); [GSH]} = {-180 mV (GSH); 3.5 mM} 

2.3.5 Thermodynamics of Biological Redox Reactions 

The reduction potential, measured in voltage, can be determined using the Nernst 

equation developed by Walter H. Nernst in 1889. The reducing capacity, which is the total 

charge stored or the number of electrons available, can be estimated by determining the 

concentration of the reduced species in a redox couple [174]. The net transfer of charge, Q 

in coulombs, for a half-reaction in a redox reaction involving one mole of reactants, can be 

expressed as equation (2-18).  

𝑄 = 𝑛𝐹;   𝑤ℎ𝑒𝑟𝑒, 𝑛 = 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑒−, 𝐹 = 𝐹𝑎𝑟𝑎𝑑𝑎𝑦′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

= 96485 𝐶/𝑚𝑜𝑙 𝑜𝑓 𝑒−                                                                  (2 − 18) 

Thus, the change in Gibbs free energy, ∆G in kJ/mole, to move the charge, Q, over a 

potential change, ∆E, is given by equation (2-19). 
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∆𝐺 = −𝑄(∆𝐸) = −𝑛𝐹(∆𝐸);                                                                                      (2 − 19) 

where "-" denotes the favorable direction of a reaction, as shown in Fig. 2-1(a) and (b). 

According to equation (2-19), a reaction is thermodynamically favored when ∆G is 

negative, whereas a redox reaction is favored when E is positive. The Nernst equation, 

which measures an electrode's potential at 25ºC, can be deduced as equation (2-20) using 

equations (2-5) and (2-19). 

−𝑛𝐹(∆𝐸) =  −𝑛𝐹(∆𝐸𝑜) + 𝑅𝑇 log𝑒 𝑄𝑟  

⇒ ∆𝐸 = ∆𝐸𝑜 −
𝑅𝑇

𝑛𝐹
log𝑒 𝑄𝑟 = ∆𝐸

𝑜 −
59.16 𝑚𝑉

𝑛
log10 𝑄𝑟                                  (2 − 20) 

The term ∆𝐸𝑜, which represents the electromotive force under standard conditions, is the 

difference in the standard reduction potentials of the two half-cells involved in the process. 

The superscript “°” implies the thermodynamic standard-state conditions. At 

thermodynamic equilibrium, ∆G = 0, and consequently,  ∆E = 0. Equation (2-21) can be 

derived from equation (2-20) under these conditions.  

∆𝐸𝑜 =
𝑅𝑇

𝑛𝐹
log𝑒 𝐾𝑑 =

59.16 𝑚𝑉

𝑛
log10𝐾𝑑                                                             (2 − 21) 

However, equation (2-21) can be applied in biological sites, such as cells, where the system 

is reversible and all factors affecting the system are known and can be controlled [175], 

[176], [211]. Cells are not in thermodynamic equilibrium because, within them ∆𝐸 ≠ 0 and 

the systems are not fully reversible [174], [209]. Therefore, the Nernst equation can be 

applied for the biological systems described in the set of equations (2-22), (2-23), and (2-

24) as demonstrated in equation (2-25).  
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𝑅𝑒𝑑𝑜𝑥 𝑝𝑎𝑖𝑟 1:                                                [𝑅𝑒𝑑1]            → [𝑂𝑥1]  + 𝑒
−              (2 − 22) 

𝑅𝑒𝑑𝑜𝑥 𝑝𝑎𝑖𝑟 2:                                                 [𝑂𝑥2]  + 𝑒
−  → [𝑅𝑒𝑑2]                       (2 − 23) 

𝑅𝑒𝑑𝑜𝑥 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛:                       [𝑅𝑒𝑑1]  + [𝑂𝑥2]     ⇌        [𝑂𝑥1]  + [𝑅𝑒𝑑2]         (2 − 24) 

∴ ∆𝐸 = 𝐸2 − 𝐸1

= (𝐸2
𝑜 −

59.16 𝑚𝑉

𝑛
log10

[𝑅𝑒𝑑2]

[𝑂𝑥2]
) − (𝐸1

𝑜 −
59.16 𝑚𝑉

𝑛
log10

[𝑅𝑒𝑑1]

[𝑂𝑥1]
)  (2 − 25) 

Where 𝐸2 is the half-cell reduction potential of the electrode associated with the redox pair 

that is reduced, 𝐸𝑅𝑒𝑑. Furthermore, 𝐸1, is the half-cell reduction potential of the electrode 

associated with the redox pair that is oxidized, 𝐸𝑂𝑥. Consequently, the voltage, ∆𝐸, is the 

overall potential difference of an electrochemical cell. 

2.3.6 Estimation of Total Reducing Power in Biological Sites  

Reducing power, unlike redox potential, is not a thermodynamic parameter, but it 

plays a significant role in conveying information about the overall capability of a cell, 

biological fluid, or tissue to donate electrons and the concentration of reducing equivalents 

responsible for this ability [174]. Among many compounds, the major contributors to the 

reducing power of a resting cell are the low-molecular-weight antioxidants (LMWA), 

which can be measured to determine the reducing power in cellular and biological 

environments [174]. Hence, estimating the reducing power may indicate the total LMWA 

status of a biological system.  

There are indirect and direct methods to estimate total LMWA activity [212]. Indirect 

methods measure consequential factors of redox capacity, such as oxidation products 
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formed or concentrations of major redox couples in the biological environment, using 

fluorescent or spectrophotometric techniques, or inhibition methods that involve adding a 

radical species to the sample. Direct methods, both chemical and electrochemical, utilize 

an electrode and an external probe to measure the current, which is proportional to the 

concentrations of the LMWA [174]. Chemical methods are primarily colorimetric 

techniques that measure a redox-active couple whose reduced and oxidized states have 

different physical properties, such the ferric-reducing antioxidant power (FRAP) assay, 

which is based on the reaction of the ferric/ferrous redox couple with antioxidants in the 

sample and results in the creation of a blue color [212].  
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Chapter 3 

Evaluation of Electrochemical Sensing Techniques for Health 

Applications 

This chapter is part of our work published as ‘M Maksud Alam, Victor Mitea, Matiar M. 

R. Howlader, Ravi P. Selvaganapathy, and M. Jamal Deen, “Analyzing Electrochemical 

Sensing Fundamentals for Health Applications.” Advanced Sensor Research (November 

2023), DOI: 10.1002/adsr.202300100.’ 

 

3.1  Background 

Electrochemical techniques, including voltammetry, are essential and popular 

measurement methods for various modern cutting-edge research fields in biological sites, 

such as cells, fluids, and tissues. [213]. Voltammetry is applicable for both lipophilic and 

hydrophilic antioxidants in biological fluids and tissue homogenates, offering several 

advantages [174]. It can be used without sophisticated extraction and treatment to obtain 

the reducing-power profile, which provides information about the type and concentration 

of LMWA [214]. This methodology for quantifying overall LMWA has been used in 

various clinical situations and pathological disorders, including diabetes [215]–[217], 

ulcerative colitis [218], brain degenerative diseases and head trauma [219], [220], skin 

status and pathologies [219]–[222], and irradiation therapy [214], as well as in the study of 

the aging process [219], [220], and stages of embryonic development [215], [223]. 

Biological fluids, such as seminal fluid, cerebrospinal fluid, saliva, sweat, urine, plasma, 

and gastric juice, possess reducing power derived from their LMWA content [224], 
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Electrochemical techniques provide necessary knowledge concerning the thermodynamic, 

kinetic, and analytical features of the tested compounds. We have discussed different 

electrochemical measuring methods to evaluate the promising aspects, challenges, and 

prospects of applying them in a biological sample. 

3.2 Electrochemical Techniques and Fundamentals 

 

Fig. 3-1. A family tree of several interfacial electrochemical techniques is shown. The 

specific techniques are in red, the experimental conditions are in blue, the analytical signals 

are in green, and the red-yellowish octagons show the chronological presentation of the 

techniques. 
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Interfacial electrochemical sensing techniques are a broad field that can be 

classified based on specific techniques, experimental conditions, and output signals, as 

shown in Fig. 3-1. In this section, we will provide an overview of the sensing performance 

metrics for each type of sensor by giving some exemplary examples used for detecting 

neurotransmitters, proteins, and glucose from biofluids for diseases, particularly 

Schizophrenia, Alzheimer's, and Parkinson's.  

3.2.1 Potentiometric Methods  

Potentiometric sensors are suitable for determining concentrations higher than 10⁻⁵ 

M, which is the range required in most cases. For example, the normal blood glucose level 

in a human body is between 4.9 and 6.9 mM. Potentiometry is compatible with 

multichannel array type sensory instruments and requires a simple operating circuit. Thus, 

non-enzymatic potentiometric glucose sensors are attractive for integration with 

conventional ion-selective electrodes, such as pH meters. However, selectivity is a key 

issue for these sensors. Only a few attempts have been made to create a non-enzymatic 

potentiometric glucose sensor, as reported by Shoji and Freund [225],[226]. They used 

polymeric membranes with boronic acid units, which have an affinity for diol saccharides 

containing two units. The sensor responded to glucose but showed even higher sensitivity 

to fructose than to glucose [227]. 

The cell potential is measured under static conditions with little or no current 

flowing through the electrolyte, so the compositions remain constant and are suitable for 

quantifying the analyte. In 1889, the first quantitative potentiometric method was invented 
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based on the Nernst equation, which relates a cell's potential to the concentration of 

electroactive species in it [48]. A potentiometer, shown in Fig. 3-2 (a), is used to determine 

the potential. The species are oxidized at the anode and reduced at the cathode electrode. 

When the switch, T is open, the potential across Rcb can be determined by equation (3-1). 

𝐸𝑐𝑏 =
𝑅𝑐𝑏

𝑅𝑎𝑐 + 𝑅𝑐𝑏
× 𝐸𝑃𝑆 =

𝑅𝑐𝑏
𝑅𝑎𝑏

× 𝐸𝑃𝑆 =
𝐸𝑃𝑆
𝑅𝑎𝑏

× 𝑅𝑐𝑏

=  𝑖𝑎𝑏 × 𝑅𝑐𝑏;    𝐸𝑃𝑆 𝑖𝑠 𝑠𝑢𝑝𝑝𝑙𝑦 𝑣𝑜𝑙𝑡𝑎𝑔𝑒                                              (3 − 1) 

When T is closed, the potential across the cell, Ecell, can be calculated using equation (3-2) 

if the current through the cell, icell = i, is zero. Usually, the potential depends on the current 

flowing through the cell.  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑏 =
𝑅𝑐𝑏
𝑅𝑎𝑏

× 𝐸𝑃𝑆 =
𝐸𝑃𝑆
𝑅𝑎𝑏

× 𝑅𝑐𝑏 = 𝑖𝑎𝑏 × 𝑅𝑐𝑏                                               (3 − 2) 

The switch T is briefly closed, and the current through the ammeter, which is in the 

nanoscale, is observed. The slide wire variable resistor is readjusted until the ammeter 

current is zero to obtain the cell potential. There are two half-cells, shown in Fig. 3-2 (b), 

each containing an electrode immersed in a solution of ions whose activities determine the 

electrode's potential. A salt bridge containing an inert electrolyte, such as NaNO3, is used 

to complete the electron flow path. Porous plugs are used to allow ions to freely move 

through the bridge. The overall cell reaction and half-reactions of the half-cell reactions are 

given below. 

 𝐶𝑢(𝑠) + 2𝐴𝑔+(𝑎𝑞) ⇌ 2𝐴𝑔(𝑠) + 𝐶𝑢2+(𝑎𝑞)                                                         (3 − 3) 

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝐴𝑛𝑜𝑑𝑒 (𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒):            𝐶𝑢(𝑠) ⇌ 𝐶𝑢2+(𝑎𝑞) + 2𝑒−           (3 − 4) 
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𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟):       2𝐴𝑔+(𝑎𝑞) + 2𝑒− ⇌ 2𝐴𝑔(𝑠)       (3 − 5) 

The cell potential can be calculated by combining equations (2-21), (3-4), (3-5), and (3-6). 

If both electrodes were placed in the same solution, the reduction of Ag+ to Ag would occur 

on the Cu surface and no electrons would pass through the potentiometer. Equation (3-7) 

is used to deduce the potentiometric electrochemical cell potential, and equation (3-8) can 

be used to determine any unknown value among 𝐸𝑐𝑒𝑙𝑙, 𝑎𝐴𝑔+, and 𝑎𝐶𝑢2+ if other two are 

known. and 𝑎𝐶𝑢2+ , can be determined if other two are known. 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑅𝑒𝑑 − 𝐸𝑂𝑥 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒

= (𝐸𝑜 −
𝑅𝑇

𝑛𝐹
log𝑒 𝑄𝑟)

𝑅𝑒𝑑
− (𝐸𝑜 −

𝑅𝑇

𝑛𝐹
log𝑒 𝑄𝑟)

𝑂𝑥
                 (3 − 6) 

𝐸𝑐𝑒𝑙𝑙 = (𝐸𝐴𝑔+/𝐴𝑔
𝑜 −

0.05916

1
log10

1

𝑎𝐴𝑔+
)
𝑅𝑒𝑑

− (𝐸𝐶𝑢2+
𝐶𝑢

𝑜 −
0.05916

2
log10

1

𝑎𝐶𝑢2+
)

𝑂𝑥

                                         (3 − 7) 

 
(a)                                                                               (b) 
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(c)                                                                             (d) 

 

      (e)                                                                          (f) 

Fig. 3 – 2. (a) A manual potentiometer with two electrodes (counter electrode and working 

electrode) is shown schematically. The tapping switch T and the slide-wire variable resistor 

SW are also indicated. (b) A potentiometric electrochemical cell is depicted. Reproduced 

(Adapted) under the terms of the CC BY 4.0 license, 
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https://creativecommons.org/licenses/by/4.0. [148] Copyright 1999-2013, Copyright 

Holder OpenStax, https://openstax.org/. (c) A junction potential between two ionic 

solutions with different concentrations (0.5 M NaCl and 0.1 M NaCl) is shown. Reprinted 

(adapted) with permission. [228] Copyright 2018 American Chemical Society. (d) The 

waveforms of the applied potential and resulting current of a controlled-potential 

coulometry are shown. (e) The reduction steps of different species present in an aqueous 

solution of Cu2+ are shown in a ladder diagram. The oxidized species are in blue, and the 

other species are in red. Reproduced (Adapted) with permission. [229] Copyright 1999-

2023, Copyright Holder David Harvey (https://sites.google.com/depauw.edu/dth/home), 

and Libretexts (https://LibreTexts.org). (f) A measured current vs. time curve for a 

controlled-current coulometry is shown, with the blue area representing the total charge. 

Disadvantages of Potentiometric Methods  

The standard state potentials of equation (3-7) depend on temperature and the 

medium, as different activities of the same redox couple can vary in different media. For 

example, the potential for the 𝐹𝑒3+/𝐹𝑒2+ redox couple is +0.735 V in 1 M 𝐻𝐶𝑙𝑂4, +0.70 

V in 1 M 𝐻𝐶𝑙, and +0.53 V in 10 M 𝐻𝐶𝑙 [48]. The issue can be addressed by using a matrix-

dependent formal potential.  

𝐸𝑐𝑒𝑙𝑙  = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒 + 𝐸𝑗                                                                                (3 − 8) 

Additionally, the junction potential, caused by concentration differences at the interface or 

bridge between solutions, is a major challenge. A junction potential arises at the interface 

between two ionic solutions, as shown in Fig. 3-2 (c) if there is a difference in the 

https://creativecommons.org/licenses/by/4.0.%20%5b148
https://libretexts.org/
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concentration and mobility of the ions. For example, 𝐻+ has higher mobility than 𝐶𝑙−. This 

potential at 0.5 M and 0.1 M NaCl are 10.2 and 18.1 mV, respectively [228]. This potential 

can be as large as 30-40 mV [48]. To address this issue, a salt with equal cation and anion 

mobilities, such as KCl, is used with a saturated concentration. However, the junction 

potential cannot be eliminated, so the cell equation (3-7) must be rewritten as equation (3-

8).   

Table 3-1: Potentiometric Sensors for Health Monitoring Applications 

Type Electrode 

Materials 

Disease Bio-

Analyte 

Normal Range 

[Physiological] 

Linear 

Range 

LOD Sensitivity Ref. 

N
eu

ro
tr

an
sm

it
te

r 

Oxatub [7]arenes as 

ionophores 

Schizophrenia, 

Alzheimer, & 

Parkinson 

ACh 0.2 – 1.31 uM 

[230] 

 

– 0.1 uM 57.2 mV/dec [8] 

PANI-MIP/MWCNT Alzheimer ACh 0.2 – 1.31 uM 11.6 – 34.9 uM 34.5 uM 83.86 mV/dec [7] 

PAH/SiO2-Np-AChE Alzheimer ACh 0.2 – 1.31 uM 0.2 – 1.0 nM 30 uM 7.7 mV/mM [231] 

SWCNT-TF Alzheimer ACh 0.2 – 1.31 uM 0.01 – 100 mM 10 uM 19 mV/dec [232] 

DASM/PEDOT/PSS Parkinson, & 

schizophrenia 

DA 50 × 10−9 M 

[233] 

10−5 − 10−1𝑀 5.8 uM 53.85 mV/dec [9] 

 

P
ro

te
in

 

Anti-CRP/ZnO NTs/Au 

coated Glass 

Acute 

Inflammation 

CRP <5 mg/L 0.01 – 1.0 mg/L 1 ng/L 13.17 mV/dec [11] 

Polydopamine Pancreatic 

pathology 

Trypsin -- 0.08 – 4.0 U/mL 30 

mU/mL 

-- [234] 

Alkanethiol-SAM/Au 

coated Si 

Cancer CEA <2.5 ng/mL 2.5 – 75.0 ng/mL -- -- [235] 

C-PVC/PIM/GO Prostate cancer PSA <10 ng/mL 0.2 – 12.5 ng/mL 2 ng/mL -44.2 mV/dec [20] 

G
lu

co
se

 

Poly Aniline Diabetes Glucose 4.90-6.90 mM 4.0 – 15 mM -- -- [225] 

Poly Aniline Boronic 

Acid 

Diabetes Glucose 4.90-6.90 mM 6.0 – 18 mM -- -- [226] 

GOx-functionalized ZnO 

nanowires as MOSFET 

gate 

Diabetes Glucose 4.90-6.90 mM 1.0 – 100 uM -- -- [236] 

GOx/SiO2/Al2O3 film on 

n-type Si substrate 

(LAPS) 

Diabetes Glucose 4.90-6.90 mM 0 – 4 mM - -- [237] 

GOx-functionalized SiO2 

as ENFET gate 

Diabetes Glucose 4.90-6.90 mM 0.05 – 1.8 mM 25 µM -- [238] 

GOx/Si-SiO2-Si 

Structure ISFET 

Diabètes Glucose 2.78–5.55 mM 

[Urine][60] 

0.8 – 6.70 mM -- 20 mV/dec [239] 

Useful Acronym: Acetylcholine (ACh); Decade (dec); Polyaniline (PANI); Molecular 

imprinted polymer (MIP); Multiwalled carbon nanotubes (MWCNTs); Poly(allylamine) 

hydrochloride (PAH); Silicon dioxide nanoparticles (SiO2-Np); Single-walled carbon 
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nanotube thin-film (SWCNT-TF); Dopamine selective membrane (DASM); Polymer poly 

(3,4- ethylenedioxythiophene) (PEDOT); Poly (styrenesulfonate) (PSS);  C-reactive 

protein (CRP); Carcinoembryonic antigen (CEA); Protein Imprinted Materials with 

charged PVC binding sites (C-PVC/PIM); Prostate specific antigen (PSA); Self-

assembled monolayers (SAMs); Graphene oxide (GO); Glucose oxidase (GOx); Light-

addressable potentiometric sensors (LAPS); Enzyme field-effect transistors (ENFETs); 

ion-sensitive field-effect transistor (ISFET). 

 

First, we will focus on neurotransmitters as summarized in Table 3-1. 

Acetylcholine, a neurotransmitter, regulates muscle contraction in the peripheral nervous 

system (PNS) through acetylcholine receptors (AChR). It also plays a key role in central 

nervous system (CNS) activities such as behavior, arousal, attention, learning, and memory. 

It is synthesized from choline by choline acetyltransferase and acetyl coenzyme A in 

neurons [7]. Imbalanced ACh regulation in the brain can cause neuropsychiatric disorders 

such as schizophrenia, Alzheimer's, Parkinson's, and myasthenia gravis [7],[8]. 

Potentiometric enzyme-based detection of ACh has been presented in several literature 

sources [7], [8],[231],[232] but the electrode represented in [231] is better fit with the 

physiological range but has a high limit of detection (LOD), making it less suitable. The 

potentiometric ACh sensors listed in Table 3-1 do not meet the requirements. 

Dopamine (DA) is another neurotransmitter that conveys messages of pleasure in 

the brain's reward system. Imbalanced levels of dopamine are linked to various diseases, 

including Schizophrenia, Parkinson's, restless legs syndrome, and attention deficit 

hyperactivity disorder. In 2021, He et al. developed a DA enzyme electrode with a linear 

range of 0.1 µM to 0.1 M, although the physiological range of dopamine is only 50 nM. 

For protein sensors, we will provide a few examples, including C-reactive protein (CRP), 

trypsin, CEA, and PSA, due to their roles in inflammation and metastasis. The 
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electrochemical potentiometric technique is primarily used for enzymatic detection of 

important proteins in the human body, such as CRP, trypsin, CEA, and PSA, as shown in 

Table 3-1. CRP, a protein made in the liver, is found in blood plasma and increases in 

response to an offending agent, activating the first immune responders. In a healthy human, 

CRP levels are less than 5 mg/L [11]. However, surgery, trauma, exercise, heatstroke, and 

childbirth can result in a drastic increase in CRP, ranging from 1 to 500 mg/L. Higher CRP 

values can indicate cardiovascular diseases, pathogenic diseases, IBD, and colon cancer 

[11]. An enzymatic anti-CRP layer was immobilized on ZnO nanotubes grown on Au-

coated glass to sense CRP. The electrode showed the best response at pH 7, where the 

optimum pH of the antibody is 7.2. The poor response at pH levels below and above 7 

might be due to less activity and detachment of the immobilized antibody [11]. The 

electrode had the maximum response at 55°C, but the responses decreased at temperatures 

below or above 55°C due to less charge mobility and denaturation of the immobilized 

antibody. However, the electrode's linear range of 0.01 to 1.0 mg/L doesn't cover the 

required range of 1 to 5 mg/L. 

Trypsin is produced as the inactive zymogen trypsinogen in the pancreas and is 

activated in the small intestine to break down long chains of proteins into smaller, more 

easily digestible pieces. A potentiometric polymeric membrane, made using MIP on ISE, 

is fabricated to sense trypsin in an enzymatic, label-free manner [234].   

CEA is a large glycoprotein that is typically produced in gastrointestinal tissue and 

is absent or present in low amounts (less than 2.5 µg/L in non-smokers, less than 5.0 µg/L 

in smokers) in the blood of healthy adults. The level of CEA in the blood may be elevated 
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in certain types of cancer, such as colon and rectal, breast, lung, pancreatic, stomach, liver, 

and ovarian cancer, and in non-cancerous conditions like cirrhosis, hepatitis, diverticulitis, 

inflammatory bowel disease, peptic ulcer disease, chronic obstructive pulmonary disease, 

cholecystitis, and obstructed bile duct. The CEA test is crucial for the diagnosis of 

colorectal cancer, as well as for monitoring its response to treatment and the risk of 

reoccurrence. A CEA-sensing enzymatic layer of hydroxyl-terminated alkanethiol was 

created in reference [235]. The thiol molecules of the hydroxyl-terminated alkanethiol layer 

are chemically bonded to a substrate of a gold-coated silicon chip, and template 

biomolecules are co-adsorbed and later removed to create footprint cavities. The potential 

changes upon re-adsorption of the CEA biomolecules are measured potentiometrically 

[235]. 

PSA is a glycoprotein secreted by the prostate gland and is found in low amounts 

(less than 4 µg/L) in the blood [20]. Elevated levels (greater than 10 µg/L) of PSA in the 

blood can be caused by prostate cancer as well as non-cancerous conditions such as 

prostatitis (inflammation of the prostate) and benign prostatic hyperplasia (enlargement of 

the prostate) [20]. An enzymatic biosensor with a negative slope of sensitivity, good linear 

range, and low detection limit has been developed for PSA [20]. 

Potentiometric sensors have been used to detect blood glucose, which is the main 

source of energy for the human body and is produced from food through digestion. The 

pancreas produces insulin to help the body convert glucose in the bloodstream into energy. 

However, uncontrolled blood sugar levels due to ineffective insulin use or deficiency can 

cause diabetes, which can lead to blindness, kidney failure, heart attack, stroke, and serious 
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damage to nerves and blood vessels. Non-enzymatic electrodes made of polyaniline or 

polyaniline boronic acid could be used for glucose sensing in human blood, but the authors 

were not given information about their limits of detection or sensitivities [225],[226]. Other 

potentiometric glucose sensors use the glucose oxidase (GOx) enzyme, as shown in Table 

3-1. As shown in Table 3-1, it's evident that GOx is not an effective enzyme for detecting 

glucose in blood because its linear range deviates from the desired range of 4.90-6.90 mM 

[236],[237],[238]. However, the linear range of GOx is not suitable for detecting glucose in 

blood, but it is effective for glucose sensing in urine [239]. 

3.2.2 Coulometric Methods  

In dynamic methods such as coulometry, current is passed to alter the concentration of 

species. Coulometry involves complete oxidation or reduction of the analyte at the 

electrode. The equation (2-17) can be represented as equation (3-9) by substituting 𝑁𝐴 for 

the moles of the analyte in the cell. To calculate 𝑁𝐴, complete electrolysis must be 

performed, and 100% current efficiency is required to calculate the charge,  

𝑄 = 𝑛𝐹𝑁𝐴                                                                                                                          (3 − 9) 

Coulometry can be further divided into controlled-potential and controlled-current 

methods.  

Controlled potential (chrono) coulometry 

A step potential is applied across the cell. As a result, the current, as shown in Fig. 

3-2(d), decreases with time as the concentration of the analyte decreases due to oxidation-
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reduction reactions. The total charge can be found using equation (3-10). The method is 

accurate if no potential-dependent redox reaction is associated, assuming 100% current 

efficiency. 

𝑄 = 𝑛𝐹𝑁𝐴 = ∫ 𝑖(𝑡)𝑑𝑡
𝑡𝑒

0

;           𝑤ℎ𝑒𝑟𝑒, 𝑖 𝑖𝑠 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒                                              (3 − 10) 

To select an appropriate potential value, a case study using a platinum working electrode 

to reduce Cu2+ as Cu is explained below. The favorable potential is close to 0.342 V, as 

seen in Fig. 3-2 (d), but must be greater than 0 V to avoid current from water. The potential 

required to reduce 99.99% of Cu2+ can be calculated using equation (3-13) if the initial 

concentration of Cu2+ is known. A small volume, high surface area, and high stirring rate 

are suggested to reduce the time needed for the reduction process [48].  

𝐶𝑢2+(𝑎𝑞) + 2𝑒− ⇌ 𝐶𝑢(𝑠)                                                                                            (3 − 11) 

𝐸 = 𝐸𝐶𝑢2+/𝐶𝑢
0 −

0.05916

2
log𝑒

1

[𝐶𝑢2+]
                                                                       (3 − 12) 

𝐸 = 𝐸𝐶𝑢2+/𝐶𝑢
0 −

0.05916

2
log𝑒

1

0.0001 × [𝐶𝑢2+]
                                                    (3 − 13) 

Controlled-Current Coulometry  

The excitation (red) and charge (blue) are shown in Fig. 3-2 (f). The method requires 

less time for both electrolysis (10 minutes) and processing, and has a rate constant, as 

shown in equation (3-14). However, there are two drawbacks, the current decreases with 

time due to the rate reactions. 
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𝑄 = 𝑛𝐹𝑁𝐴 = 𝑖𝑡𝑒;               𝑤ℎ𝑒𝑟𝑒, 𝑖 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                  (3 − 14) 

Another one, the current efficiency may be reduced while regulating the potential to keep 

the current constant. To ensure 100% current efficiency, a mediator is needed. Additionally, 

the determination of the end point is another challenge of the method where titrimetry is 

required. 

Table 3-2: Coulometry Sensors for Health Monitoring Applications 

Type Electrode 

Materials 

Disease Bio-Analyte Normal Range 

[Physiological] 

Linear 

Range 

LOD Sensitivity Ref. 

P
ro

te
in

 

GOx/Au/Pt-Ag 

Co-metallization 

Testicular/Ova

rian/Liver 

Cancer 

AFP 10 – 20 ng/ml -- 0.4 ng/mL  [240] 

Useful Acronym: Gold (Au); Platinum (Pt); Silver (Ag), Alpha-1-fetoprotein (AFP). 

There are limited reports on coulometric sensors for health monitoring. An enzymatic 

approach to detect alpha-1-fetoprotein (AFP) using H2O2 and a sensing layer of glucose 

oxidase (GOx) was published in [240]. AFP is normally produced by a fetus's liver and 

yolk sac and decreases significantly within a year after birth. AFP is not generally found (0 

ng/mL to 20 ng/mL) in healthy adults. Higher values (>20 ng/mL) show the possibility of 

testicular and ovarian cancer. Adults with cirrhosis and chronic hepatitis also possess higher 

levels of AFP in their blood. AFP levels of >400 ng/mL may indicate liver cancer. 

Moreover, a higher value of AFP could be a sign of the rare genetic condition ataxia-

telangiectasia. In this coulometric sensor, the sensing performance of the device was 

enhanced by metallizing the electrode and adding microfabricated solution processing 

channels. After incubation for 120 min, a detection limit of 0.4 ng/mL was achieved. 
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However, the main drawback of this approach, as it is based on coulometric sensing, is the 

time required to obtain the result. 

3.2.3 Voltammetry  

In 1959, Jaroslav Heyrovsky won the Nobel Prize in Chemistry for inventing the 

first voltametric method in the early 1920s, commonly known as polarography. 

Voltammetry measures current as a function of a time-dependent applied potential, which 

is displayed as a voltammogram. The voltammogram provides information on the 

quantitative and qualitative characteristics of the analyte in a sample [241]. The faradaic 

current in a potentiostat arises from the faradaic process, which requires the transfer of 

electronic charge and involves atoms, ions, or molecules from or to the bulk solution [242]. 

Besides the faradaic current from the analyte, other types of currents may exist in the cell, 

such as background currents from electrolysis of impurities, the electrolyte, the electrode 

material, and capacitive (charging) current. The latter is the only non-faradaic current and 

depends on the interface that acts as an electrical capacitor under applied voltage. 

Factors Affecting Voltammogram  

The reduction potential of ferricyanide, 𝐹𝑒(𝐶𝑁)6
3−𝑎𝑠 (𝐹𝑒3+), to ferrocyanide, 

𝐹𝑒(𝐶𝑁)6
4− 𝑎𝑠 (𝐹𝑒2+) is shown in equations (3-15) and (3-16) and the associate ladder 

diagram in Fig. 3-3 (a).  In this representation, x=0 refers to the surface of the working 

electrode. 

𝐹𝑒(𝐶𝑁)6
3−(𝑎𝑞) + 𝑒− ⇌ 𝐹𝑒(𝐶𝑁)6

4−(𝑎𝑞) ⇒  𝐹𝑒3+(𝑎𝑞) + 𝑒− ⇌ 𝐹𝑒2+(𝑎𝑞)    (3 − 15)  
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𝐸 = 0.356 𝑉 − 0.05916 log𝑒
[𝐹𝑒(𝐶𝑁)6

4−]𝑥=0
[𝐹𝑒(𝐶𝑁)6

3−]𝑥=0
 

= 0.356 𝑉 − 0.05916 log𝑒
[𝐹𝑒2+]𝑥=0
[𝐹𝑒3+]𝑥=0

                                     (3 − 16) 

[𝐹𝑒(𝐶𝑁)6
3−]𝑥=0 = [𝐹𝑒(𝐶𝑁)6

4−]𝑥=0 = 0.5 𝑚𝑀                                                    (3 − 17) 

The electrode surface concentration is used since an equilibrium position is established at 

the surface. If the initial concentrations of 𝐹𝑒(𝐶𝑁)6
3−and 𝐹𝑒(𝐶𝑁)6

4− are 1.0 mM and 0 mM, 

respectively, the concentrations will not change if a potential of +0.530 V is applied to the 

working electrode. Hence, there will be no faradaic current flow through the cell. However, 

if the applied potential is +0.356 V, some 𝐹𝑒(𝐶𝑁)6
3− will be reduced to 𝐹𝑒(𝐶𝑁)6

4−, 

reaching the equilibrium condition where the concentrations of both ions are equal at the 

electrode surface but not in the bulk solution (as per equation (3-17)). This results in a huge 

amount of faradaic current flowing and eventually reaching zero. The form of the analyte 

at the electrode surface depends on the applied potential, and its concentration may not be 

the same at the electrode surface and in the bulk solution [243]. This difference in 

concentration creates a concentration gradient between the solution at the electrode surface 

and the bulk solution, which results in a faradaic current flow until even concentrations are 

reached. The faradaic current is proportional to the rate of charge transfer of the redox 

reaction and the rate of the chemical reaction [243]. The rate of a cell reaction is determined 

by two factors: mass and electron transport. The three modes of mass transport are 

diffusion, migration, and convection. The faradaic current when mass transport occurs 

alone is given in equation (3-18). 
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𝑖 = 𝑛𝐹𝐴𝐷
(𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑥=0)

𝛿
 = 𝐾𝑜(𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑥=0) ;   where, 𝐾𝑜 =

𝑛𝐹𝐴𝐷

𝛿
         (3 − 18) 

Where, δ is the width of the diffusion layer, A is the electrode surface area, D is the 

diffusion constant, and C is the concentrations. The nature of electron transfer between the 

electrode and adjacent species also affects the current. If the electrons flow quickly, it 

means the redox reactions are at equilibrium, ensuring electrochemical reversibility, but if 

they flow slowly, it means the reactions are irreversible. The Nernst equation can only be 

applied to reversible redox reactions. In contrast, the charging current, which is short-lived, 

occurs when the electrode's potential suddenly changes from one state to another. The 

positive or negative surface charge attracts opposite ions at the vicinity of the surface, 

forming a structured electrode solution interface called the electrical double layer (EDL). 

                            
(a)                                                                          (b) 
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(c)                                                    (d)                                                       (e) 

 
(f)                                               (g)                                              (h) 

Fig. 3-3.  (a) The ladder diagram of the ferricyanide, 𝐹𝑒(𝐶𝑁)6
3−(𝐹𝑒3+), reduces to 

ferrocyanide, 𝐹𝑒(𝐶𝑁)6
4− (𝐹𝑒2+) redox half-reaction [48]. (b) Concentration gradients and 

the diffusion layer width of the reaction from equations (3-15) and (3-16) [48]. Reproduced 

(Adapted) with permission. Copyright 1999-2023, Copyright Holder David Harvey 

(https://sites.google.com/depauw.edu/dth/home), and Libretexts (https://LibreTexts.org). 

Sampled-current voltammetry with stirring (c) Step waveforms applied in a series of 

experiments, (d) Current-time curves observed in response to the steps, (e) Sampled-current 

voltammogram [58]. (f) A step potential for excitation in amperometry is applied, where 

species O is electro-inactive at E1 but is reduced at a diffusion-limited rate at E2. (g) 

Concentration profiles for various times during the experiment, (h) Current flow vs. time 

curve [58]. Reproduced (Adapted) with permission. Copyright 2001, Copyright Holder 

John Wiley & Sons, Inc, https://www.wiley.com/en-ca. 



Ph. D. Thesis – M Maksud Alam      McMaster University – Electrical and Computer Engineering 

73 
 

Pulse (Sampled-Current) Voltammetry  

    
Fig. 3-4. Potential-excitation signals and voltammograms for (a) normal pulse, (b) 

differential pulse, (c) staircase, and (d) square-wave voltammetry. The black rectangles 
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represent the current sample position. Δi is the current difference between points 2 and 1. 

The symbols in the diagrams, with typical values for (a), are as follows: τ(≈1s) is the cycle 

time; ΔEp(≈2mV and increase by ≈2mV) is a fixed or variable pulse potential, ΔEs(≈2mV) 

is a fixed change in potential per cycle, and tp(≈50ms) is the pulse time. The current is 

sampled at the end of each potential pulse for approximately 17 ms before returning the 

potential to its initial value [48]. Reproduced (Adapted) with permission. [137] Copyright 

1999-2023, Copyright Holder David Harvey 

(https://sites.google.com/depauw.edu/dth/home), and Libretexts (https://LibreTexts.org). 

Normal (linear sweep) voltammetry (LSV) is discussed in the cyclic voltammetry 

(CV) section, although it is the first voltammetry method. Pulse or sampled-current 

voltammetry is a popular choice among scientific communities, as shown in Fig. 3-3 (c), 

(d), and (e) 13. To provide a general understanding, Fig. 3-3 (c), (d), and (e) are discussed 

briefly below.  

A redox reaction is observed under stirring when a series of step potentials is 

applied, as shown in Fig. 3-3(c). Initially, the potential doesn't result in any faradaic current 

flow. As the step potentials increase, some species become electroactive and can be 

reduced, but not completely to zero surface concentration. The last two step values work in 

the mass-transfer-limited region, which is diffusion rate dependent and not influenced by 

potential. The current is sampled at time τ for each step and a voltammogram is shown in 

Fig. 3-3 (e). This type of experiment is called sampled-current or normal pulse 

voltammetry, as shown in Fig. 3-4 (a), which results in improved sensitivity and lower 

detection limits. In differential pulse polarography, shown in Fig. 3-4 (b), the current is the 

https://libretexts.org/
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difference between two sampled values taken approximately 17 ms before and after the 

pulse is applied. The benefit of square-wave polarography, seen in Fig. 3-4 (d), is that the 

value of τ can be as low as 5 ms, reducing the time required for analysis.  

For the redox reaction 𝑂 + 𝑛𝑒− ⇌ R, if there is no R present at the start, the current 

after applying the potential can be expressed as 𝑖 = 𝐾𝑜([𝑂]𝑏𝑢𝑙𝑘 − [𝑂]𝑥=0), as seen in 

equation (3-18). At the limiting current, as shown in Fig. 3-4 (a) and (16), 𝑖𝑙 = 𝐾𝑜[𝑂]𝑏𝑢𝑙𝑘 

since ([𝑂]𝑥=0 = 0), indicating a linear relationship with the bulk concentration of O. Thus, 

the equation for the Nernst potential and current can be written as 

𝐸 = 𝐸𝑂
𝑅

𝑜 −
0.05916

𝑛
log𝑒

[𝑅]𝑥=0
[𝑂]𝑥=0

                                                                              (3 − 19) 

𝑖 = 𝑖𝑙 − 𝐾𝑜[𝑂]𝑥=0 ⇒ [𝑂]𝑥=0 =
𝑖𝑙 − 𝑖

𝐾𝑜
                                                                    (3 − 20) 

𝑖 = 𝐾𝑅([𝑅]𝑥=0 − [𝑅]𝑏𝑢𝑙𝑘) ⇒ 𝑖 = 𝐾𝑅[𝑅]𝑥=0 ⇒ [𝑅]𝑥=0 =
𝑖

𝐾𝑅
 𝑠𝑖𝑛𝑐𝑒 [𝑅]𝑏𝑢𝑙𝑘

= 0                                                                                                     (3 − 21) 

From equations (3-19), (3-20) and (3-21), the potential equation, equation (3-22), can be 

deduced.  

𝐸 = 𝐸𝑂
𝑅

𝑜 −
0.05916

𝑛
log𝑒

𝐾𝑜
𝐾𝑅
−
0.05916

𝑛
log𝑒

𝑖

𝑖𝑙 − 𝑖
 ⇒  𝐸1

2
= 𝐸𝑂

𝑅

𝑜 −
0.05916

𝑛
log𝑒

𝐾𝑜
𝐾𝑅
;  𝑖𝑓 𝑖

=
𝑖𝑙
2
                                                                                                         (3 − 22) 

Where 𝐸1/2 is the known half-wave potential. The half-wave potential equals the standard-

state potential if 𝐾𝑜 and 𝐾𝑅 are same, which is exactly the case.  
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Table 3-3: Differential Pulse Voltametric (DPV) Sensors for Health 

Monitoring Applications 

Type Electrode 

Materials 

Disease Bio-

Analyte 

Normal Range 

[Physiological] 

Linear 

Range 

LOD Sensitivity Ref. 

N
eu

ro
tr

an
sm

it
te

r 

GQDs/IL/CPE Schizophrenia, 

and 

Alzheimer’s 

ACh 0.2 – 1.31 uM 0.2 – 400 uM 0.06 𝜇𝑀 -- [244] 

AChE-ChO/GO-

IL/GCE 

Schizophrenia, 

and 

Alzheimer’s 

ACh/Ch 0.2 – 1.31 uM 5 – 1000 nM 1.35 𝑛𝑀 -- [245] 

ZnFe2O4/SPE Schizophrenia, 

and 

Alzheimer’s 

ACh 0.2 – 1.31 uM 0.08 – 500 

uM 

0.024 𝜇𝑀 0.548 𝜇𝐴 𝜇𝑀−1 [246] 

Poly 

(OA)/CNTs/GCE 

Schizophrenia, 

Parkinson’s 

DA 50 nM 10 – 260 uM 0.12 𝜇𝑀 8.71 𝜇𝐴 𝑚𝑀−1 [247] 

OMIMPF-MWCNT Schizophrenia, 

Parkinson’s 

DA 50 nM 1 – 100 uM 0.1 𝜇𝑀 -- [248] 

Pt-Np-

MWCNT/GCE 

Schizophrenia, 

Parkinson’s 

DA 50 nM 0.043 – 62 

uM 

0.0278 𝜇𝑀 -- [233] 

P
ro

te
in

 

PANI-MIP/graphene 

oxide 

AMI cTnT <0.1 ng/mL 0.02 – 0.09 

ng/mL 

0.008 

ng/mL 

-- [249] 

PANI-MIP/PMB/f-

MWCNTs/SPCE 

AMI cTnT <0.1 ng/mL 0.1 – 8.0 

pg/mL 

0.04 

pg/mL 

-- [250] 

Binding peptide/DSP AMI Myo 30 – 90 ng/mL 

(serum) 

17.8 – 1780 

ng/mL 

9.8 ng/mL -- [22] 

PMPC-SH/AuNP CVDs CRP <5 ug/mL 5 – 5000 

ng/mL 

1.6 ng/mL -- [251] 

3-APBA/AgNWs Athletic 

performance 

Lactate 25 uM (sweat) 1 – 105 uM 0.22 uM -- [252] 

G
lu

co
se

 

Ferrocene with two 

boronic acid and 

hexamethylene 

Diabetes Glucose 4.9 – 6.9 mM 0.1 – 0.7 mM -- -- [253] 

Au Nanowire Diabetes Glucose 4.9 – 6.9 mM 0.1 – 20 mM 30 μM 40 μA 

mM−1 cm−2 

[254] 

CoPcTS Diabetes Glucose 4.9 – 6.9 mM 0.25 – 20 mM 100 μM 5.695 μA mM−1 [255] 

PtAg/MWCNTs Diabetes Glucose 4.9 – 6.9 mM 1 – 25 mM 600 μM 91.4 uA mM−1 

cm−2 

[256] 

Pt NFs/Au Disk Diabetes Glucose 4.9 – 6.9 mM 1 – 16 mM 48 μM 1.87 μA 

mM−1cm-2 

[257] 

Useful Acronym: Graphene quantum dots (GQDs); Ionic liquid (IL); Carbon paste 

electrode (CPE); Acetylcholine esterase (AChE); Choline oxidase (ChO); Screen printed 

electrode (SPE); Poly(o-anisidine) (POA); 1-octyl-3-methylimidazolium 

hexafluorophosphate (OMIMPF6); Nanoparticles (Np); Polymethylene blue (PMB); 

Acute Myocardial Infarction (AMI); Cardiac troponin T (cTnT); Screen printed carbon 

electrode (SPCE); Dithiobis(succinimidyl propionate) (DSP); Myoglobin (Myo); poly(2-

methacryloyloxyethyl phosphorylcholine) (PMPC-SH); Cardiovascular diseases (CVDs); 

Gold nanoparticles (AuNPs); Gold screen printed electrode (AuSPE); 3-
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aminophenulboronic acid (3-APBA); Ag Nanowires (AgNWs); cobalt (II) phthalocyanine 

tetrasulfonate (CoPcTS); Multi-Walled Carbon nanotubes Decorated with Platinum and 

Silver (PtAg/MWCNTs);  Nanoflowers (Nfs). 

 

Differential Pulse Voltametric (DPV) detection of ACh has been reported in both 

enzymatic [245], and nonenzymatic [244],[246] sensors. Depending on the linear range, the 

nonenzymatic ACh sensors showed good compatibility. Beitollahi et al. 2019 showed that 

ZnFe2O4 nonenzymatic sensor had a sensitivity of 0.548 μA μM-1 [246]. Nonenzymatic 

detection of DA by Dursun et al. 2010 using DPV showed better performance based on 

linear range and LOD [233]. Acute myocardial infarction (AMI), also known as a heart 

attack, is a common life-threatening cardiovascular disease throughout the world, and 

cardiac troponin T (cTnT), a cardiac regulatory protein, is its specific biomarker.  

AMI results in the rapid release of cTnT (37 kDa) from cardiac muscle cells into 

the bloodstream, which remains elevated up to 14 days after cardiac ischemia, providing 

the possibility of prognosis of the disease. DPV-based enzymatic sensing of cTnT was 

recorded in couple of scholarly articles [249],[250]. The sensor reported by Phonklam et al. 

2020 showed a linear range of 0.1 – 8.0 pg/mL and LOD 0.04 pg/mL. The promising result 

could be due to the higher surface to volume ratio of f-MWCNTs. A heme-containing 

protein, cardiac Myo, is one of the markers that increase after AMI onset.  Due to its small 

size of 17.8 kDa, Mb is quickly released into circulation within 1 – 3 h after symptom onset 

and serves as a valuable screening molecule with high sensitivity and predictivity for AMI 

detection [22]. The enzyme-based Myo sensing electrode of Lee et al. 2015 showed a linear 

range of 17.8 – 1780 ng/mL which is good fit for the serum range of 30 – 90 ng/mL, and 

LOD of 9.8 ng/mL [22]. 
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DPV has been used for both enzyme-based[253] and enzyme-less[254],[255],[256],[257] 

detection of glucose in human body. The enzyme-less electrode showed better results 

compared to enzymatic one. Both the electrodes of Cherevko et al. 2009 and Lin et al. 2015 

provided promising results in terms of liner range, LOD, and sensitivity. 

Table 3-4: Square Wave Voltametric (SWV) Sensors for Health Monitoring 

Applications 

Type Electrode 

Materials 

Disease Bio-

Analyte 

Normal Range 

[Physiological] 

Linear 

Range 

LOD Sensitivity Ref. 

N
eu

ro
tr

an
sm

it
te

r 

f-SWCNTs/GCE Schizophrenia, 

Parkinson’s 

DA 50 𝑛𝑀 5.0
− 100 𝜇𝑀 

0.020 𝜇𝑀 NI [258] 

PMoV@GF/GCE Schizophrenia, 

Parkinson’s 

DA 50 𝑛𝑀 2.0
− 300 𝜇𝑀 

0.880 𝜇𝑀 NI [259] 

AuNP/GO/ITO Schizophrenia, 

and 

Alzheimer’s 

ACh 0.2-1.31 μM 0.1-1000 

nM 

0.1 nM 0.383 

mA/pM 

[260] 

Fe3O4@CNT-

N/GCE 

Schizophrenia, 

Parkinson’s 

DA 50 nM 2.5-65 μM 0.050 μM -- [261] 

P
ro

te
in

 

Aptamer/AuSPE Chronic 

inflammation 

TNF-α <75 pg/mL 10 – 100 

ng/mL 

10 ng/mL -- [23] 

Poly(o-

aminophenol) 

MI Myo 95 – 500 ug/L > 3.5ug/mL 0.8 ug/mL -- [262] 

Plastic-
antibody/graphite 

MI Myo 95 – 500 ug/L > 7.4 ug/mL 0.79 
ug/mL 

-- [263] 

Useful Acronym: functionalized single walled carbon nanotubes (f-SWCNTs); V–

phosphomolybdates (PMoV); Graphene flakes (GFs); Indium Tin Oxide (ITO); Tumor 

necrosis factor-alpha (TNF-α); Myocardial Ischemia (MI). 

 

SWV technique has been used to sensing DA in both enzymatic [259] and 

nonenzymatic [258],[261]. However, the linear ranges of the above-mentioned DA sensors 

do not cover the normal physiological range of 50 nM. Tumor necrosis factor-alfa (TNF-

α) is naturally produced by activated macrophages and monocytes and has pleiotropic 

effects on normal and malignant cells. Though it is a key marker of inflammatory diseases, 

it is involved in a broad range of physiological and pathological responses, such as 
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atherosclerosis, rheumatoid arthritis, psoriasis, inflammatory bowel disease, Alzheimer's 

disease, and various pulmonary disorders [23]. Moreover, TNF-α is rapidly upregulated in 

the brain after injury and is associated with necrosis or apoptosis [23]. Therefore, measuring 

TNF-α is important for the understanding of inflammation and discovering drugs that 

alleviate it. Two enzymatic approaches to detect Myo have been reported [262],[263]. Both 

electrodes showed good prospect to sensing the normal physiological range of Myo of 95 

– 500 µg/mL. 

 

Cyclic Voltammetry (CV) 

CV is a powerful and popular electrochemical technique commonly employed to 

investigate the redox processes of molecular species [111] [264]. CV scans the potential in 

both directions, estimating the standard-state potential from the average potential between 

points F and C on the cyclic voltammogram (Fig. 3-5(H)). When a solution of ferrocenium 

[𝐹𝑒(𝐶𝑝)2]
+ (Cp = cyclopentadienyl), abbreviated as Fc+, is scanned to negative potentials, 

Fc+ is reduced locally to ferrocene [Fe(Cp)2], abbreviated as Fc, at the electrode, resulting 

in a measurement of current and depletion of Fc+ at the electrode surface [111],[264], see 

Fig. 3-5 [I]. Firstly, the negative scan starts from A to D, and during this cathodic scan, 

[Fc+] moves away from the surface after being reduced to Fc. The peak current, at point C, 

is observed due to extra Fc+ that has diffused through the interface from the bulk solution. 

After the peak, the current starts to decrease because of the expansion of the depletion layer 

that slows down mass transport. The scan is reversed after reaching switching point D, and 
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the anodic or positive scan begins. Due to the more positive potential, the Fc accumulated 

at the surface during the negative scan is re-oxidized to Fc+. 

According to equation (3-19), the redox species are equal at points B and E, as per the 

Nernst equation (E = E1/2). The two peaks are separated due to the diffusion of the analyte 

to and from the electrode, and the difference between the peaks is 57 mV at 25°C for a 

chemically and electrochemically reversible process. The width at half-maximum on the 

forward scan of the peak is 59 mV. The scan rate is another important parameter of CV, 

which can control the size of the diffusion layer inversely. A high scan rate means a smaller 

layer width, which increases the flow of electrons through the interface, resulting in a higher 

current. 

𝑖𝑝 = 0.446𝑛𝐹𝐴𝐶
𝑜 (
𝑛𝐹𝑣𝐷𝑜
𝑅𝑇

)
1/2

                                                                             (3 − 23) 

The Randle −Se c k equation, as shown in equation (3-23), relates the peak current to the 

scan rate υ (V s−1), the electrode surface area A (cm2), the diffusion coefficient Do (cm2 

s−1) of the oxidized analyte, and the bulk concentration C0 (mol cm−3) of the analyte. It is 

important to note that some analytes undergo oxidation first, in which case the potential 

would first scan positively [48].  
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(J) 

Fig. 3-5. (A-G): Concentration profiles (mM) for Fc+ (blue) and Fc (green) as a function of 

distance from the electrode (0.5 mm) at various points during the voltammogram. (H): 
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Voltammogram of the reversible reduction of a 1 mM Fc+ solution to Fc at a scan rate of 

100 mV/s. (I): Applied potential as a function of time for a generic cyclic voltammetry 

experiment, with the initial, switching, and end potentials represented by (A, D, and G, 

respectively) [111]. Copyright 2017 The American Chemical Society (ACS). Further 

permissions related to the material excerpted should be directed to the ACS. (J) Applied 

potential and voltammogram for ASV at a mercury film electrode, with a copper ladder 

diagram in the upper figure of Fig. 3-5 (J). Typical deposition times are 1-30 minutes, with 

a lower deposition time for higher analyte concentrations [48]. Reproduced (Adapted) with 

permission. [137] Copyright 1999-2023, Copyright Holder David Harvey 

(https://sites.google.com/depauw.edu/dth/home), and Libretexts (https://LibreTexts.org). 

 

Table 3-5: Cyclic Voltametric (CV) Sensors for Health Monitoring 

Applications 

Type Electrode 

Materials 

Disease Bio-

Analyte 

Normal Range 

[Physiological] 

Linear 

Range 

LOD Sensitivity Ref. 

N
eu

ro
tr

an
sm

it
te

r 

ITIES Schizophrenia, 

and 

Alzheimer’s 

ACh 0.2 − 1.31 𝜇𝑀 0.25 − 6 𝑚𝑀 205 𝜇𝑀 -- [265] 

ITIES -- 5-HT -- 0.15 − 8 𝑚𝑀 77 𝜇𝑀 -- [265] 

ITIES -- T -- 0.5 − 10 𝑚𝑀 86 𝑢𝑀 -- [265] 

p
ro

te
in

 Mn-doped 

TiO2/Au 

AMI  Myo 30 – 90 ng/mL 

(serum) 

0.013 – 15 

nM 

0.013 nM  [266] 

G
lu

co
se

 

α-CD SAM on Au Diabetes Glucose 4.9 – 6.9 mM 

[Blood] 

0.1 – 0.8 mM 200 µM 2.91 uAmM-1 [267] 

CuNOx Diabetes Glucose 0.05 – 6.9 mM 

[Sweat & 

Blood] 

0.05 – 7 mM 94.21 μM 603.42 μA mM−1 c

m−2 

[97] 

Nano Au/Ti Diabetes Glucose 4.9 – 6.9 mM 0 – 15 mM 14.80 μM 140 µA mM−1 cm−2 [268] 

Nano Au/Thin Au Diabetes Glucose 4.9 – 6.9 mM 0.5 – 8 mM 500 µM 160 µA mM−1 cm−2 [269] 

Nano Au on 

NH2–HSM films 

Diabetes Glucose 4.9 – 6.9 mM 0.2 – 70 mM 100 µM 2.5 µA mM−1 cm−2 [270] 

Chitosan–

GNPs/GCE 

Diabetes Glucose 4.9 – 6.9 mM 0.4 – 10.7 

mM 

370 µM -- [271] 
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Nano Au-DHP 

film/GCE 

Diabetes Glucose 4.9 – 6.9 mM 0.09 – 9.9 

mM 

10 µM -- [272] 

Au Nanowire Diabetes Glucose 4.9 – 6.9 mM 0.5 – 14 mM -- 960 µA mM−1 cm−2 [254] 

Ni-BDD Diabetes Glucose 4.9 – 6.9 mM 0.25 – 10 mM 2.7 µM 1 µA mM−1 cm−2 [273] 

BDND Diabetes Glucose 4.9 – 6.9 mM 0.25 – 12 mM 250 µM 153 µA mM−1 cm−2 [274] 

Ni/ 1-

naphthylamine 

Diabetes Glucose 4.9 – 6.9 mM 0.04 – 1 mM 6 µM -- [275] 

o-PDA/Au Diabetes Glucose 4.9 – 6.9 mM 0.1 – 20 mM 50 µM -- [276] 

Cu(acac2pn) Diabetes Glucose 4.9 – 6.9 mM 0.5 – 10 mM 360 µM 0.16 µAmM-1 [277] 

DGNs/GCE Diabetes Glucose 4.9 – 6.9 mM 0.1 – 25 mM 50 µM 190.7 

μA mM−1 cm−2 

[278] 

Au MPs/Au/Si Diabetes Glucose 4.9 – 6.9 mM 0.5 – 9 mM 60 µM 13.2 μA mM−1 cm−2 [279] 

Au NP film/ITO Diabetes Glucose 4.9 – 6.9 mM 0.03 – 45 mM 10 µM 67.2 μA mM−1 cm−2 [280] 

Useful Acronym: Interface between two immiscible electrolyte solutions (ITIES); 

Serotonin or 5-hydroxytryptamine (5-HT);  Tryptamine (T); Acute myocardial infarction 

(AMI); Myoglobin (Myo); α-cyclodextrin (α-CD); Amine-functioned hexagonal 

mesoporous silica (NH2–HSM) films; gold nanoparticles (GNPs); dihexadecyl hydrogen 

phosphate (DHP); Boron-doped diamond (BDD); Boron-doped nanocrystalline diamond 

(BDND); o-phenylenediamine (PDA); N,N’-Bis(acetylacetonato)propylenediimine 

Copper(II) (Cu(acac2pn)); Dendrite-like gold nanostructures (DGNs); Micro-pillers 

(MPs). 

 

It is evident from Table (3-1) to (3-5), CV is one of the most popular 

electrochemical sensing techniques for detecting glucose in the human body. Among so 

many articles, the scholarly published works with proper details of linear range (sweat 0.05 

– 1 mM; blood 4.9 – 6.9 mM), LOD are presented here in a tabular form. There are 

enzymatic [267],[271],[272],[275],[276],[277] and enzyme-less 

[97],[268],[269],[270],[254],[273],[274],[278],[279],[280] electrodes given. Depending on 

the linear range and LOD, the glucose sensing electrodes can be categorized in three 

groups; for blood [[269],[270],[271],[272],[273].[274],[277],[278],[279]], for sweat [275], 

and for both analyte [[97],[268],[276],[280]]. The glucose sensors fabricated using Au show 

promising sensing performance of linear range, LOD, and sensitivity, see Table 3-5.  

Kurniawan et al. 2006 fabricated an electrode to sense glucose using nano/thin Au provides 

sensitivity of 160 µA mM−1 cm−2 [269]. On the other hand, Shu et al. reported a dendrite-
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like gold nanostructures (DGNs) electrode of good sensitivity of 190.70 µA mM−1 cm−2 

[278]. Moreover, the electrode of Au nanowires by Cherevko et al. 2009, gives highest 

sensitivity of glucose sensing of 960 µA mM−1 cm−2 [254]. The better performances of Au 

nanowires and dendrite-like nanostructures are due to higher surface to volume ratio at the 

surface of the electrode. However, Au is an expensive material for an electrode to be 

suitable for mass production. 

Stripping Voltammetry 

Among anodic, cathodic, and adsorptive stripping, anodic stripping voltammetry is 

widely used. The applied potential and response current-potential curve are shown in Fig. 

3-5(J). At the start, the working electrode is held at a cathodic potential sufficient for 

depositing metal ion 𝐶𝑢2+, onto the 𝐻𝑔 film electrode [48], where copper is amalgamated 

with mercury. During the process, metal is concentrated from the solution to a small volume 

on the electrode surface and stirring is used to speed up deposition. Before the end, stirring 

is stopped to eliminate convection mass transport by allowing the solution to become still. 

In the sweep step, metal is stripped from the electrode to the solution at a sufficient positive 

voltage. The peak current in the peak-shaped voltammogram represents metal ion 

concentration in the solution. The main advantage of this technique is its small detection 

limits in ppb, due to mass concentration of the analyte. For accurate and precise results, 

control over experimental conditions is important due to its sensitivity. Key factors include 

the electrode surface area, deposition time, rest time, stirring rate, and scan rate during the 

stripping step. The method is mostly useful for metals that form amalgams with mercury 

[48]. 
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3.2.4 Amperometry  

The amperometry technique produces a current versus time curve after applying a 

controlled potential, rather than a voltammogram. It is also known as chronoamperometry, 

single step amperometry, or forward step amperometry [58]. Fig. 3-3 (f) shows a step 

potential function of the technique. When the potential is applied to an electrode submerged 

in a solution of the electroactive species O (the oxidized form) with a concentration of Co* 

at the electrode's surface, the species are electro-inactive at E1 but become rapidly reduced 

at a more negative potential E2. This results in a complete depletion of O at the electrode's 

surface and drives the experiment into a "mass-transfer-limited" region. At t=0, O is 

reduced to the stable anion radical R through the reaction 𝑂 + 𝑛𝑒− → R, causing a large 

instantaneous current that continues until full reduction is achieved at the surface. The 

depletion of O creates a concentration gradient that diffuses more O towards the electrode, 

causing a flux of O and a proportional increase in current. The increasing amount of R 

thickens the zone of O depletion, causing the slope of the concentration profile and current 

to decline over time, as shown in Fig. 3-3 (g) and (h). 

𝑖𝑡 =
𝑛𝐹𝐴𝐶𝑜√𝐷𝑜

√𝜋𝑡
                                                                                                        (3 − 24) 

The current in chronoamperometry is expressed by the well-known Cottrell equation, as 

shown in equation (3-24), which describes the observed current for a planar electrode at 

any time following a large forward potential step in a reversible redox reaction as a function 

of time. The symbols have their usual meaning, which was given previously in [58]. 
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Table 3-6: Amperometric Sensors for Health Monitoring Applications 

Type Electrode 

Materials 

Disease Bio-

Analyte 

Normal Range 

[Physiological] 

Linear 

Range 

LOD Sensitivity Ref. 

N
eu

ro
tr

an
sm

it
t

er
 

TCCF/GCE Neural 

functioning 

DOPAC -- 6 𝑛
− 20 µ𝑀 

3 𝑛𝑀 40 𝜇𝐴 𝑚𝐴−1 [281]

[282] 

Ni-NWs -- MeCHO -- -- 9.35 𝜇𝑀 0.042 𝜇𝐴 𝑢𝑀−1𝑐𝑚2 [283] 

Ni-NW -- ACh 0.2 − 1.31 𝜇𝑀 -- 0.84 𝜇𝑀 1.40 𝜇𝐴 𝜇𝑀−1𝑐𝑚2 [283] 

P
ro

te
in

 

Anti-cTnT/CNT/ 

polyethyleneimine 

AMI cTnT <0.1 ng/mL 0.1 – 10 

ng/mL 

0.033 

ng/mL 

-- [284] 

Anti-CRP/COOH-MBs CVDs CRP <5 ug/mL 0.07 – 1000 

ng/mL 

0.021 

ng/mL 

-- [285] 

Fe3O2 NPs/GO NSs Prostate 

cancer 

PSA <10 ng/mL 1.25 – 1000 

pg/mL 

15 fg/mL -- [286] 

Fe3O2 NPs/GO NSs Prostate 

cancer 

PSMA <360 ng/mL 9.7 – 50000 

pg/mL 

4.8 fg/mL -- [286] 

G
lu

co
se

 

Au Nanowire Diabetes Glucose 4.9 – 6.9 mM 1 – 10 mM 50 µM 310 µA mM−1 cm−2 [254] 

Nf-GOx-fMWCNTs-

PPy/Pt 

Diabetes Glucose 4.9 – 6.9 mM 0 – 4.1 mM 5 uM 54.2 μAmM−1 cm−2 [287] 

Nafion/GOx-CoS-

MWCNTs/GCE 

Diabetes Glucose 4.9 – 6.9 mM 8 uM – 1.5 

mM 

5 uM 15000 µA M −1 cm−2 [288] 

CG/C@MWCNTs/PtNP

s/GOx/Nafion 

Diabetes Glucose 4.9 – 6.9 mM 0.5 - 

13.5 mM 

1.3 uM 26.5 μA mM-1 cm-2 [289] 

CS/Pd@Pt NC/GOx-

GCE 

Diabetes Glucose 4.9 – 6.9 mM 1 – 6 mM 0.2 uM 6.82 μA cm−2mM−1 [290] 

Hollow Pt–Ni–graphene Diabetes Glucose 4.9 – 6.9 mM 0.5 – 20 

mM 

2 uM 30.3 μA cm−2mM−1 [291] 

CuNPs-LIG Diabetes Glucose 4.9 – 6.9 mM 1 μM - 

6.0 mM 

0.39 μM 495 μA mM−1 cm−2 [292] 

Ni(TPA)-SWCNT-

CS/GCE 

Diabetes Glucose 4.9 – 6.9 mM 20 μM - 

4.4 mM 

4.6 μM 2.44 μA mM−1 [293] 

Ni-MOF/CNTs 

modified GCE 

Diabetes Glucose 4.9 – 6.9 mM 1 μM–

1.6 mM 

0.82 μM 13850 µA mM−1 cm−

2 

[294] 

PtNCs/Graphene/GCE Diabetes Glucose 4.9 – 6.9 mM 1 – 25 mM 30 uM 1.21 μA mM−1 cm−2 [295] 

PtNFs/GO/GCE Diabetes Glucose 4.9 – 6.9 mM 0.002 – 10.3 

mM 

2 uM 0.64 μA mM−1 cm−2 [296] 

Pt/MCs/GCE Diabetes Glucose 4.9 – 6.9 mM 0 – 7.5 mM 3 uM 8.52 μA mM−1 cm−2 [297] 

AuNCs from 

Au@BSA/FTO Glass 

Diabetes Glucose 4.9 – 6.9 mM 0.01 – 10 

mM 

2 uM 10.65 μA mM−1 cm−2 [298] 

AuNP film/ITO Glass Diabetes Glucose 4.9 – 6.9 mM 0 – 11 mM 5 uM 23.0 μA mM−1 cm−2 [280] 

AuNP/MWCNT-CG/Au 

disk 

Diabetes Glucose 4.9 – 6.9 mM 0.001 – 1 

mM 

0.5 uM 27.7 μA mM−1 cm−2 [299] 

AuNPs/PANI/CC Diabetes Glucose 4.9 – 6.9 mM 0.01 – 10 

mM 

3.08 uM 150 μA mM−1 cm−2 [300] 

Pt-Cd Np/GCE/Nafion Diabetes Glucose 4.9 – 6.9 mM 0 – 10 mM 50 uM 146.2 μA mM−1 cm−2 [301] 

Pt-Ni NCl 

MWCNT/GCE/Nafion 

Diabetes Glucose 4.9 – 6.9 mM 0 – 15 mM 0.3 uM 940 μA mM−1 cm−2 [302] 
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NiNPs/SMWNTs/GCE Diabetes Glucose 4.9 – 6.9 mM 0.001 – 1 

mM 

0.5 uM 1438 μA mM−1 cm−2 [303] 

PC/NiNPs/GCE Nafion Diabetes Glucose 4.9 – 6.9 mM 0.015 – 6.45 

mM 

4.8 uM 207.3 μA mM−1 cm−2 [304] 

NiO-Pt NP rGO/ GCE Diabetes Glucose 4.9 – 6.9 mM 0.001 – 5.66 

mM 

0.2 uM 668.2 μA mM−1 cm−2 [305] 

SSCF Diabetes Glucose 4.9 – 6.9 mM 0.001 – 4.6 

mM 

0.03 uM 2149 μA mM−1 cm−2 [306] 

Cu2O NP/SWCNT/ 

GCE Nafion 

Diabetes Glucose 4.9 – 6.9 mM 0.0005 – 2.5 

mM 

0.2 uM 2143 μA mM−1 cm−2 [307] 

CuO/MWCNTs/Ta foil Diabetes Glucose 4.9 – 6.9 mM 0.0004 – 1.2 

mM 

0.2 uM 2596 μA mM−1 cm−2 [308] 

CoOx Thin film/ Np Au 

film/ Au disk 

Diabetes Glucose 4.9 – 6.9 mM 0.002 – 2 

mM 

0.094 uM 2025 μA mM−1 cm−2 [309] 

Co3O4 NP bi-C/GCE Diabetes Glucose 4.9 – 6.9 mM 0.00005 – 

22 mM 

0.02 uM 34.23 μA mM−1 cm−2 [310] 

Co3O4 NFs/Ni foam Diabetes Glucose 4.9 – 6.9 mM 0.005 – 12 

mM 

0.08 uM 1440 μA mM−1 cm−2 [311] 

Useful Acronym: Tyrosinase-chitosan composite film (TCCF); 3,4-

dihydroxyphenylacetic acid (DOPAC); Acetaldehyde (MeCHO = Me-methyl); Nafion 

(Nf); Polypyrrole (PPy); Glucose oxidase (GOx); Prostate specific membrane antigen 

(PSMA); Nanosheets (NSs); Cobalt (II) sulfide (CoS); Chitosan (CS); Palladium (Pd); 

Nanocubes (NCs); Laser-induced graphene (LIG); Nickel (II)-terephthalic acid 

(Ni(TPA)); Metal-organic framework (MOF); Mesoporous carbons (MCs); Bovine serum 

albumin (BSA); Indium tin oxide (ITO); Fluorine doped tin oxide (FTO); Cryogel (CG); 

Carbon cloth (CC); Nano porous (Np); Nano-clusters (NCls); Straight multi-walled carbon 

nanotubes (SMWNTs); Porous Carbon (PC); Sandpaper-supported copper framework 

(SSCF); Bio-inspired pyrolytic carbon (bi-C);  

 

DOPAC is a dopamine metabolite found in the cytoplasm of the brain and neurons, 

as well as in cerebrospinal fluid (CSF). It is absent or undetectable in the blood of healthy 

human body, although a range of 7—13 nM can be found in the CSF of an adult human 

body during any neural abnormalities  [282],[312]. An enzymatic amperometric electrode 

has been fabricated by Liu et al. 2005 [282]. Acetaldehyde, also known as ethanal by 

IUPAC, is an organic colorless liquid or gas and one of the most important aldehydes. 

Although it occurs widely in nature in plants, it is also produced by the partial oxidation of 

ethanol by the liver enzyme alcohol dehydrogenase and is a contributing cause of hangover 

after alcohol consumption [24]. The International Agency for Research on Cancer (IARC) 
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has listed acetaldehyde as a Group 1 carcinogen [25]. An enzyme-less sensor has been 

reported by Blanco et al 2015 which can detect both MeCHO and ACh [283]. An 

amperometric enzymatic glucose sensor was reported by Li et al. 2020 with excellent 

sensitivity of 15000 µA mM-1 cm-2 [288]. The electrode could be used for sensing sweat 

glucose, since its linear range is 0.008 – 1.5 mM. Additionally, a nonenzymatic glucose 

sensing electrode fabricated by Zhang et al. 2018 also suitable of sensing sweat glucose 

which provides 13850 µA mM-1 cm-2 [294]. 

In Table 3-6, the amperometric glucose sensors that meet the criteria for linear range 

(sweat 0.05 – 1 mM; blood 4.9 – 6.9 mM), LOD, sensitivity, reproducibility, stability, and 

interference analysis are reported. It is evident that the amperometric technique is the most 

popular electrochemical method for detecting glucose in the human body. This immense 

popularity is due to the requirement of a single potential, where a range of potentials 

(mostly -1 to +1 V) is needed to investigate the analyte using CV. The drawbacks (such as 

required large ranges of sweeping potential from -1 V to +1 V, longer sweeping time, water 

dissociation after +0.7 V, H2 evolution at -1V etc.) make CV the second most popular 

electrochemical technique for sensing glucose in the human body. Among the reported 

scholarly publications, the 

nonenzymatic[254],[291],[292],[293],[294],[295],[296],[297],[298],[280],[299],[300],[301],

[302],[303],[304],[305],[306],[307],[308],[309],[310],[311] electrodes show promising 

prospect over enzymatic[287],[288],[289],[290] ones. 

Based on the linear range and LOD, glucose sensing electrodes can be categorized 

into three groups: for blood [[254],[289],[291],[295]], for sweat 
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[[287],[288],[292],[293],[294],[299],[303],[304],[305],[306],[307],[308],[309]], and for both 

analytes [[296],[297],[298],[280],[300],[301],[302],[310],[311]]. Among the enzymatic 

amperometric glucose sensors, the electrode fabricated by Li et al. (2020) using CoS-

functionalized MWCNTs with a GOx surface layer exhibits an excellent sensitivity of 

15000 µA mM−1 cm−2 [288]. However, the sensitivity of the electrode may result from two 

reasons; high surface to volume ratio of MWCNTs and electrons transferring capability of 

CoS in between GOx and MWCNTs. A nickel metal organic framework supported by 

carbon nanotubes (Ni-MOF/CNTs) yields a sensitivity of 13850 µA mM−1 cm−2, which is 

a non-enzymatic electrode suitable for sweat glucose sensing, fabricated by Zhang et al. 

(2018) [294].  

Furthermore, electrodes that cover the linear ranges of both sweat and blood are 

primarily based on nanoparticles of noble metals, such as Au, Pt, and Ni. This hinders their 

mass production [298],[280],[300],[301],[302],[311]. In contrast, non-precious transition 

metal oxide (Cu and Co oxides) electrodes mainly provide a linear range for sweat glucose 

[306],[307],[308],[309]. Thus, non-noble metal oxides are suitable for sweat glucose 

monitoring and mass production. 

3.3 Research Challenges and Future Perspectives 

Electrochemical techniques play a significant role in transitioning health 

monitoring from expensive, large-scale laboratory apparatus to affordable and easily 

portable lab-in-a-box solutions [313]. However, some techniques are not as user-friendly, 

which has led the researcher community to increasingly focus on voltammetry and 
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amperometry. Junction potential presents a barrier to potentiometric sensing. Furthermore, 

the requirement for chemical labeling (such as enzyme tags, redox tracers, or nanoparticle 

labels) poses a significant challenge for specific and direct potentiometric sensing, as the 

interaction between receptors and bio-analytes typically does not yield a measurable 

potential signal [234]. Additionally, imprinting bio-analytes is difficult because traditional 

MIPs are highly cross-linked, making it hard for bio-analytes to access the buried binding 

sites [234]. On the other hand, coulometry is time-consuming, which renders it unsuitable 

for rapid sensing. The only coulometric electrochemical sensor listed in Table 3-2, requires 

about 2 hours of incubation time to achieve a detection limit of 0.4 ng/mL [240]. Although, 

voltammetry is popular in the academic community, it necessitates scanning the analyte 

over a range of voltages (mostly - 1 V to + 1 V), a step that is not required in amperometry, 

a single potential technique. 

3.3.1 Sensor Materials and Functionalization 

Neurotransmitter  

For the enzymatic determination of ACh, various materials have been investigated 

using potentiometric techniques, such as oxatub[4]arenes (a naphthalene-based 

macrocycle), a biomimetic-imprinted material (BIM) of multiwalled carbon nanotubes 

(MWCNTs) and aniline (ANI), a self-assembled platform formed by poly(allylamine) 

hydrochloride (PAH) and silicon dioxide nanoparticles (SiO2-Np), and carboxylated single-

walled carbon nanotube thin-film (SWCNT-TF) as a pH electrode [7], [8],[231],[232]. In 

addition, a polymeric structure of polyaniline (PANI) was employed as a physical support 
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for the composite of multiwalled carbon nanotubes (MWCNTs) and aniline (ANI) [7], [8]. 

Silicon dioxide nanoparticles (SiO2-Np), an insulator, was used to contain the immobilized 

enzyme acetylcholinesterase (AChE) [231]. Meamwhile, carboxylated single-walled 

carbon nanotube thin-film (SWCNT-TF) served as an effective pH sensor [232]. A 

composite of AChE and choline oxidase (ChO) was used as a sensing surface with a good 

electronic conducting intermediary layer of molecularly bonded graphene oxide (GO) and 

ionic liquid (IL) of 1-allyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide (AMIM 

TFSI) on a glassy carbon electrode (GCE) for detecting choline (Ch) and ACh, respectively, 

using differential pulse voltammetry (DPV) [245]. Jahani et al 2020 and Beitollahi et al 

2019 have published a few nonenzymatic approaches to detecting ACh using DPV 

[244],[246]. Jahani et al 2020 demonstrated that graphene quantum dots (GQDs) can be 

used as a nonenzymatic ACh electrode surface [244], while Beitollahi et al. 2019 showed 

that ZnFe2O4 nanoparticles could serve as an excellent nonenzymatic option for sensing 

ACh [246]. Notably, Blanco et al 2015 used the traditional direct current (DC) 

amperometric technique to study a nonenzymatic sensor using a nickel nanowire array 

electrode, which can detect both acetaldehyde (CH3CHO or MeCHO) and ACh [283]. 

For enzymatic potentiometric DA sensor, He et al 2021 investigated a conducting 

polymer poly (3,4-ethylenedioxythiophene) doped with poly (styrenesulfonate) as the solid 

contact, which was electropolymerized on one end of a gold wire (diameter 0.25 mm) [9]. 

The conducting polymer was covered with a dopamine-selective membrane containing 12-

crown-4-tetraphenylborate as a neutral carrier, 2-nitrophenyloctyl ether as a plasticizer, and 

poly (vinyl chloride) as the membrane matrix. However, for enzymatic DA detection, the 
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DPV technique has been applied on a nanocomposite of poly(o-anisidine) and carbon 

nanotubes (POA/CNTs), along with a gel containing multi-walled carbon nanotubes 

(MWNTs) and room-temperature ionic liquid of 1-octyl-3-methylimidazolium 

hexafluorophosphate (OMIMPF(6)) [247],[248]. Moreover, nonenzymatic detection of DA 

by Dursun et al. 2010 using DPV showed better performance where the MWCNTs 

functionalized by electrochemically deposited Pt nanoparticles [233]. The SWV technique 

has been used to sense DA through both enzymatic[259] and nonenzymatic[258],[261] 

approaches. However, in the enzymatic approach, Fernandes et al 2015 prepared hybrid 

nanocomposites based on the immobilisation of tetrabutylammonium salts of 

phosphomolybdates (PMo12, PMo11, PMo11V, and PMo10V2) on single-walled carbon 

nanotubes or graphene flakes. The enhancement of the electrochemical properties of 

polyoxometalates (POMs) was a result of the strong electronic communication between 

POMs and carbon nanomaterials. Nanocomposites of vanadium–phosphomolybdates 

exhibited superior V-based electrocatalytic properties for ascorbic acid oxidation compared 

to free POMs. Moreover, PMo11V@graphene shows an outstanding sensing performance 

for the detection of dopamine [259]. In the realm of nonenzymatic detection, both 

Fernandes et al 2014, and Li et al 2012 applied SWV to N-doped carbon nanotubes 

functionalized with Fe3O4 nanoparticles (Fe3O4@CNT-N), and single-walled carbon 

nanotubes (SWCNTs) fabricated by sodium dodecyl sulfate (SDS) (f-SWCNTs) for 

detecting DA, respectively [258] [261].  
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Protein  

The electrochemical potentiometric technique is primarily used for the enzymatic 

detection of important proteins in the human body, such as CRP, trypsin, CEA, and PSA, 

as shown in Table 3-1. An enzymatic anti-CRP layer was immobilized on ZnO nanotubes, 

which were grown on Au-coated glass, to sense CRP [11]. To detect trypsin without 

chemical labels by potentiometric method, a mussel-inspired surface imprinted polymeric 

membrane was fabricated on ISE [234]. This biomimetic sensing method is based on a 

blocking mechanism whereby the recognition reaction between the surface imprinted 

polymer and a biomarker can block the current-induced ion transfer of an indicator ion, 

thus causing a potential change. A CEA-sensing enzymatic layer of hydroxyl-terminated 

alkanethiol was created as outlined in [235]. The thiol molecules of the hydroxyl-

terminated alkanethiol layer are chemically bonded to a substrate of a gold-coated silicon 

chip, and template biomolecules are co-adsorbed and later removed to create footprint 

cavities. The potential changes upon re-adsorption of the CEA biomolecules are measured 

potentiometrically [235].  

On the other hand, potentiometric enzymatic PSA sensor producing protein 

imprinted materials with charged binding sites (C/PIM) through surface imprinting over 

graphene layers to which the protein was initially covalently attached [20]. 

Vinylbenzyl(trimethylammonium chloride) and vinyl benzoate were introduced as charged 

monomers that labeled the binding site and were allowed to self-organize around the 

protein. The subsequent polymerization was carried out by the radical polymerization of 
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vinylbenzene. Neutral PIM (N/PIM) prepared without oriented charges and non-imprinted 

materials (NIM) obtained without template were used as controls.  

DPV-based enzymatic sensing of cTnT has been reported in a couple of studies 

[249],[250]. Phonklam et al. 2020 reported that the molecularly imprinted polymer (MIP) 

sensor employed an electrodeposited polymethylene blue (PMB) redox probe on multi-

walled carbon nanotubes (MWCNTs) modified SPCE, with the electropolymerized 

polyaniline around the immobilized cTnT templates [250]. However, the biomimetic 

cavities for targeted cTnT were fabricated by the electro-polymerization of a conductive 

co-polymer matrix consisting of aniline and carboxylated aniline on the graphene oxide 

(GO) modified SPE, as described by Karimi et al 2019 [249]. Furthermore, a myoglobin 

specific binding peptide peptide (Myo-3R7, CPSTLGASC, 838 Da) was covalently 

immobilized on a gold electrode that was functionalized via a dithiobis(succinimidyl 

propionate) (DSP) self-assembled monolayer (SAM) to detect myoglobin heme protein 

[22]. Thiol-terminated poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC-SH) was 

self-assembled on a gold nanoparticle-modified SPCE for label-free detection of CRP by 

DPV [251]. In addition, DPA is also used by Zhang et al 2020 for non-invasive monitoring 

of lactate in the human sweat. This was accomplished by electro-polymerization of 3-

aminophenulboronic acid (3-APBA) with the imprinted lactate molecule on the AgNWs-

coated working electrode [252]. 

Some vacant sites were created on the film of poly(o-aminophenol) (PAP) through 

the electro-polymerization of aminophenol (AP) in the presence of protein Myo, which 

acted as biomimetic artificial antibodies. Felismina et at 2014 reported the deposition of 
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this enzymatic polymeric membrane on a gold (Au) screen printed electrode (SPE) to detect 

Myo using SWV [262]. The authors also fabricated another SWV based enzymatic 

electrode for detecting Myo, in which the SPE modified with a MIP grafted on a graphite 

support and incorporated in a matrix composed of poly(vinyl chloride) and the plasticizer 

o-nitrophenyloctyl ether [263]. The protein-imprinted material (PIM) was produced by 

growing a reticulated polymer around a protein template, followed by radical 

polymerization of 4-styrenesulfonic acid, 2-aminoethyl methacrylate hydrochloride, and 

ethylene glycol dimethacrylate. The polymeric layer was then covalently bound to the 

graphitic support, and Myo was added during the imprinting stage to act as a template.  

Glucose  

Potentiometric non-enzymatic electrodes made of polyaniline or polyaniline 

boronic have been used [225],[226]. In contrast, enzymatic potentiometric glucose sensors 

are being mostly investigated using the glucose oxidase (GOx) enzyme 

[236],[237],[238],[239]. Both enzyme-based [253] and enzyme-less [254],[255],[256],[257] 

detection of glucose in the human body has been executed using DPV. The enzyme-less 

electrode delivered superior results compared to the enzymatic one. The sensing material 

for the enzymatic electrode is ferrocene with two boronic acid and hexamethylene 

functionalized by AuNWs [253]. Conversely, non-enzymatic electrodes utilize PtAu and 

PtNPs deposited on MWCNTs and Au disk, respectively. 

CV, a prevalent electrochemical sensing techniques for detecting glucose in the 

human body, has been reported for both enzymatic [267],[271],[272],[275],[276],[277] and 
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non-enzymatic [97],[268],[269],[270],[254],[273],[274],[278],[279],[280] electrodes. 

Glucose sensing electrodes can be categorized in three groups; for blood 

[269],[270],[271],[272],[273].[274],[277],[278],[279], for sweat [275], and for both analytes 

[97],[268],[276],[280]. The sensing layer of enzymatic glucose electrodes comprises α-CD 

SAM, chitosan, DHP, 1-naphthylamine, and o-PDA. However, all these sensing layers are 

functionalized by Au films or nanoparticles, which can be prohibitively expensive for mass 

production.  The sensing surface of non-enzymatic CV-based glucose sensors are Cu-

oxides, Au-MPs/NPs/NWs/NFs, DGNs, Ti, and BDD deposited on GCE, ITO, thin Gu etc. 

Table 3-6 showcases that nonenzymatic amperometric glucose sensors  

[254],[291],[292],[293],[294],[295],[296],[297],[298],[280],[299],[300],[301],[302],[303],[3

04],[305],[306],[307],[308],[309],[310],[311] show promising prospects over enzymatic 

[287],[288],[289],[290] sensors. Among the enzymatic amperometric glucose sensors, the 

electrode fabricated by Li et al. (2020) using CoS-functionalized MWCNTs with a GOx 

surface layer exhibits an excellent sensitivity of 15000 µA mM−1 cm−2 [288]. This 

sensitivity may arise from the high surface-to-volume ratio of MWCNTs and the electrons 

transferring capability of CoS between GOx and MWCNTs. Zhang et al. (2018) fabricated 

a non-enzymatic electrode suitable for sweat glucose sensing, using a nickel metal organic 

framework supported by carbon nanotubes (Ni-MOF/CNTs), yielding a sensitivity of 

13850 µA mM−1 cm−2 [294]. However, electrodes covering the linear ranges of both sweat 

and blood primarily rely on nanoparticles of noble metals, such as Au, Pt, and Ni, which 

impedes their mass production [298],[280],[300],[301],[302],[311]. In contrast, non-

precious transition metal oxide (Cu and Co oxides) electrodes predominantly provide a 
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linear range for sweat glucose [306],[307],[308],[309], making non-noble metal oxides 

suitable for sweat glucose monitoring and mass production. 

3.3.2 Integrated Sensing Systems & Simultaneous Detection of 

Biomarkers 

Recently, simultaneous analysis of multiple analytes in a single solution using a 

single electrode or multiple electrodes has been attracting attention from researchers in 

various fields, from disease diagnosis to food safety and environmental monitoring  [314], 

[315]. This approach offers the most economical, rapid, and complete information on the 

solution being analyzed [316]. In many cases, the detection of multiple analytes is required 

to determine an individual’s health status of [317]. Zhao et al 2016 demonstrated that an 

electrochemical sensor for simultaneous detection of ascorbic acid (AA), dopamine (DA), 

and uric acid (UA) is feasible [317]. Moreover, Fernandes et al (2014) published an article 

on the simultaneous voltametric determination of ascorbic acid, dopamine and uric acid on 

N-doped carbon nanotubes functionalized by Fe3O4 nanoparticles [261]. Additionally, 

Dursun et al (2010) presented a simultaneous determination of ascorbic acid, dopamine and 

uric acid using pt nanoparticles decorated MWCNTs [233]. However, designing biosensors 

capable of simultaneously determining two or more analytes in a single measurement, for 

instance on a single working electrode in single solution, remains a significant challenge 

[315]. Yáñez-Sedeño et al. reviewed integrated affinity biosensing platforms that couple 

multiplexed SPESs, utilizing various electrochemical measurement methods, such as 

amperometry, electrochemical impedance spectroscopy (EIS), and square wave 
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voltammetry (SWV) for simultaneous detection of biomarkers [318]. Kammarchedu et al 

demonstrated a machine learning (ML)-powered multimodal analytical device based on a 

single sensing material made of electrodeposited molybdenum polysulfide (eMoSx) on 

laser-induced graphene (LIG) for multiplexed detection of tyrosine (TYR) and uric acid 

(UA) in sweat and saliva [319]. Park et al proposed an all-in-one electroanalytical device 

(AED), a miniaturized electronic point-of-care (POC) device integrated with the most used 

electroanalytical techniques, such as amperometric, voltammetric, potentiometric, 

conductometric, and impedimetric techniques [320]. In simultaneous sensing, less solution 

is needed for analysis, enabling the practical use of matrixes that may be difficult to harvest, 

such as sweat or breath [321], [322]. The potential for sweat or breath to become the matrix 

of choice for roadside tests and wearable biosensors is increasing, as sensors can detect 

progressively smaller concentrations of biomarkers [316]. 

3.3.3 Access to Biofluids  

Heikenfeld et al 2019 categorised the development of bio-analyte instruments into 

three waves: first, in the 20th century, the bio-fluids (Blood, and Urine) were collected and 

transferred to a separate analytical laboratory. Second, the early 21st century witnessed the 

widespread use of point-of-care diagnostics by doctors, nurses, first responders and 

patients. The third wave, which is currently on-going, involves patients carrying wearables 

devices [323]. However, challenges remain in accessing both invasive (blood, and urine), 

and non-invasive (saliva, sweat, tears, and breath) bio-fluids.  
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In modern practices, measuring the presence, concentration, and functionality of analytes 

in non-invasive biofluids has become increasingly important due to the rapid development 

of wearables devices. As a result, accessing saliva, sweat, tears, and breath has become 

highly significant. Saliva is primarily 99% water and is a dilute heterogenous secretion into 

the oral cavity [323]. The salivary glands receive analyte-rich saliva from capillaries. Due 

to the difficulties of collecting adequate saliva for conventional tests, there are a scarcity of 

sensing technologies for saliva. Moreover, sensing in saliva is vital when immediate test 

feedback is needed for the patient.  

Sweat is generated on the skin through eccrine, and apocrine glands and consists of 

a single tubule [324], [325]. The eccrine sweat glands serve the thermal regulation of most 

of the body surface and provide a good source of analyte-rich bio-fluids. In contrast, sweat 

from apocrine glands produces oilier and bacteria-rich composition that can confound 

analyte measurement. As the use of sweat as a bio-fluid is very cutting-edge technology, 

more research is needed in this area [326]. However, an integrated sweat stimulation has 

been demonstrated to ensure prolonged, continuous access to sweat [327], [328].  

On the other hand, the use of tears and breaths as bio-fluids is a recent area of investigation. 

The challenges and prospects of using these bio-fluids are currently being studied. 

3.3.4 Standardization of Measured Data by Comparing with 

Standard Methods like ELISA  

Both Engall and Perlmann, and Van Weemen and Schuurs, independently 

developed the Enzyme-Linked Immunosorbent Assay (ELISA) in 1971 to circumvent 
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problems associated with radioimmunoassay [329]–[331]. ELISA builds upon the work of 

Avrameas, who used enzyme-linked antibodies in histochemistry [332], [333]. This method 

is a commonly used analytical immunochemistry assay that relies on the specific bond 

between an antigen and an antibody [334]. It is utilized for detecting and quantifying 

molecules, such as hormones, peptides, antibodies, proteins, and antigens (both native or 

foreign). Additionally, it helps to determine the intensity and type of immune response 

immune response, as well as the innate immunity potential [334]. The test is also applicable 

for determining antibodies to both native and denatured DNA [335], [336], polysaccharide 

antigens [337]–[339] and phospholipids [340]. As ELISA is widely accepted and used, to 

evaluate the applicability of neurotransmitter, protein, and glucose biosensors, the 

experimental data of the sensor must be compared with the standardized results of ELIZA 

for the specific bio-analyte.  

3.3.5 Analyzing Large Data using Machine Learning  

Given the rise of personalized healthcare monitoring systems equipped with 

integrated simultaneous electrochemical biosensors, and non-invasive wearable devices 

with wireless data communications, there is a need handle massive and complex data with 

sophisticated analytical tools [316], [341]–[345]. These systems can generate a wide range 

of sensing data using various biofluids, which exceeds the human capacity for processing 

[341]. This necessitates an analytical technique that can provide an easy, fast, and accurate 

results of disease conditions, as well as predictions of health conditions. As such, cutting-

edge deep learning methods, such as artificial neural networks (ANN), can be combined 
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with artificial intelligence (AI) via machine learning (ML). This combination can be used 

to reduce noise, eliminate redundancy, minimize dimensionality, and make decisions about 

diseases and their future directions [341], [346], [347]. The deep learning process 

fundamentally equips ANNs with the ability to mimic the human brain which is the essence 

of AI, through supervised, unsupervised, and reinforcement training algorithms [347]. 

Individual diseases can be analyzed using AI by evaluating biomarkers and symptoms 

[348], [349].  

Support Vector Machine (SVM)  

The support vector machine (SVM), a supervised ML algorithm, has been used to 

extract features by reducing data dimensionality for heart failure patients with reduced 

ejection fraction (HFrEF) in the presence of chronic kidney disease (CKD) [350]. Rajliwall 

et al (2019) used SVM to classify cardiovascular disease (CVD) data from a wearable 

sensor [351]. Additionally, an electronic nose, ‘Cyranose 320’, was used to collect breath 

exhale data, which was then analyzed using SVM to differentiate lung cancer patients 

[352].  SVM has also used as a predictive algorithm for the early prediction of asthma 

[353], and analyzing normalized glucose concentration data collected from saliva [354]. 

Furthermore, SVM has been used as a feature selector predictive model for chronic 

hepatitis-B (HBV) [355] and to classify early liver toxicity based on gene biomarkers [356]. 

Random Forest  

This is a supervised ML algorithm, widely popular for classification and regression 

tasks. Rajliwall et al (2019) used a random forest classifier to determine the risk for CVD 
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patients [351]. This model has also been used to extract features from large-scale clinical 

data for chronic hepatitis-B (HBV) [355]. 

Artificial Neural Network (ANN)  

Combined mixed potential four-electrode electrochemical sensors have been used 

to detect methane in natural gas, a potential cause of CVD [357].  The ANN was used to 

analyze the data with 3-layer structure, featuring 3-input nodes and 3-output nodes. ANN 

has also been used to analyze genetic data of a prostate cancer-specific DNA sequence 

(PCA3) [358]. Furthermore, the ANN algorithm has been successfully used in identifying 

triple-negative breast cancer (TNBC), a complex molecule to diagnose [359]. ANN was 

also used to identify the stage of cancer with a remarkable accuracy of 90% [192]. 

Additionally, the ANN was used to identify lung cancer using data from an electronic nose 

[360]. Dorner et al. (2019) used ANN to classify glucose level data from saliva samples 

[354].  

There have also been articles published on unsupervised learning. One such article 

used unsupervised learning to analyze dementia among Alzheimer’s patients [361]. Data 

was processed using a non-invasive biosensor to identify heart rate variability (HRV).  

3.4 Conclusions 

In this review, we provide an overview of the fundamental concepts and parameters 

of analytical chemistry and their applications in various electrochemical sensing methods. 

The potentiometric technique, while useful, has drawbacks related to temperature and 
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media dependence, the need for a matrix-dependent formal potential, and junction 

potential. These limitations, along with factors such as specific analyte dependency and 

agitation, also apply to other techniques like coulometry, stripping voltammetry, and 

hydrodynamic voltammetry. Redox reactions, which are key in human physiology, can be 

analyzed with these techniques in various health contexts, including diabetes, brain 

diseases, aging, and more. Among these techniques, cyclic voltammetry and amperometry, 

which requires a single applied potential, are popular in research. Despite drawbacks, recent 

developments in sensor technology keep the potentiometric technique relevant. However, 

some techniques like controlled potential coulometry and controlled-current coulometry 

have significant limitations. Voltametric techniques like cyclic voltammetry are widely 

used for electrode surface characterization despite their limited voltage range. The 

amperometric technique emerges as the best fit for lab-in-box health monitoring system 

due to its simplicity and efficiency. Monitoring systems equipped with ANN capabilities 

can facilitate the diagnosis and classification of chronic diseases, as well as monitor disease 

status. 
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Chapter 4 

Nonenzymatic Electrochemical Sensors via Cu Native Oxides 

(CuNOx) for Sweat Glucose Monitoring 

This chapter is our published work ‘M. M. Alam and M. M. R. Howlader, “Nonenzymatic 

electrochemical sensors via Cu native oxides (CuNOx) for sweat glucose monitoring,” Sens 

Biosensing Res, vol. 34, p. 100453, Dec. 2021, doi: 10.1016/J.SBSR.2021.100453.’ 

 

Diabetes is a chronic disease, which is the seventh leading cause of death 

worldwide. The increased risk to the health of diabetic patients, with comorbidities in harsh 

situations like COVID-19 pandemics, necessitates real-time monitoring of blood glucose. 

Monitoring of blood glucose is invasive, hence, sweat glucose monitoring can be an 

alternative approach to address the invasive issue in blood glucose monitoring. This work 

reports a facile, low-cost, high-performance nonenzymatic copper (Cu) native oxide 

(CuNOx)-based electrochemical sensor for sweat glucose sensing. We utilized a very thin 

Cu native oxide of ~10 nm on Cu thin film for the sensing because of the excellent catalytic 

oxidation behavior of cuprous oxide (Cu2O) to glucose. The anodic sweep of cyclic 

voltammetry of glucose showed that the hydroxyl ions from sodium hydroxide convert the 

electrode surface into different oxides [Cu(I), Cu(II) Cu(III)], which electro-oxidize 

glucose to gluconolactone, then eventually to gluconic acid resulting in oxidation current. 

The CuNOx sensors exhibited a sensitivity of 603.42 μA mM−1 cm−2, a linear range beyond 

the desired limit of 7.00 mM with excellent linearity, and a low limit of detection of 94.21 

μM. Excellent repeatability and stability (stable >1 year) with relative standard deviation 
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(RSD) of 2.67%, and 2.70%, respectively were achieved for 1 mM glucose. The selectivity 

with common interferants of glucose in human sweat and blood showed an RSD of 3.56%. 

We believe the electrocatalytic efficacy of the CuNOx sensors for glucose sensing can open 

a new prospect in the fabrication of wearable sweat glucose sensors. 

4.1 Background 

Diabetes is a chronic disorder, which is caused by uncontrolled blood sugar, and it is 

the result of ineffective use or the deficiency of insulin in the body. Diabetes causes 

blindness, kidney failure, heart attack, stroke, and serious damage to the nerves and blood 

vessels. It is the seventh leading cause of death worldwide. According to the World Health 

Organization, diabetes directly caused an estimated 1.6 million deaths in 2019 [28]. It has 

been reported that illnesses associated with metabolic syndrome including diabetes act as 

comorbidities by putting excess strain on the organ systems affected by COVID-19 [30]–

[32]. Therefore, early detection of diabetes through real-time monitoring of glucose is 

critical to prevent complications caused by low blood glucose and can save lives.  

Blood is the gold standard of glucose biomarkers. Extraction of blood is invasive and 

hence, regular blood harvesting can infect patients. In contrast, sweat glucose sensing is 

non-invasive. [362]. It is well-known that there is a metabolic correlation between sweat 

and blood glucose levels [363][7]. Therefore, sweat glucose sensors, especially 

electrochemical sensors, become attractive for wearable applications. Some key advantages 

of these sensors include rapid collection, sampling, and storage of sweat (fluid handling) 

under various environmental conditions (humidity, temperature, and wet settings) with 
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adequate power and memory capacity for continuous operation (energy requirements) 

[364]. Electrochemical sensors exist mainly in two kinds: enzymatic and nonenzymatic. 

Enzymatic sensors offer high sensitivity. They are expensive, less stable, and have a shorter 

shelf-life compared with nonenzymatic sensors [83]. The latter also offers outstanding 

sensitivity, ultra-low limit of detection, and prompt response [83], [316], [345].  

For nonenzymatic glucose sensors, metal oxides including copper oxides, possess 

excellent electrochemical and electrocatalytic activity on the oxidation of glucose, 

enhancing electron-transfer kinetics [365]. Copper oxides can easily be synthesized, and 

they are bio-compatible, and chemically stable [366]. Moreover, while elementary copper 

is unstable, copper oxide nanomaterials are relatively stable for electroanalysis, hence, 

appealing for nonenzymatic glucose sensors [367]. Depending on the valence state of 

copper, there are two copper oxides: cuprous oxide (Cu2O) and cupric oxide (CuO). Both 

copper oxides are p-type semiconductors because of copper vacancies in the lattice [368]. 

The Cu2O has direct band gaps between 2.0 and 2.17 eV with the highest hole mobility of 

100 cm2V-1s-1 at room temperature, 25 ºC [369], and the CuO has an indirect bandgap of 

1.2 to 1.9 eV [370]. Since the reduction-oxidation (Redox) potentials of Cu oxides (CuXO) 

lie within their bandgap energies [371]–[373], these semiconductors are excellent catalysts 

in wet air [374], electrochemical, and photoelectrochemical oxidations [55].  

Understanding the electrochemical properties of CuXO enables fabrication of sensors 

towards sweat glucose sensing. There are many viable structures for glucose sensing related 

to Cu and its oxides, including Cu pillars [375], Cu micropillars [376], Cu nanorods [377], 

Cu2O porous microcubes [378], Cu2O hollow nanocubes [379], Cu2O hollow nanospheres 
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[380], CuO porous films [381], CuO micro/nanostructures [382], [383], CuO microneedles 

[384], CuO microflowers [384], CuO nanoparticles [385], CuO nanorods [386], CuO 

nanowires [387]–[390], CuO nanofibers [391], CuO nanospheres [392], Cu/Cu2O 

microstructures [393], Cu/Cu2O hollow microspheres [394], Cu2O nanosheets on Cu 

nanowires [395], Cu/Cu2O hybrid nanocomposites [396], Cu/Cu2O porous nanoparticles 

[397], and Cu/CuO nanoflowers [398]. The roles of the semiconducting nature of Cu oxides 

in glucose sensing, however, are not yet clarified.  

Existing technologies for fabricating sensors require various chemicals and complicated 

processes like a deposition in high-vacuum pressure and high temperature. These processes 

could change the chemical state of the investigated copper or copper oxide layers of the 

thin films. In addition, these processes are expensive. In contrast, native oxide of Cu-thin 

film-based glucose sensors are easy to fabricate using a low-cost fabrication technique 

[399]. However, there is no reported research work on structural and performance analysis 

of naturally grown native oxide Cu-based glucose sensors to the best of our knowledge. 

While the native oxides of Cu are stable, materials analyses and insights into their 

electrochemical efficacy, including sensitivity, stability, and selectivity will be imperative 

for glucose sensing.  

In the present work, we report Cu native oxide (CuNOx)-based low-cost, high-

performance nonenzymatic glucose sensors. First, we investigated chemical compositions 

and electronic bonding states, then performed structural analysis of the CuNOx electrode 

using an X-ray photoelectron spectroscope (XPS) and a high-resolution transmission 

electron microscope (HRTEM). Finally, we developed a simple, facile, and robust 
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fabrication process for the glucose sensors using the CuNOx grown on commercially 

available Cu thin foils at ambient. The CuNOx sensing electrodes showed excellent 

performance in the presence of some interferants in sweat, covered a linear range of sweat 

glucose and beyond (0.05-7.00 mM), and offered the best trade-off between sensitivity and 

fabrication process in comparison to other Cu/Cu2O/CuO based glucose sensors. 

 

4.2 Experimental Procedure 

 

4.2.1 Chemical & Reagents 

D-(+)-glucose (Dextrose, C6H12O6, ≥ 99.5%), Sodium Hydroxide (NaOH, ≥ 98%), 

Acetaminophen (APAP, CH3CONHC6H4OH, ≥ 99%), Dopamine Hydrochloride (DA, 

(HO)2C6H3CH2CH2NH2·HCl), L-Ascorbic Acid (AA, C6H8O6, ≥ 99.0%),  ric Acid ( A, 

C5H4N4O3, ≥ 99%), L-Cysteine (Cyst., HSCH2CH(NH2)CO2H, ≥ 97%), Sodium Chloride 

(NaCl, ≥ 99.5%), Potassium Chloride (KCl, ≥ 99%), were purchased from Sigma-Aldrich. 

The 35 µm thick Cu foil was also purchased from Sigma-Aldrich. All the chemical reagents 

used in our research are of analytical grade and used without further purification. All 

solutions were prepared with 18.2 MΩ.cm deionized (DI) water which prepared by 

deionized water of resistivity 18.2 MΩ.cm from a purifier ELGAPurelab  ltra Water 

Purifier at 25 ± 2 °C. 

 

4.2.2 Formation of Native Oxide of Copper 

We prepared a thin layer of oxides on the surface of Cu thin foil under room temperature 

and pressure. This composite is known as Cu native oxide. Here, we briefly deciphered the 
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formation of native oxide of Cu. It is a continuous and very slow process of oxidation of 

the Cu surface [400]. Generally, the Cu oxide layers may form through three distinct but 

simultaneous steps. Firstly, the Cu metal surface starts to convert into the Cu2O as soon as 

it is exposed to air by an induced electric field, which can be described as the following 

reaction, given in equation (4-1) [401], [402].  

4𝐶𝑢+(𝑚) + 𝑂2(𝑔) → 2𝐶𝑢2𝑂(𝑠)                                                                           (4 − 1) 

The process is influenced by an electric field induced between Cu metal and adsorbed 

oxygen layer due to Cu cations at metal-oxide interface and oxygen anions at the oxide-air 

interface [403], [404]. Initially, the oxidation of the Cu surface is accelerated by the field-

enhanced ionic transport in between the Cu metal and oxygen layer interface, which 

depends, basically, on the concentration of adsorbed oxygen. The effect of the induced 

electric field becomes less as the thickness of the oxide layer increases. As a result, the 

oxygen concentration dependency becomes negligible, and the growth rate attenuates. 

Secondly, the metastable formation of Cu(OH)2 as a wetting layer on Cu2O is the function 

of hydroxyl ion (OH-) concentration on the surface of Cu2O. The hydroxyl ion interacts 

with the Cu ions that migrate to oxide-oxygen layer and can be represented as reaction 

shown in equation (4-2) [401]. 

𝐶𝑢+(𝑚) + 2𝑂𝐻−(𝑎𝑞) → 𝐶𝑢(𝑂𝐻)2(𝑠)                                                                    (4 − 2) 

Finally, the Cu(OH)2 layer is converted to a stable CuO layer. The conversion is fast at 

ambient conditions with higher humidity. The process can be expressed as equation (4-3) 

where Cu(OH)4
2- is known as tetrahydroxocuprate anions [401].   

𝐶𝑢(𝑂𝐻)2(𝑠) + 2𝑂𝐻
−(𝑎𝑞) → 𝐶𝑢(𝑂𝐻)4

2−(𝑎𝑞) → 𝐶𝑢𝑂 (𝑠) + 2𝑂𝐻−(𝑎𝑞) + 𝐻2𝑂(𝑠)   (4 − 3) 
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4.2.3 Preparation of Working Electrode 

We prepared the sensing electrode by using the Cu native oxides, as discussed in 2.2. 

These oxide layers can easily be reacted with glucose in the presence of 0.1 NaOH. We 

used commercially available 35 µm thick Cu thin foils. 

                                          

Fig. 4-1. Schematic representation of working electrode preparation. Cross-sectional view 

of (a) The thin Cu foil at room temperature and pressure (RTP); (b) the foil after attaching 

with electrical grade scotch tape that covered the oxide layer of one side as well as works 

as substrate. (c) The dimension of the sensing surface of the electrode for electro-oxidation 

of glucose using Cyclic Voltammetry. Note: Working electrode and sensing electrode are 

interchangeably used.  

The foils were kept in a dry environment of 25ºC (room temperature) and normal 

pressure, and humidity. The storage time of the foil is more than 2 years which is enough 

to be stable for the growth of the oxide layers. Previously, the thicknesses and the stability 

of the grown Cu native oxide layers were investigated. In the case of thin film, the thickness 

of Cu2O can be grown to 5.70 nm within 66 days from the first exposure to air and becomes 

stable [401]. Finally, the CuO layer started to grow at around 24 hours and continued to 

increase in thickness with the increase of exposure time, reaching about 1.0 nm after 112 
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days and becomes stable [401]. The overall thickness of the composite oxide grew between 

2.5 and 6.70 nm after exposure to air [401], [405]. In this research, the native oxide layers 

have been grown on thin Cu foils kept at ambient conditions for more than 2 years. We 

chose the time to make sure that the full-grown oxide layers are fully stable.   

If both sides of the foil have the same exposure to ambient conditions, the thickness of 

the oxide layer might be the same on both surfaces of the foil. Moreover, the raw thin foil 

is not suitable to be handled due to its tractability, high ductility, and low tensile strength. 

So, electrical-grade scotch tape is used as substrate attaching on one of the surfaces of Cu 

thin foil (Fig. 4-1(b)). The technique is very simple as well as more suitable than a substrate, 

which needs a physical and/or chemical process for the fabrication of the sensing electrode. 

The tape offers wearability, protects the sensing electrode from oxidation, and controls the 

sensing area.   

 

4.2.4 Electrochemical Sensing Method 

Electrochemical measurements, including cyclic voltammetry (CV), were performed 

using a three-electrode PalmSens EmStat 3 potentiostat with PSTrace 4.8 software. All 

experiments were done at room temperature (25 ± 2 °C) using a platinum (Pt) wire as a 

counter electrode and a silver (Ag) wire coated with silver chloride (AgCl), widely known 

as Ag/AgCl electrode as a reference electrode. Both counter and reference electrodes were 

purchased from CH Instruments Inc. USA. The working electrode of length 2 cm and width 

0.5 cm (sensing surface area of 1 cm2) was prepared for electrochemical measurements of 

glucose oxidation. The working electrode was evaluated as a glucose sensor in an aqueous 

of 0.1 NaOH solution. There was not any special procedure done before each 
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electrochemical measurement such as cleaning and stirring. Each experiment was done 

simply by dipping the working electrode in the glucose aqueous solution with sodium 

hydroxide (NaOH) alkaline solution.  

 

4.3 Results and Discussion 

4.3.1 Chemical Elemental Characterization  

We investigated the chemical elemental species of the Cu native oxide electrode using 

an XPS to explore the compositions and the role of the electronic bonding states of the 

electrode. Fig. 4-2. (a) shows the representative wide scan XPS survey spectra of the 

electrode surface of the metallic and their oxides phases in the binding energy range of 0—

1000 eV. The survey confirms the Cu core level doublet peaks of Cu2p1/2 and Cu2p3/2 at 

952.0 and 932.0 eV, respectively, with a spin-orbit splitting of 20 eV, Cu3s at 122.0 eV, 

Cu3p at 75.0 eV, and Cu3d at 3.0 eV along with peaks of oxygen, O1s, at 532.0 eV and 

carbon, C1s, at 285.0 eV. This is in good agreement with the values reported in the literature 

[406]–[408]. The strong oxygen and carbon peaks in Fig. 4-2. (a) are adventitious oxygen 

and carbon peaks that occur due to the reaction of copper with atmospheric oxygen and 

contamination from air-formed film on the surface [409], [410]. The wide scan survey also 

represents that the existence of Cu2+ ions through the satellite peaks on the high binding 

energy side of the main peaks which connects with an open 3d9 shell of Cu [411].    
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(a) Wide scan survey. 

 

(b) Cu2p3/2                                                                                             (c) O1s 

Fig. 4-2. (a) Wide scan XPS spectrum, and deconvolved high-resolution narrow scan for 

(b) Cu2p3/2, and (c) O1s spectra of the naturally grown Cu native oxide surface of the 

electrode. 

We further investigated high-resolution narrow scan of Cu2p3/2 and O1s for more detailed 

qualitative and quantitative information about the oxide layers of the electrode surface. The 

high-resolution spectra of Cu2p3/2 and O1s with curve-fitting components are presented in 
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Fig. 4-2. (b), and Fig. 4-2. (c), respectively, where the deconvolved components were 

achieved using Gauss-Lorentz (70–30%) method [412]. As in Fig. 4-2. (b), the different 

chemical states of the electrode are metallic Cu at 931.58 eV, Cu2O at 931.45 eV, CuO at 

933.27 eV, and Cu(OH)2 at 934.38 eV. The binding energies are consistent with the values 

reported in the literature [401], [413], [414]. Since the relative shift of Cu and Cu2O peaks 

in binding energy is tiny, 0.13 eV only, both grouped together [401], [415], [416]. The full 

width at half maximum (FWHM) values of Cu+Cu2O, CuO, and Cu(OH)2 are 1.20, 1.30, 

and 1.33 eV, respectively.  

The deconvolved O1s spectra provide three chemical bonding states of Cu oxides: CuXO 

(Cu2O & CuO), hydroxides radicals, (OH- & Cu(OH)2) and water (H2O) [401]. In Fig. 4-2. 

(c), there are two deconvolved peaks at 529.60 eV and 530.61 eV. The first peak has 

FWHM and intensity of 1.40 eV and 1192.50, respectively. The second peak has FWHM 

and intensity of 1.60 eV and 2117.55, respectively. The first and second peaks are mostly 

attributed to the chemical bonding of the lattice O2- and surface (adsorbed O- and/or OH-) 

oxygen species, respectively [413]. The peaks at 529.60 and 530.61 eV correspond to CuXO 

and Cu(OH)2+OH-, respectively. In addition, we observed an extremely low-intensity peak 

of the H2O and neglected it. The controlled ambience of a cleanroom (10000-class) can 

contribute to achieving water-free Cu oxides. In contrast, in Ref [401], the peak intensity 

of H2O was significantly high, which attributes to the wetting layer due to the high relative 

humidity at ambient conditions [401]. 
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4.3.2 Morphological and Structural Characterization 

We analyzed the Cu oxide thin films using an HRTEM to get more insights into the 

morphology and structural features of the sensing electrodes. Fig. 4-3. (a) shows the oxide 

growth is not uniformly distributed on the Cu metal surface. This inhomogeneous formation 

of the oxide layers is opposite to the previous findings [403], [404], [417]–[420]. Also, the 

growth of the oxide layer depends on the lattice defects, the microstructure, and the surface 

morphology of the Cu films [405]. Fig. 4-3. (b) shows a typical surface morphology of Cu 

film with inhomogeneous oxide, which may be due to high surface roughness, small grains, 

and low purity of the thin film. It is clear from Fig. 4-3. (a), and Fig. 4-3. (b) that the native 

oxide layers can grow higher than 10 nm, which was about 6.7 nm in Ref [421] after 

keeping the foil 112 days in ambient. This behavior is suitable for a high oxidation rate of 

Cu, which magnifies the electric field and affects the number of ion lattice vacancies [422]–

[424]. The contact potential difference between metal and oxide layer creates Cu ion 

vacancies in the metal lattice driving Cu ions and electrons to the oxide-air interface to 

form more Cu2O absorbing O2 molecules without much help from temperature [425], [426]. 

The grains on rough surfaces cause higher surface energy at the grain boundaries that 

increase the concentration of OH- on the thin film, which is a crucial part of converting 

Cu2O to the final layer CuO [401].  

Fig. 4-3. (c)—(f) show the energy dispersive X-ray spectroscopy (EDS) mapping of the 

native Cu oxide surface at ambient conditions. The surface possesses Cu and O, with a 

small amount of adventitious carbon. The EDS and XPS results are complementary and 

support the other studies [409], [410] . Fig. 4-3. (g) is the Fast Fourier transform (FFT) of  
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Fig. 4-3. HRTEM image shows (a) the growth of Cu oxides is not uniform, (b) the surface 

morphology affects the growth of the oxide hugely. (c)—(f) EDS images of (b) shows 

distribution of Cu, O, Pt and C. (g) FFT image of (i), (h) FFT image of Cu metal, red dotted 

box of (i), and (j) FFT image of Cu2O, yellow dotted box of (i). 

Fig. 4-3. (i), which shows the presence of twin crystalline Cu metal, single crystal Cu2O, 

and single crystal CuO in the HRTEM image of the electrode. Moreover, the Cu and Cu2O 

FFT are processed using a yellow dotted box and a red dotted box of Fig. 4-3. (i), 

respectively. The technique has been used to separate FFT data of Cu metal from Fig. 4-3. 

(g). So, the thin Cu foil’s lattice spacings are 0.13 and 0.18 nm of the plane (220) and (200), 
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respectively. However, the inter-planar spacing of Cu2O is 0.21 nm of the plane (200), as 

shown in Fig. 4-3. (j), which is in good agreement with previous results [427]. The d 

spacing of CuO is 0.27 nm, which corresponds to (110) plane [428]–[430]. The intensity 

difference between Cu2O and CuO FFT data clearly shows that the CuO width is very thin 

compared to Cu2O, which greatly matches other investigational data [401], [405].  

4.3.3  Cyclic Voltammetry of Glucose 

 
Fig. 4-4. Cyclic Voltammograms of Cu and Cu native oxide (CuNOx) electrodes with and 

without glucose at 30 mVs-1 scan rate in 0.1 M NaOH solution. 

In this section, we systematically investigated the electrochemical behavior of the Cu 

native oxide (CuNOx) thin film-based electrode for the sensing of glucose. The various 

accessible oxidation states, Cu(0), Cu(I), Cu(II), and Cu(III), make Cu an excellent 

electrocatalytic transition metal through a reaction via both one- and two-electron pathways 
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[431]. The electrode was characterized electrochemically for glucose electro-oxidation in 

0.1 M NaOH alkaline solution to get a higher peak current at a lower potential, and lower 

background noise of glucose electro-oxidation [432].  

Electro-Oxidation Mechanism 

Fig. 4-4 shows the electrocatalytic behavior of the Cu and Cu oxide electrodes in 1 mM 

concentration of glucose with 0.1 M NaOH solution at scan rate of 30 mVs-1. The 

voltammograms show eight peaks (IO, IIO1, IIO2, IIIO, IV, IIIR, IIR, and IR) in the anodic and 

cathodic sweeps of the CV, where IR and IO are reduction-oxidation (redox) pairs. Seven of 

them are significant peaks. There are three redox pairs peaks and the IV represents the 

water breakdown peak. These peaks are compared with the literature data of the 

voltammograms of Cu and Cu oxide electrodes, as shown in Table 4-1. Ref [433] reported 

two distinguishable peaks of oxidation peak of the IO. Most of the other works, including 

this work, demonstrated two separate peaks of the second oxidation peak, IIO. Among all 

reported research results, shown in Table 4-1, the CuNOx electrode provides the lowest 

oxidation current in NaOH solution without glucose (blank solution) (see Fig. 4-4). This 

indicates that the CuNOx sensor generates the lowest background noises.  
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Table 4-1: Summary of voltammogram data of Cu, and Cu oxides-based 

nonenzymatic sensors in presence and absence of glucose from Fig. 4-4 in 

comparison with that of literature. 

CV Sweep Anodic Cathodic 

Ref. Electrodes 

Glucose     
 Peaks

 

  

IO IIO III IV IIIR IIR IR 

IO1 IO2 IIO1 IIO2 
Glucose (H2O 

Split) 

P
o

te
n

ti
al

 [
V

] 

0 mM -0.75 -0.35 Nill 0.30 0.17 -0.92 -1.27 
[376] 

Cu 

1 mM -0.75 -0.55 -0.20 0.10 0.30 0.17 -0.92 -1.25 Micropillars 

0 mM -0.40 -0.10 0.10 Nill 0.80 0.55 -0.63 -0.95 
[306] 

Cu 

1 mM -0.40 -0.15 0.13 0.44 0.80 0.55 -0.60 -0.90 Frameworks 

0 mM -0.35 -0.08 1.50 Nill 0.80 0.65 -0.42 -0.78 
[434] 

Nafion/Cu  

2 mM -0.35 -0.10 0.47 0.80 Nill -0.42 -0.72 Nanowares 

0 mM -0.62 -0.48 -1.92 0.98 Nill 0.80 0.58 -0.63 -0.82 
[433] Cu 

1 mM -0.62 -0.48 -1.98 1.98 0.48 0.80 0.58 -0.63 -0.82 

0 mM -0.24 0.00 0.30 Nill 1.00 0.70 -0.46 -0.72 This CuNOx 

1 mM -0.27 -0.02 0.31 0.73 1.00 0.77 -0.45 -0.71 Work (@RTP) 

 

Now, we provide the chemical reactions for the conversion of Cu(0) to Cu (I), Cu(II), and 

Cu(III) and discuss the three oxidation peaks: I0, II0, and III0. The first oxidation peak, I0, 

recorded around -0.25 V, both with and without glucose, may be related to the oxidation of 

Cu(0) to Cu(I), where metallic Cu atom is ionized and then converted to Cu2O in the 

presence of the supporting aqueous solution of 0.1 M NaOH, as the equation (4-4) shown 

in below [435]–[438].  

❑ 𝐼0 

➢ 𝐶𝑢(0) → 𝐶𝑢(𝐼) 

➢ 2𝐶𝑢 +  2𝑂𝐻− 
𝑁𝑎𝑂𝐻
→    𝐶𝑢2𝑂 + 𝐻2𝑂 +   2𝑒−                                                       (4 − 4) 

The prior one of the second oxidation peaks, II01, around 0 V may be due to the oxidization 

of Cu(I) to Cu(II) and subsequent formation of CuO and cupric hydroxide, Cu(OH)2. The 

last one of the second oxidation peaks, II02, at 0.30 V may be attributed to the further 



Ph. D. Thesis – M Maksud Alam      McMaster University – Electrical and Computer Engineering 

120 
 

oxidation of Cu(0) to Cu(II) and can be represented by specific equation (4-5), (4-6), (4-7), 

and (4-8) as follows [433], [434], [436], [439]–[441].  

❑ 𝐼𝐼01 & 𝐼𝐼02 

➢ 𝐶𝑢(0) → 𝐶𝑢(𝐼𝐼) 

➢ 𝐶𝑢 +  2𝑂𝐻− 
𝑁𝑎𝑂𝐻
→    𝐶𝑢(𝑂𝐻)2 +   2𝑒−                                                            (4 − 5) 

➢ 𝐶𝑢 +  2𝑂𝐻− 
𝑁𝑎𝑂𝐻
→    𝐶𝑢𝑂 + 𝐻2𝑂 +   2𝑒−                                                       (4 − 6) 

➢ 𝐶𝑢(𝐼) → 𝐶𝑢(𝐼𝐼) 

➢ 𝐶𝑢2𝑂 +  2𝑂𝐻− 
𝑁𝑎𝑂𝐻
→    2𝐶𝑢𝑂 + 𝐻2𝑂 + 2𝑒

−                                                   (4 − 7) 

𝐶𝑢2𝑂 +  2𝑂𝐻− + 𝐻2𝑂
𝑁𝑎𝑂𝐻
→    2𝐶𝑢(𝑂𝐻)2 + 2𝑒

−                                                   (4 − 8) 

The electrodes reported in [306], [376], [433], [434], [442], mostly, generate one peak IIO, 

in absence of glucose and produce higher current than any amount of glucose produces. 

This is basically the background current. In contrast, our sensor produces lower 

background current with two distinguishable peaks of IIO1 and IIO2.  

The oxidation peak IIIO at 0.73 V indicates the glucose concentration. At this peak, all 

the reactions convert Cu(II) to Cu(III) in the form of cumene hydroperoxide (CuOOH), 

hydroxyl radicals Cu(III) tetrahydroxide anion, Cu(OH)4
 . The Cu(II) plays a vital role as 

the active substance at low potentials and donates an electron to form Cu(III). The 

reactions may be represented by the equations given in (4 9), (4 10), (4 11), and (4 12) 

below [376], [439], [443]–[446].  
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❑ 𝐼𝐼𝐼0 

➢ 𝐶𝑢(𝐼𝐼) → 𝐶𝑢(𝐼𝐼𝐼) 

➢ 𝐶𝑢(𝑂𝐻)2 +  𝑂𝐻− 
𝑁𝑎𝑂𝐻
→    𝐶𝑢𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒

−                                             (4 − 9) 

➢ 𝐶𝑢𝑂 + 𝑂𝐻−
𝑁𝑎𝑂𝐻
→    𝐶𝑢𝑂𝑂𝐻 +   𝑒−                                                                     (4 − 10) 

➢ 𝐶𝑢𝑂 + 𝐻2𝑂 + 2𝑂𝐻
−
𝑁𝑎𝑂𝐻
→   𝐶𝑢(𝑂𝐻)4

−
+   𝑒−                                                (4 − 11) 

➢ 𝐶𝑢(𝑂𝐻)2 +  2𝑂𝐻− 
𝑁𝑎𝑂𝐻
→    𝐶𝑢(𝑂𝐻)4

−
+   𝑒−                                                (4 − 12) 

As potential increases, the adsorbed glucose molecules on the electrode surface are stripped 

off, due to the agitation of a strong electric field, which makes the path of interactions of 

hydroxyl ions converting Cu(II) to Cu(III) [447]. It is worth noting that the electro-

oxidation of glucose can be attributed to the transformation of Cu(II) to Cu(III) in alkaline 

solution [433]. Briefly, the electrocatalytic oxidation of glucose depends on the electrons 

released during the electrochemical oxidation process of Cu(II) to Cu(III) [448].  

After receiving the required electrons, the glucose oxidized to gluconolactone 

(C6H10O6) is further oxidized to gluconic acid (C6H12O7) as described in scheme 1, which 

is an irreversible reaction process [83][444], [449]. The cyclic form of glucose has been 

used in the reactions because, at equilibrium, it is most stable in water at room temperature 

[450]. The D-glucose and L-glucose are two stereoisomers of the glucose and do not 

mutorotate spontaneously. The D-glucose is the only naturally generating form of glucose, 

where L-glucose very rarely occurs. Moreover, 𝛼- and 𝛽-glucose have opposite 

stereochemical configurations. The human body cells consume 𝛽-glucose in the blood for 
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further use in glycolysis [451]. 𝛽-glucose is the preferred orientation for faster oxidation 

on metal-based electrode’s surface, because it is four times better for electro-catalyzation 

[450], [452]. So, the 𝛽-D-glucose is being used for electrochemical detection and analysis. 

In summary, the conversion of Cu(II) to Cu(III) and electro-oxidation of glucose 

occurred with the presence of OH- and related to the amount of Cu(III), which is consistent 

with other research results [432]. Also, the generated Cu(II) as CuO in the scheme (a) and 

(b) releases an electron to the electrode surface and converted into Cu(III) as described in 

equation (4-10) and (4-11), resulting in significant increase of the anodic current signal 

[453].  

 

 
Scheme 1: Electrocatalytic oxidation of glucose; (a) Firstly, intermediate radical has been 

formed when glucose reacts with highly catalyst Cu(III) molecules/anions releasing one 

hydrogen ion (H+) and electron (e-); secondly, D-Glucono-δ-lactone has been formed when 

intermediate radical further oxidized releasing one more hydrogen ion (H+) and electron (e-



Ph. D. Thesis – M Maksud Alam      McMaster University – Electrical and Computer Engineering 

123 
 

); (b) Final product of glucose oxidation is D-Gluconic acid that generated when D-

Glucono-δ-lactone goes through hydrolyzation process. 

 
(a)                                                                          (b) 

Fig. 4-5. (a) Cyclic Voltammograms of 0.1—7 mM glucose at 30 mVs-1 scan rate in 0.1 M 

NaOH solution using Cu native oxide electrode, and (b) Magnified version of (a) for the 

electro-oxidation peak of glucose. 

Fig. 4-5. (a), and Fig. 4-5. (b) represent the voltammograms of 0.1—7 mM glucose, 

where more glucose electrocatalytic oxidation occurred with the increase of concentration, 

and C(III) could be transformed into Cu(II), simultaneously [432]. The abrupt change of 

current, peak (IV), can be attributed to water breakdown [383], [454], [455]. From Table 

4-1 and Fig. 4-4, and Fig. 4-5, we may conclude that the water splitting peak potential 

depends on the maximum value of the anodic sweep of an applied CV potential.  

In the cathodic voltammetric sweep, the peak IIIR (see Fig. 4-4) is a broad reduction 

peak around 0.7 V that shows the conversion of Cu(III) to Cu(II), and it corresponds to 
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remaining CuOOH and Cu(OH)4
-. The cathodic sweep peaks for different glucose 

concentrations are summarized in Table 4-1.  

 
Fig. 4-6. Calibration curve illustrates the linear relationship between glucose concentration 

and peak oxidation current (current density) for native oxide (at RTP) electrode with 

correlation coefficient R2 = 0.9983, at 30 mV/s-1 scan rate.  

When considering the cathodic sweep peaks (see Fig. 4-5), it can be observed that at 

lower concentration of glucose, the potentials for the peak, IIIR, shift towards higher 

potential values (see Fig. 4-4, and Fig. 4-5. (a)), and the peaks disappear at higher 

concentration of glucose (Table 4-1 and Fig. 4-5). This may indicate that most of the Cu(III) 

molecules are consumed by electrocatalytic oxidation of glucose [433]. The reduction peak 

IIR, associated with the oxidation peak IIO, at -0.45 V is the partially converted CuO to 

Cu2O. It is known that the conductivity of Cu2O film is poor, which limits the full reduction 

of CuO into Cu2O at -0.45 V. Hence, the remaining CuO is further reduced to Cu at -0.7 V 

which is the last reduction peak. In addition, all the Cu2O are reduced to Cu at the peak IR 
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[456]. Therefore, the reduction peak IR at -0.7 is larger than the corresponding oxidation 

peak IO at -0.25 V. 

 

Sensitivity and LOD  

Fig. 4-6 shows the cyclic voltammetric calibration curve of the Cu native oxide 

electrode for glucose sensing. A linear relationship between the glucose concentration and 

the peak oxidation current in the range of 0.050—7.00 mM can be observed. This range 

covers the sweat glucose concentration of healthy and diabetic patients between 0.05 and 1 

mM [457], and the range of blood glucose concentration of healthy persons in between 4.90 

and 6.90 mM [95]. So, for the first time, we demonstrate that the CuNOx sensors detect 

glucose concentration ranging from 0.050 mM to 7.00 mM, as sweat glucose and beyond. 

The linear regression has been done and can be represented as follows: 

𝐼𝑝𝑎(𝜇𝐴) = 603.42 𝐶(𝑚𝑀) + 91.114                               [𝑅
2 = 0.998]              (4 − 13) 

From equation (4-13), the estimated sensitivity of the electrode is 603.42 µA mM-1 cm-2 

(0.60342 µA µM-1 cm-2). The regression coefficient is 0.998. The limit of detection was 

estimated using the equation (4-14), where s is the standard deviation of the blank solution, 

m is the slope of the calibration curve, and k (=3) is the multiplying factor [458].  

𝐿𝑜𝐷 =
𝑘𝑠

𝑚
=
3𝑠

𝑚
                                                                                                                (4 − 14) 

Based on the standard deviation of the blank solution (18.95 µA), the slope of the 

calibration curve (0.60342 µA µM-1), and signal-to-noise ratio (S/N = 3), the estimated 

LoD is 94.21 µM. The sensitivity and LOD of CuNOx sensors are compared with literature 

data shown below in Table 4-2.  
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Exponential and Logarithmic Characteristics  

Fig. 4-7. (a) shows the peak electro-oxidation current of glucose for 0.1—7 mM 

concentrations. The peak current is exponentially related to the applied potential, as shown 

in equation (4-15). Fig. 4-7. (b) represents that the potential at the peak oxidation current 

is logarithmically related with glucose concentrations, presents in equation (4-16).  

𝐼𝑝𝑎[𝜇𝐴] = 0.0004𝑒
19.428𝐸𝑝𝑎[𝑉]                                 [𝑅2 = 0.9844]                       (4 − 15) 

𝐸𝑝𝑎[𝑉] = 0.0434 log𝑒 𝐶[𝜇𝑀] + 0.4485                  [𝑅
2 = 0.9838]                      (4 − 16) 

This is the first time we have observed these two phenomena, the exponential relations of 

peak current with potential, and the logarithmic relations of potential with glucose 

concentration. The phenomena may be explained as follows. As we know, the diffusion 

layer, meaning the interface width, between the electrode surface and bulk solution, is the 

function of the concentrations of the analyte means glucose [459]. The width decreases as 

the concentration of glucose molecules increases. The smaller width of the interface allows 

a higher rate of reactions between Cu native oxide layers and glucose molecules. Moreover, 

the reaction rate determines the amount of current [459]. Consequently, the higher electro-

oxidation current of glucose produces a higher rate of reactions.  

When the anodic sweep potential increases, the rate of oxidation of glucose molecules 

at the electrode surface increases. So, the anodic electro-oxidation current of glucose 

increases and gluconic acid is produced on the surface of the CuNOx electrode. The 

gluconic acid diffuses to the bulk solution. However, the electro-oxidation current of 

glucose is kept increasing with potential, because higher potential diffuses more glucose 
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molecules from bulk solution [111]. After reaching a point, peak, the current slows down 

due to the wider width of the depletion region created by gluconic acid that reduces the 

mass transport, which is known as the ‘mass-transfer-limited’ region [111], [459]. If the 

glucose concentration increases, the required potential to reach the ‘mass-transfer-limited’ 

region also increases. Therefore, the diffusion layer width may get smaller logarithmically 

with the increase of concentration of glucose molecules, which is why the potential at peak 

oxidation is increasing logarithmically. Since the peak current is linear with the glucose 

concentration, as shown in Fig. 4-6, the peak current increases exponentially with the 

increase of the potential (see Fig. 4-7. (a)). This is why the electro-oxidation current of 

glucose on Cu and Cu oxides-based electrode normally covers a very wide potential region, 

as shown in Fig. 4-7. (a).  

  

 
(a)                                                                              (b) 

Fig. 4-7.  The curve illustrates that (a) Both the peak oxidation current of glucose and 

associated potential are increasing with the increase of glucose concentrations, and they are 

exponentially related. (b) The potential at peak oxidation current of glucose is increasing 
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logarithmically with   increase of glucose concentrations. The data has been collected from 

Fig. 4-5. (a).  

 

4.3.4 Interference Analysis 

The CuNOx sensor should be a highly selective, rejecting interference elements, 

towards glucose molecules under common biomolecules. The common interferants that 

usually co-exist with glucose in human sweat and blood, are (a) easily oxidizable species 

like ascorbic acid (AA) and uric acid (UA); (b) a pain reliever, acetaminophen; (c) a 

neurotransmitter, dopamine (DA) and an amino acid, cysteine; as well as (d) common salts, 

sodium chloride (NaCl) and potassium chloride (KCl) [448], [457]. The interferent 

concentrations, see legends of Fig. 4-8. (a), are chosen as those generally found in blood 

and sweat [448], [457]. The anti-interference capability of a glucose sensor is crucial, 

because the interferants have higher electron transfer rates than the glucose, which can 

easily deviate the actual glucose oxidation currents [389]. 

The selectivity of the CuNOx sensor was investigated using a freshly made electrode. 

The electrode was used to get 12 distinct CV results, see Fig. 4-8. (a) without first and 

second CV results. The chronological list of peak currents, III0 in Fig. 4-4, of glucose 

oxidation and associated potential, see Table 4-1, of the 12 CVs are depicted in Fig. 4-8. 

(b), where 1st step represents, the values using 0.1 M NaOH only (blank solution). The 

values at 2nd step are after adding 1 mM glucose with 0.1 M NaOH. From step 3rd to 10th, 

the specific interferent, see legends of Fig. 4-8. (a), is added with 1 mM glucose and 0.1 M 

NaOH. 
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While there are reports that UA and AA interferents with concentrations of 0.059 mM 

and 0.01 mM can be easily oxidized [460], adding such concentrations with glucose does 

not show a significant change in the oxidation current, as shown in steps 5 and 6. The 11th 

step is the repetition of the 2nd step by adding 0.5 mM KCl (step 8), and 0.5 mM NaCl (step 

9) with glucose to the chloride poisoning effect (that degrades redox activity) on the 

CuNOx electrode [389]. No change in the oxidation current, at step 11, was observed, 

indicating no poisoning effect. Moreover, the resultant relative standard deviation (RSD) 

of the peak oxidation current was 3.56% (see Fig. 4-8. (b)), which represents an excellent 

performance of the CuNOx sensors against all the interferents. 

In summary, the addition of interferents with 1 mM glucose and 0.1 M NaOH, does not 

show significant variation in the increase of the peak oxidation current. This finding 

demonstrates that the CuNOx sensing electrode possesses an excellent anti-interference 

capability and favorable selectivity for the nonenzymatic detection of glucose. 

 
(a)                                                                            (b) 
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(c) 

Fig. 4-8. (a) Cyclic voltammograms of 1 mM glucose with 0.1 M NaOH after adding 

different interferences presence in human sweat. Here, Step 1: Blank solution’s signal in 

presence of 0.1 M NaOH. Step 12: Same as in step 1 after taking CV results in presence of 

all above-mentioned interferants. Step 2 and 11: Response to 1 mM glucose in presence of 

0.1 M NaOH. The experiment results in Steps 1 and 2 were discarded from Fig. 4-8(a) to 

eliminate redundancy. Step 3: Response to 0.132 mM acetaminophen with 1 mM glucose 

and 0.1 M NaOH. Steps 4 and 7: Responses to 0.1 mM dopamine and 0.02 mM cysteine, 

respectively. (b) The peak oxidation current and the associated oxidation potential vs. the 

step order, shown in legends of Fig. 4-8. (a), and Fig. 4-8. (c) Magnified version of Fig. 4-

8. (a).  

 

4.3.5  Reproducibility & Reusability 

The reproducibility of the CuNOx glucose sensing electrode was evaluated by utilizing 

4 freshly prepared electrodes in the same circumstances. The CV responses were performed 
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in 0.1 M NaOH solution containing 0.1-, 1-, 4-, and 6-mM glucose at a scan rate of 30 mVs-

1. Moreover, each glucose concentration was investigated using 4 electrodes for 7 distinct 

trials. The peak oxidation current of glucose is presented in Fig. 4-9, with a standard 

deviation. The resultant relative standard deviation (RSD) of the peak oxidation current 

were 5.99%, 2.67%, 2.22%, and 1.8% for 0.1, 1.0, 4.0, and 6.0 mM, respectively. The RSD 

demonstrated excellent reproducibility and reusability of the Cu native oxides electrode 

that represents the reliability of the CuNOx sensors. 

 
Fig. 4-9. Repeatability test of the CuNOx in 0.1 M NaOH alkaline solution with 0.1-, 1.0-, 

4.0-, and 6.0-mM glucose concentrations. An electrode was used for each concentration in 

the same solution and the solution was shaken before applying the next CV.  

 

4.3.6  Stability 

Stability is the ageing behavior of the sensors, indicating drifting in the sensitivity. The 

stability of the CuNOx sensing electrode was investigated in 0.1 M NaOH with 1.0 mM 

glucose at 30 mVs-1 scan rate. The peak oxidation current of glucose with a relative standard 
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deviation for 55 days is shown in Fig. 4-10. (a). The CV was performed for sensitivity 

measurement every 5 days while keeping the sensor in ambient conditions without any 

special treatment. The RSD is 2.70% which shows high stability of the electrode. After 12 

times of usage, the native Cu oxides glucose sensor retains 96.91% of its original response, 

suggesting excellent stability and long-term (8 weeks) storage capability of the sensing 

electrode. The results demonstrated that the sensor was not poisoned by the oxidation 

product and is useful for long-term glucose monitoring.  

Fig. 4-10. (b) represents voltammograms of a CuNOx electrode against several 

Ag/AgCl reference electrodes. The results show that the redox potential differs for different 

reference electrodes but the peak current for glucose oxidation is almost the same as shown 

in Fig. 4-10. (d). These differences in the redox potentials of CuNOx electrodes could be 

interpreted as the thickness of AgCl coating on Ag metal rod, which may differ due to 

manufacturing process as well as ageing of the electrode. Fig. 4-10. (c) represents the CV 

results of 3 CuNOx electrodes, where one is freshly prepared, and others are 1 year old and 

used. It is worth noting that we have not observed any significant difference between the 

CV behavior of the freshly prepared CuNOx electrode and the one-year-old used electrode. 

This may be indicative of the essence of this sensor for practical applications in long shelf-

life. However, the long-term stability, reproducibility, and reusability of the sensor 

suggested that the Cu native oxide layers are chemically stable, prevent any Cu-based 

materials conglomeration, and are free from the interference of oxygen in the air [391].  
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(a) 

 
(b)                                                                       (c) 

 

(d)                                                                           (e) 

Fig. 4-10. Stability test of the  CuNOx  electrode in 0.1 M NaOH alkaline solution with 1.0 

mM glucose concentration, (a) the peak oxidation current of glucose vs. days for 12 times 

with 5 days gap, (b) the CV readings were recorded for a single CuNOx electrode using 
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different Ag/AgCl reference electrodes, (c) the voltammograms of different working 

electrodes  using same Ag/AgCl reference electrode, (d) Magnified version of (b), and (e) 

Magnified version of (c). 

 

4.3.7 CuNOx Sensing Parameters with Others 

Table 4-2 compares the limit of detection (LoD), sensitivity, and linear range of the 

native Cu oxide sensors of this study with that of the previously reported Cu and Cu oxides 

based nonenzymatic electrochemical glucose sensors. The data presented in Table 4-2 

shows that while some sensors provide a lower limit of detection with a higher sensitivity 

in a smaller linear range, others provide a higher limit of detection with lower sensitivity 

in the larger linear range. Therefore, there is a trade-off in the sensing performance among 

limit of detection, concentration range, selectivity, and stability of the sensors. These 

tradeoffs are influenced by the fabrication processes of the sensors. The CuNOx sensors 

are comparable to the sensors reported in [376], [384], [398], [461]. Typically, the sweat 

glucose levels for diabetic patients have been measured between 0.050—1.0 mM. While 

existing sensors are only suitable for sweat glucose sensing in the range of 0.050—1.0 mM, 

CuNOx sensors offer a range of glucose sensing of 0.050—7.0 mM. Both the sensitivity 

and the range of detection of CuNOx sensors are considerably higher than that of the sensor 

in Ref [390]. The stability of CuNOx sensors (55 days) was higher than that of the sensors 

in Ref [376]. The storage time for the sensors in Ref [376] was 4 weeks; for the fabrication 

of these sensors, a wet-chemical process using 1 M sulfuric acid (H2SO4) was used.  
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Table 4-2: Comparison of CuNOx sensors with other Cu, and Cu oxides-based 

nonenzymatic glucose sensors. While the sensors reported in this work are 

characterized by cyclic voltammetry, the other sensors are characterized by 

amperometry.  

Electrode Fabrication Method 
LoD 

(µM) 

Stability 

(Days)(% of 

IR) 

Sensitivity 

(µA mM-

1cm-2) 

Linear Range 

(µM —— mM) 
Ref. 

Cu pillars                              
DC 

Electrodepositions 
00.500 60 (85.00%) 699.449 001.00—00.500 [375] 

Cu micropillar 

array             

AC 

Electrodepositions 
00.190 28 (85.33%) 2432.000 000.50—04.710 [376] 

Cu nanorods                         
Hydrothermal 

Reactions 
00.008 14 (90.00%) 1490.000 000.10—00.800 [377] 

Cu2O porous 

microcubes     

Sonochemical 

Reactions 
00.800 21 (88.60%) -70.000 001.50—00.500 [378] 

Cu2O hollow 

nanospheres   
Chemical Reactions 00.410  2038.200 001.25—00.038 [379] 

CuO 

microflowers               

Hydrothermal 

Reactions 
00.500  1322.000 001.00—04.000 [384] 

CuO nanorods                      
Hydrothermal 

Reactions 
01.200  450.000 000.00—00.100 [386] 

CuO nanowires                    Chemical Reactions 00.020 12 (94.10%) 32330.000 000.10—00.500 [387] 

CuO nanowires                    Chemical Reactions 00.045 28 (94.30%) 64.100 000.50—00.488 [390] 

CuO nanofibers                    Electrospinning 00.800 60 (92.60%) 431.300 006.00—02.500 [391] 

CuO nanosheets                   Chemical Reactions 00.800 15 (96.77%) 2792.640 000.80—02.200 [461] 

Cu2O/Cu 

microstructures     

DC 

Electrodepositions 
37.000 07 (98.15%) 62.290 050.00—06.750 [462] 

Cu2O/Cu hollow 

µ-spheres  

Hydrothermal 

Reactions 
00.050 28 (93.40%) 33.630 220.00—10.890 [394] 

CuO/Cu 

nanoflowers           

Hydrothermal 

Reactions 
01.200  5368.000 005.00—01.600 [398] 

CuNOx thin films 
Surface Oxidations 

@RTP 
94.210 >55 (96.91%) 603.420 050.00—07.000 

This 

work 

RTP = Room Temperature & Pressure; IR = Initial Response 
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Furthermore, the sensors reported in [376],[384],[398], and [461] used complex 

fabrication processes with chemical, and mechanical polishing, ultrasound cleaning, and 

complicated series of chemical treatments. In contrast, for CuNOx sensors, we grew large-

scale Cu native oxide in ambient conditions without the use of any of the above-

complicated processes and treatments. The CuNOx sensor fabrication method is a simple 

approach that more easily creates sweat sensors suitable for mass production. In terms of 

reproducibility, CuNOx sensors RSD of the peak oxidation current is 5.99% for 0.1 mM 

glucose, whereas 7.50%, 4.22%, and 5.13% are figures for sensors reported in Ref [391], 

Ref [376], and Ref [461], respectively. Moreover, the RSD is 3.50% for the sensors in Ref 

[398] for 1 mM glucose which is 2.67% for our sensors. The excellent reproducibility and 

long-term stability of CuNOx sensors could be endorsed to the chemical stability of Cu 

native oxide layers in the alkaline solution [392] and used in long storage times for routine 

applications.  

4.3.8 CuNOx Towards Wearable Applications 

The sensor is applicable for sensing human sweat glucose beyond the range of 0.05 to 

7 mM. The sweat could be collected from subjects during ergometer-based cycling exercise 

and then used in an alkaline solution to apply CV [463] for the glucose reading. For real-

time monitoring of sweat glucose, a wearable sweat glucose sensor platform with 

microfluidic components such as reservoirs and channels, and electrochemical sensing 

electrodes can be developed. In this platform, microfluidic channels and reservoirs route 

spatially split and deliver sweat samples to the sensing electrode [464]–[466]. The sweat 

can be generated by applying current to the sweat extraction electrode, which is widely 
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known as iontophoresis [467]. Biocompatible elastomers such as PDMS with defined 

orifices with an iontophoretic component for sweat collection to deliver sweat to an inlet 

of the microfluidic reservoir can be fabricated. The reservoir can be separated by a valve 

from that of the CuNOx sensing electrode with 0.1 M NaOH solution. The passive valve 

will allow one-directional sweat flow towards the reservoir so that the human skin will be 

protected from an alkaline environment. Electronic control circuits can be integrated into 

the system to implement an effective sweat glucose monitoring system.  

4.4 Conclusion 

This paper reports the electrochemical sensing behavior of naturally grown Cu native 

oxide (CuNOx)-based sensing electrodes for high-performance nonenzymatic sweat 

glucose sensors. To grow stable Cu native oxide layers, we kept commercially available 35 

μm thick Cu foils in ambient conditions of a 10000-class clean room for more than two 

years. We investigated the chemical bonding states using XPS to identify the stability of 

the oxide layers. The peak-fitting of high-resolution XPS spectra of the Cu-oxides for O1s, 

see Fig. 4-2. (c), showed almost zero intensity for water, H2O, bonding states meaning the 

stable Cu-oxide layers are not prone to further growth of oxide layers. To gain further 

insights into the structural integrity of the Cu-oxides, we investigated them by using an 

HRTEM. This is the first time we observed that the oxide layer can be grown to 10 nm (in 

[401], 6.7 nm for 112 days) or more without any external energy like heat. The growth of 

the oxides is not uniform, and structural defects of the foil can accelerate the growth of the 
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oxides. The HRTEM FFT data also shows that the growth of CuO is ultra-thin compared 

to Cu2O layers. 

We developed a facile and low-cost fabrication method to fabricate the sensing 

electrode, which does not need any chemical and mechanical pre-and post-processing. In 

this method, the Cu thin film with native oxides was attached with electrical grade tape. 

For analyzing the electrochemical sensing performances of the CuNOx sensors for glucose 

sensing, we have compiled a complete (possible) set of reduction-oxidation (Redox) 

reactions of Cu oxides with supporting electrolyte (NaOH, basically OH- ions). Moreover, 

the electro-oxidation reactions of glucose on the surface of the CuNOx electrode are given 

explicitly in Scheme 1. This has happened for the first time in the history of nonenzymatic 

electrochemical glucose sensors. Then, we discovered two phenomena: (1) the peak 

oxidation currents of different glucose concentrations and the associated oxidation 

potentials are exponentially related, and (2) the applied potential at which the peak 

oxidation current of glucose occurred is growing logarithmically with the concentrations 

of the glucose (see Fig. 4-7. (a), and Fig. 4-7. (b)). We explained the possible reasons for 

the phenomena with details from the basics of the electrochemical cell properties; the 

interface, the depletion region, and the diffusion-driven as well as the "mass-transfer-

limited" species movement.     

For the first time, we presented that naturally grown Cu native oxides layer is better as 

a glucose sensor in some respects for the sweat glucose and beyond range, 0.05 to 7 mM. 

The CuNOx sensors exhibited a sensitivity of 603.42 μA mM−1 cm−2. The straightforward 

sensor fabrication makes it a better sensor among the nonenzymatic electrochemical 
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glucose sensors based on the Cu/Cu2O/CuO materials than ever reported in the literature. 

Also, the CuNOx sensors showed outstanding stability of more than one year of self-life, 

kept in ambient conditions without any special treatment and precautions. Moreover, the 

sensors demonstrated excellent reproducibility and reusability, while exhibiting negligible 

interference effects in the presence of acetaminophen, dopamine, ascorbic acid, uric acid, 

cysteine, KCl, and NaCl. The CuNOx sensors are suitable for further miniaturization for 

flexible packaging for wearable applications. The overall characteristics show that the 

CuNOx sensors may be an excellent choice for an extremely inexpensive and truly simple 

way of fabricating for sensing sweat glucose beyond the 0.05—7 mM range. In this paper, 

we focused on the development of CuNOx-based nonenzymatic glucose sensors; future 

research will test these sensors in real world applications with human sweat. 
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Chapter 5 

High Performance Nonenzymatic Electrochemical 

Sensors via Thermally Grown Cu Native Oxides 

(CuNOx) Towards Sweat Glucose Monitoring 

This chapter is part of our work submitted for consideration for publication as ‘M Maksud Alam, 

and Matiar M. R. Howlader,” High performance nonenzymatic electrochemical sensors via 

thermally grown Cu native oxides (CuNOx) towards sweat glucose monitoring.” Analyst 

(September 2023), DOI: 10.1039/D3AN01153D.’ 

 

Diabetes, the seventh leading cause of death globally, requires real-time blood 

glucose monitoring, which is often an invasive process. An alternative is sweat glucose 

monitoring, typically using transition metals and their oxides as sensors. Despite their 

excellent surface-to-volume ratio, these metals present issues such as poor conductivity, 

structural collapse, and aggregation. Therefore, the choice of highly electroconductive 

materials and optimization of nanostructures are critical. In this work, we have developed 

a high-performance, low-cost, nonenzymatic sensor for sweat glucose detection, using the 

thermally grown native oxide of copper (CuNOx). By heating Cu foil at 160, 250, and 280 

ºC, we grew a native oxide layer of approximately 140 nm cupric oxide (CuO), which is 

excellent for glucose electrocatalysis. Using cyclic voltammetry, we found that our CuNOx 

sensors prepared at 280 ºC exhibited a sensitivity of 1795 μA mM−1 cm−2, a linear range up 

to the desired limit of 1.00 mM for sweat glucose with excellent linearity (R2 = 0.9844), 
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and a lower limit of detection of 135.39 μM. In glucose sensing, the redox couple 

Cu(II)/Cu(III) oxidizes glucose to gluconolactone, then eventually to gluconic acid, 

resulting in an oxidation current in an alkaline environment. We achieved excellent 

repeatability and stability (stable for over 1 year) with a relative standard deviation (RSD) 

of 2.48% and 4.17%, respectively, for 1 mM glucose. The selectivity with common 

interferants found in human sweat and blood showed an RSD of 4.32%. We believe that 

the electrocatalytic efficacy of thermally grown CuNOx sensors for glucose sensing can 

open up new prospects in the fabrication of sweat glucose sensors. 

5.1 Background 

Diabetes is a chronic disorder caused by uncontrolled blood sugar, which results from 

either ineffective use or deficiency of insulin in the body. This disease can lead to blindness, 

kidney failure, heart attacks, strokes, and severe damage to the nerves and blood vessels, 

making it the seventh leading cause of death worldwide. According to the World Health 

Organization, diabetes directly caused an estimated 1.6 million deaths in 2016 [28]. It has 

been reported that illnesses associated with metabolic syndrome, including diabetes, act as 

comorbidities, putting additional strain on the organ systems affected by COVID-19 

[30],[31],[32]. Therefore, early detection of diabetes through glucose monitoring is crucial 

to prevent complications caused by low blood glucose and can save lives. Although blood 

is the gold-standard glucose biomarker, its extraction is invasive, and regular blood 

harvesting can lead to infections. In contrast, sweat has gained growing interest in glucose 

sensing due to the non-invasive nature of its extraction processes [362].  
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Various noble metals (Au, Pt), non-noble metals (Co, Cu, Fe, Mn, Ni, Pd, V, Zn), metal 

oxides (Ag2O, CoO, Co2O3, Co3O4, CuO, Cu2O, Fe3O4, MnO2, M3O4, NiO, RuO2, ZnO), 

metal hydroxides, sulfides, phosphides, alloys, and complexes have been studied 

extensively for use as electrocatalysts in non-enzymatic electrochemical glucose biosensors 

[468],[469]. Noble metal sensing electrodes are expensive and susceptible to chloride 

poisoning [83]. Ni and its compounds are promising due to their excellent electrocatalytic 

activities, but they have stability issues in changing pH environments and poor electro-

conductivity [468] due to the formation of oxides and hydroxides [83]. However, new 

substrates, such as CNTs [470]–[473], graphene[474], other and carbon substances [475]–

[478] can enhance their electron transfer capabilities. Co-based catalysts are efficient and 

economical. Their reversible or quasi-reversible redox properties make them suitable for 

glucose electrocatalysis [468], but bulk Co and its oxides suffer from poor performance 

and lack of active electrocatalysis sites [362]. Co-based nanostructures also have a problem 

with structural collapse. Conductive supports like CNTs [479], [480], graphene[481]–

[484], carbon matrices[485], conducting polymers [486], and high-conductivity metals 

[487] have been investigated to enhance their properties.  

Another commonly used metal oxide is β-MnO2, which has excellent chemical stability 

among 𝛼-, 𝛽-,𝛾-, 𝜀-, and 𝜆-MnO2. It can receive electrons from glucose and catalyze their 

electro-oxidation, but its low electronic conductivity and the tendency for nanostructures 

to aggregate pose challenges [468]. Techniques such as nitrogen doped graphene (NG) 

[488], modified graphene nanofibers [489] have been explored to improve conductivity and 

prevent aggregation [488]. While metallic Fe is unstable in air, Fe-oxides such as FeO, 
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Fe2O3, and Fe3O4 are effective electron mediators due to the reversible redox pair of 

Fe(III)/Fe(II) with good performance in neutral pH conditions [468]. Fe3O4 nanostructures 

can directly electro-catalyze glucose oxidation, providing direct channels for electron 

transfer and reversible aggregation [468]. ZnO, despite its excellent properties and ease of 

synthesis [448], is rarely used for non-enzymatic glucose catalysis due to its poor electronic 

conductivity [362] and the need for a high operational potential [362], which can interfere 

with interferents, such as ascorbic acid (AA) and uric acid (UA), in output signals [490]. 

Transition metals and their oxides used for glucose sensing often suffer from poor 

electronic conductivity, structural collapse, and aggregation during synthesis. 

Copper oxide nanomaterials are attractive for nonenzymatic glucose sensors due to their 

relatively stable electroanalysis and excellent catalyst behavior [6]. Previous investigations 

have replicated the similar redox reaction pattern of Ni for Cu-based electrode surfaces, 

exhibiting Cu(II)/Cu(III) transitions during glucose electro-oxidation in an alkaline 

environment [8], [39]. Two types of copper oxides exist: cuprous oxide (Cu2O) and cupric 

oxide (CuO), both of which are p-type semiconductors due to copper vacancies in their 

lattice [40]. Several methods have been investigated to boost the electroconductivity of 

copper oxide nanomaterials in glucose electrodes, including the use of diverse structures 

like porous films, nanowires, hybrid nanocomposites, and nanoflowers to increase the 

active surface area for glucose electro-oxidation [39]. However, these structures present 

electron transport challenges due to high lattice mismatch [48]. Improving the interface 

contact between the highly electrocatalytic material and the current collector is vital for 

enhancing electrode conductivity and taking full advantage of electroactive substances [6]. 
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An effective method to improve conductivity is to use native copper oxides (CuXO) as the 

active catalytic electrode surface and copper thin films under CuXO as the current collector. 

This concurrently provides good conductivity for electron transport during glucose 

biosensing, as shown in previous work [39]. However, to achieve a stable copper oxide 

layer, the native oxide layers must be grown on thin Cu foils kept at ambient conditions for 

over two years, which presents a significant challenge in using native stable CuXO as 

glucose sensors. 

In this work, we have developed a simple, facile, and robust fabrication process for 

glucose sensors. This process involves thermally growing CuNOx on commercially 

available Cu thin foils at temperatures of 160, 230, and 280 ºC. This approach offers several 

advantages over earlier methods, including a significant reduction in the time required to 

establish a stable copper oxide layer (from two years to less than eight hours). It also results 

in a 14-fold increase in the thickness of the layer (from roughly 10 nm to 140 nm) and 

transforms the surface into a highly stable and efficient glucose catalyst CuO with larger 

crystal structures. The thermally grown CuNOx sensing electrodes demonstrated excellent 

performance in the presence of some interferants in sweat (0.05 – 1.00 mM) and blood 

(1.00 – 7.00 mM) with twin calibration curves. They offer the best trade-off between 

sensitivity and the fabrication process compared to other Cu/Cu2O/CuO-based glucose 

sensors. 
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5.2 Experimental Procedure 

5.2.1 Chemical & Reagents 

D-(+)-glucose (Dextrose, C6H12O6, ≥ 99.5%), Sodium Hydroxide (NaOH, ≥ 98%), 

Acetaminophen (APAP, CH3CONHC6H4OH, ≥ 99%), Dopamine Hydrochloride (DA, 

(HO)2C6H3CH2CH2NH2·HCl), L-Ascorbic Acid (AA, C6H8O6, ≥ 99.0%),  ric Acid ( A, 

C5H4N4O3, ≥ 99%), L-Cysteine (Cyst., HSCH2CH(NH2)CO2H, ≥ 97%), Sodium Chloride 

(NaCl, ≥ 99.5%), and Potassium Chloride (KCl, ≥ 99%) were purchased from Sigma-

Aldrich. A 35 µm thick Cu foil was also purchased from Sigma-Aldrich. All the chemical 

reagents used in our research are of analytical grade and were used without further 

purification. All solutions were prepared with 18.2 MΩ.cm deionized (DI) water, which 

was prepared by deionized water of resistivity 18.2 MΩ.cm from an ELGAPurelab Ultra 

Water Purifier, at 25 ± 2 °C. 

5.2.2 Formation of Thermally grown Native Oxide of Copper & Electrode 

Preparation 

Under ambient conditions (dry, room temperature, normal pressure, and humidity), a 

storage time of 2 years is required to grow a stable Cu2O layer of approximately10 nm on 

the Cu thin foil [97]. In this research work, one of our main intentions was to reduce the 

excessively required time to obtain native oxide layers. Moreover, various studies have 

shown that the deposition of copper oxide thin films at room temperature results in the 

Cu2O phase; however, subsequent annealing process transform them to the CuO phase at 

higher substrate temperatures [491], [492].  
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(h) 

Fig. 5-1. Schematic representation of the working electrode preparation. (a) The as-

received thin Cu foil at room temperature and pressure (RTP); (b) The foil supported by a 

thermal insulator to protect it from metal contact in the oven; (c) The laboratory oven, 

which can be used up to 300˚C; (d) The Cu thin foil after annealing at 160, 230, and 280˚C. 

The electrode preparation steps (e), (f), and (g) are the same as shown in our previous work 

[97]; (h) The temperature profile for annealing the Cu thin foil. 

Previous investigations have shown that Cu-oxide films deposited by chemical vapor 

deposition on a 300˚C heated substrate contain mixed phases of Cu2O and CuO [493]. In 

contrast, Cu-oxide films deposited by ion beam sputtering on a 200˚C heated substrate 

consist of only the CuO phase [494]. Moreover, the formation of the CuO phase in the as-
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deposited film is a stable phase for temperatures below 300˚C, regardless of the partial 

pressure of oxygen [495]. From thermodynamic considerations, the Gibbs free energy for 

the oxidation of Cu2O to CuO at a temperature of 200 ˚C is -3.73 kcal/mol. Therefore, the 

formation of CuO phase in the as-deposited copper oxide thin film is reasonable, and no 

Cu2O phase is observed in this film, as thermodynamically expected [496]. 

We prepared the sensing electrode using the thermally grown CuO on the as-received 

Cu thin foil. This CuO layer is highly electrocatalytic to glucose electro-oxidation in the 

presence of 0.1 NaOH. We used commercially available 35 µm thick Cu thin foils and 

annealed them at different temperatures, such as 160, 230, and 280˚C. The CuO phase, once 

formed, is insensitive to higher temperature ranges, specifically between 300 - 600˚C [495]. 

Annealing above 300˚C affects only the crystal quality, altering size and microstrain [495]. 

The largest crystallite size was observed at an annealing temperature of 600˚C [495]. This 

can be attributed to the thermal energy produced by annealing, which results in the 

formation of larger crystallites [495]. It is clear that the crystallite size can be simply 

controlled by varying the post-deposition annealing temperature [495]. Hence, we utilized 

an exponentially increasing and decreasing temperature profile, as depicted in Fig. 5-1(h), 

primarily to amplify the thermal energy while ensuring that the peak temperature doesn't 

exceed 280˚C. The rationale behind this specific profile lies in its ability to offer enhanced 

thermal energy - effectively, the thermal energy corresponds to the area under this profile 

curve. Furthermore, the gradual rise and fall in temperature in this profile are believed to 

favorably influence the growth of the oxide layer and its crystallite structure, thus leading 

to a more consistent and well-defined oxide formation. It's essential to highlight that the 
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varying time for different temperature intervals isn't an arbitrary choice but stems from the 

built-in function of the laboratory oven, as illustrated in Fig. 5-1(c). In mathematical terms, 

the oven requires a longer duration to achieve higher temperatures when following an 

exponential profile, and the same is true when the temperature is gradually decreasing. 

5.2.3 Electrochemical Sensing Method 

Electrochemical measurements, including cyclic voltammetry (CV), were performed 

using a three-electrode PalmSens EmStat 3 potentiostat with PSTrace 4.8 software. All 

experiments were conducted at room temperature (25 ± 2 °C) using a platinum (Pt) wire as 

a counter electrode and a silver (Ag) wire coated with silver chloride (AgCl), widely known 

as Ag/AgCl electrode, as a reference electrode. Both counter and reference electrodes were 

purchased from CH Instruments Inc. USA. The working electrode, with a length of 2 cm 

and width of 0.5 cm (sensing surface area of 1 cm2), was prepared for electrochemical 

measurements of glucose oxidation. The working electrode was evaluated as a glucose 

sensor in an aqueous of 0.1 NaOH solution. No special procedure, such as cleaning or 

stirring was performed before each electrochemical measurement.  Each experiment was 

simply conducted by immersing the working electrode in the glucose aqueous solution, 

combined with the NaOH alkaline solution. The glucose analyte was prepared by adding a 

specific amount of glucose to deionized (DI) water. This base aqueous glucose solution 

was then used to prepare a 50 mL analyte by adding 0.1 M NaOH solution and solutions of 

each interferent at specific concentrations. Our next focus will be on actual sweat. 
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5.3 Results and Discussion 

5.3.1 Chemical Elemental Characterization  

We investigated the chemical elemental species of thermally grown Cu native oxide 

electrodes using XPS to examine the compositions and the role of the electronic bonding 

states of the electrodes at the as received (25˚C), and at 230˚C, and 280˚C. Figure 5-2(a) 

shows the representative wide scan XPS survey spectra of the electrode surfaces, including 

the metallic and oxide phases, in the binding energy range of 0—1000 eV. The wide scan 

XPS survey spectra of the electrodes at as-received (25˚C), 230˚C, and 280˚C are virtually 

identical to each other. The survey confirms the Cu core level doublet peaks of Cu2p1/2 and 

Cu2p3/2 around 952.0 and 932.0 eV, respectively, with a spin-orbit splitting of 20 eV. In 

addition, the copper core level peaks of Cu3s at 122.0 eV, Cu3p at 75.0 eV, and Cu3d at 3.0 

eV, as well as the peak of oxygen, O1s, at 532.0 eV, are found to be in better agreement 

with previously published scholarly work. Contaminants, such as carbon (C1s), argon 

(Ar2s), and palladium (Pd3d, and Pd4d5) are also observed on the surfaces of the electrodes 

around 285, 316, 337, and 415 eV, respectively. This is in good agreement with the values 

reported in the literature [97], [407], [495], [497]. The strong oxygen and carbon peaks in 

Fig. 5-3(a) and (b) are adventitious oxygen and carbon peaks that occur due to the reaction 

of copper with atmospheric oxygen and contamination from air-formed film on the surface 

[409], [410]. The wide scan survey also indicates the existence of Cu2+ ions through the 

satellite peaks on the high binding energy side of the main peaks, which correlate with the 

open 3d9 shell of Cu [411]. 
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(a)  

 
(b)                                                            (c)                                                                      (d) 

Fig. 5-2. (a) Wide scan XPS spectrum, along with the deconvolved high-resolution narrow scan for 

Cu2p3/2 of (b) as received copper oxide thin films (at 25˚C), (c) those annealed at 230˚C, and (d) those 

annealed at 280˚C, utilizing the temperature profile shown in Fig. 1(h). 

The high-resolution spectra of Cu2p3/2 and associated shake-up satellites, located about 

8 eV and 10 eV binding energies higher than the main Cu2p peak, are presented in Fig. 5-
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2(a), (b), and (c). These figures show the electrodes with curve-fitting components for the 

as received (25˚C), and for annealed copper oxide thin films at 230˚C, and 280˚C, 

respectively. The deconvolved components were achieved using the Gauss-Lorentz (70–

30%) method [412] and XPSPEAK41 software. Since the relative shift of Cu and Cu2O 

peaks in binding energy is minuscule, only 0.13 eV, both grouped together at 932.44 eV 

[401], [415], [416]. As shown in Fig. 5-2(b), (c), and (d), the different chemical states of 

the electrode are deconvolved as Cu + Cu2O at 932.44 eV, CuO at 933.7 eV, and Cu(OH)2 

at 935.5 eV, respectively [495].  

Table 5-I: Peak fitting parameters and percentage relative concentrations for copper oxide thin films 

in their as received state (25˚C), and after annealing at 230˚C and 280˚C, using the temperature profile 

shown in Fig. 5-1(h). 

Peak Fitting Parameters  
As-received 25˚C Annealed at 230˚C Annealed at 280˚C 

Cu+Cu2O CuO Cu(OH)2 Cu+Cu2O CuO Cu(OH)2 Cu+Cu2O CuO Cu(OH)2 

Binding Energy (eV) 932.44 933.7 935.5 932.44 933.7 935.5 932.44 933.7 935.5 

FWHM (eV) 1.25 1.25 1.25 2.3 2.3 2.3 2.5 2.5 2.5 

Relative Concentration (%) 64.35 31.92 3.73 25.02 52.5 22.48 7.13 71.67 21.2 

 
The peak deconvolved data of Cu2p3/2, as shown in Fig. 5-2. (b), cb), and (d), are 

presented in Table 5-I. The percentage relative concentrations for Cu + Cu2O, CuO, and 

Cu(OH)2 are calculated using equations (5-1), (5-2), and (5-3), respectively [495]. Here, 

𝐴[𝐶𝑢+𝐶𝑢2𝑂] represents the area under the curve of 𝐶𝑢 + 𝐶𝑢2𝑂, and so on. 

∴ %[𝐶𝑢 + 𝐶𝑢2𝑂]

=
𝐴[𝐶𝑢+𝐶𝑢2𝑂]

𝐴[𝐶𝑢+𝐶𝑢2𝑂] + 𝐴[𝐶𝑢𝑂] + 𝐴[𝐶𝑢(𝑂𝐻)2] + 𝐴[𝑆𝐴𝑇1] + 𝐴[𝑆𝐴𝑇2]
× 100%   (5 − 1) 

∴ %[𝐶𝑢𝑂] =
𝐴[𝐶𝑢𝑂] + 𝐴[𝑆𝐴𝑇1] + 𝐴[𝑆𝐴𝑇2]

𝐴[𝐶𝑢+𝐶𝑢2𝑂] + 𝐴[𝐶𝑢𝑂] + 𝐴[𝐶𝑢(𝑂𝐻)2] + 𝐴[𝑆𝐴𝑇1] + 𝐴[𝑆𝐴𝑇2]
× 100%       (5 − 2) 
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∴ %[𝐶𝑢(𝑂𝐻)2]

=
𝐴[𝐶𝑢(𝑂𝐻)2]

𝐴[𝐶𝑢+𝐶𝑢2𝑂] + 𝐴[𝐶𝑢𝑂] + 𝐴[𝐶𝑢(𝑂𝐻)2] + 𝐴[𝑆𝐴𝑇1] + 𝐴[𝑆𝐴𝑇2]
× 100%   (5 − 3) 

However, the satellite peaks are due to the partially filled d9 shell configuration of CuO, 

while such peaks are absent for Cu2O due to its fully filled d10 shell [498]. The electronic 

structure of Cu2O and CuO is further explained in [47]. As the satellite peaks are known to 

be characteristics of CuO phase, the area under these peaks is used to calculate the 

percentage of CuO [495]. The ratio of relative concentration of Cu+ (Cu2O) to Cu2+ (CuO) 

on the surface of the as-received electrode is 2.02, which suggests the simultaneous 

formation of Cu2O, and CuO [495]. This growth of these oxides at ambient conditions over 

time is well supported by published scholarly articles [39]. Moreover, the surface of the Cu 

thin films at ambient conditions is predominantly rich in Cu2O. Threfore, this spontaneous 

formation of native Cu2O at ambient conditions on the Cu thin films implies that the change 

in Gibbs’ free energy, ∆𝐺, as shown in equation (5-4), is negative for Cu2O formation. 

Here, ∆𝐻 is the change in enthalpy, ∆𝑆 is the change in entropy, and 𝑇 is the absolute 

temperature [495]. 

∆𝐺 = ∆𝐻 − 𝑇(∆𝑆)                                                                                                             (5 − 4)  

The oxidation process of Cu thin films to native Cu2O at ambient conditions is governed 

by the diffusion kinetics of O2 through the surface oxide layer, known as the reaction-

limited growth regime [495]. At ambient conditions, the change in Gibb’s free energy, ∆G, 

is positive, implying the absence of sufficient chemical activation energy to facilitate Cu2O 

growth. However, as annealing temperature ascends, enhanced diffusion kinetics, 

attributable to thermal energy, initiate the oxidation process. As a result, the change in 
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Gibb’s free energy turns negative around 160˚C, paving the way for further growth of Cu 

oxide layers.  

  
(a) Peak fitting O1s 

     
(b) Peak fitting C1s 

Fig. 5-3. Peak fitting of (a) O1s, and (b) C1s of the electrodes of as-received (25˚C), 

annealed at 230˚C, and 280˚C (from left to right). 

As evident from Fig. 5-2(c), 5-2(d) and Table 5-I, the ratios of relative concentration 

of Cu+ (Cu2O) to Cu2+ (CuO) on the electrode surfaces at 230˚C, and 280˚C, relative to the 

as-received electrode, stand at 0.48, and 0.01, respectively. Thus, at temperatures like 
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230˚C and 280˚C, CuO formation skyrockets. Furthermore, at the 280˚C annealing 

temperature, a negligible amount of Cu+Cu2O is present on the surface of the electrode, 

indicating a lack of coexistence between metallic Cu and CuO. Therefore, it is clear that 

oxide growth at higher temperatures is purely dominated by the oxidation temperature, 

rather than the growth kinetics [495].   

The prominent peaks of the O1s spectrum, shown in Fig. 5-3(a), correspond to 

Cu2O+CuO, Cu(OH)2+OH-, and H2O, with binding energies of 530.60, 531.80, and 533.00 

eV, respectively. This is in good alignment with the findings of Platzman et al. [401]. The 

first peak, which represents Cu2O+CuO for all cases, shows an increasing trend, aligning 

with the data from the oxides of Cu2p3/2 peaks. The second peak can be attributed to 

Cu(OH)2+OH- groups, which form a wetting layer due to the high relative humidity at room 

temperature conditions and are observed in the Cu2p3/2 spectra [401]. The area of the 

Cu(OH)2+OH- peak increases on the electrode surface at 230˚C, as illustrated in Fig. 5-

3(a), but diminishes at 280˚C. This phenomenon could be the result of the formation of a 

thicker oxide layer at 280˚C. A similar effect is observed for the low-intensity peak of the 

H2O wetting layer.  

The deconvolved C1s spectra, shown in Fig. 5-3(b), reveal three chemical bonding 

states on the Cu oxides surface: C – C, C – O – C, and O – C = O with binding energies of 

284.80, 286.00, and 288.58 eV, respectively [499]. The areas of the C – C state at 25˚C, 

230˚C, and 280˚C are 3421.89, 6004.88, and 6511.35, respectively. On the other hand, the 

areas under the curve of the C – O – C state at 25˚C, 230˚C, and 280˚C are 2062.61, 



Ph. D. Thesis – M Maksud Alam      McMaster University – Electrical and Computer Engineering 

155 
 

3406.13, and 2347.57, respectively. Additionally, the peak fitting graph indicates that the 

areas under the O – C = O state at 25˚C, 230˚C, and 280˚C are 678.71, 4002.92, and 

1807.05, respectively. At 230˚C, the area of all the three components of carbon bonding 

states increases, which could be due to the carbon available in the air in the oven interacting 

with the O2 rich wetting surface of the electrode. Interestingly, at 280˚C, only the area of C 

– C increases, while for other two components decrease. Most likely, as the temperature 

further increases towards 280˚C, the bonds between carbon and oxygen in C – O – C and 

O – C = O break. Consequently, O2 diffuses deeper to create oxides, leaving only the C – 

C state on the surface, as illustrated in Fig. 5-3(b).  

 

5.3.2 Morphological and Structural Characterization 

High-resolution transmission electron microscopy (HRTEM) has been used to examine 

the Cu oxide thin films annealed at 280˚C, offering further insight into the morphology and 

structural features of the sensing electrodes. Fig. 5-4(a) shows the oxide growth is almost 

uniformly distributed on the Cu metal surface. This homogeneous formation of the oxide 

layers is opposite to the previous findings of thin films stored under ambient conditions 

[97], [401]. The growth of the oxide layer on Cu thin films in ambient conditions, however, 

is contingent upon lattice defects, microstructure, and surface morphology of the Cu films 

[401], [405]. Fig. 5-4(b) shows a typical surface morphology of a Cu thin film annealed at 

280˚C with a homogeneous oxide layer. This may be attributable to the considerable 

diffusion kinetics of O2, driven by high thermal energy from the annealing temperature 

profile shown in Fig. 5-1(h) at 280˚C. In the case of Cu thin films kept under ambient 
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conditions, the native oxide layers can grow to exceed 6.7 nm and 10 nm over 112, and 730 

days, respectively[97], [401]. On the other hand, it is feasible to grow a 137 nm oxide ayer 

in under 8 hours utilizing the temperature profile shown in Fig. 5-1(h).  

Fig. 5-4(c), and (d) present the energy dispersive X-ray spectroscopy (EDS) mapping 

of the native Cu oxide surface under ambient conditions. Fig. 5-4(c) reveals that the oxides 

layer contains quantity of O2, while the presence of metallic Cu is lesser. The EDS and XPS 

results corroborate each other, in line with previous studies [97]. Fig. 5-4(h), and (i) depict 

the Fast Fourier transform (FFT) of the dotted portion in Fig. 5-4(g), and (k), respectively, 

illustrating the existence of crystal Cu metal, single crystal Cu2O, and twin crystalline CuO 

in the HRTEM image of the electrode. Furthermore, it is evident that CuO heavily 

dominates the created crystalline structure due to high thermal energy. Therefore, the thin 

Cu lattice spacing measures 0.17 nm along the (200) plane. The inter-planar spacing of 

Cu2O, however, measures 0.21 nm along the (200) plane, as shown in Fig. 5-4(h), and (i), 

which aligns well with prior results [97], [427]. The d spacings of CuO are 0.27 nm and 

0.29 nm, which correspond to the (110) plane [429], [430]. The intensity difference 

between Cu2O and CuO FFT data clearly indicates that the CuO width is significantly 

thinner than Cu2O, a finding that aligns closely with other experimental data [401], [405]. 
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Fig. 5-4. HRTEM image of the electrode annealed at 280˚C presents (a) nearly uniform 

growth of Cu oxides, (b) an enlarged version of the dotted portion in (a), (c) EDS image of 

(a) showing Cu distribution, (d) EDS image of (a) showing O distribution, (e) an enlarged 

version of the dotted portion in (b), (f) the annular bright-field (ABF) image of (e), (g) an 

enlarged version of the dotted portion in (f), (h) FFT image of the dotted portion in (g), (i) 

an image of the oxides layer from a different part of the thin film, (j) an enlarged version 

of the dotted potion in (i), (k) an enlarged version of the dotted portion in (j), and (l) FFT 

image of the dotted portion in (k). 
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5.4 Cyclic Voltammograms and calibration curves 

The electrochemical behavior of the thermally grown Cu native oxide (CuNOx) 

electrodes has been systematically investigated for glucose sensing. The various accessible 

oxidation states of Cu, namely Cu(0), Cu(I), Cu(II), and Cu(III), make it an outstanding 

electrocatalytic transition metal, capable of facilitating reactions through both one- and 

two-electron pathways [82]. The electrode was electrochemically characterized for glucose 

electro-oxidation in 0.1 M NaOH alkaline solution with the aim of achieving a higher peak 

current at a lower potential, as well as reducing the background noise of glucose electro-

oxidation [83]. Details of the electrocatalytic reactions and explanations for associated 

peaks have been provided in our previous work, referenced in [97].  
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(c)                                                                                 (d) 

Fig. 5-5. Cyclic voltammograms of the CuNOx electrode after annealing at (a) 160 ˚C and 

(b) 280 ˚C captured at a 30 mVs-1 scan rate. Calibration curves (C) Sweat, and (D) Blood 

glucose concentrations using the CuNOx electrodes annealed at 25, 160, 230, and 280˚C. 

5.4.1 Sensitivity and LOD  

Fig. 5-5(c) shows the cyclic voltammetric calibration curves of the CuNOx electrodes 

prepared at 25, 160, 230, and 280˚C for glucose sensing. While the calibration curves for 

25˚C, and 160˚C exhibit a single linear region, dual linear regions appear for the electrodes 

prepared by annealing at 230˚C, and 280˚C. Given that the sensitivities of the CuNOx 

electrode at 280˚C for both regions are higher, further study is conducted on the calibration 
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curve of this CuNOx electrode. The calibration curve for the CuNOx sensors annealed at 

280˚C for sweat and blood glucose sensing exhibits two linear regions in the ranges of 

0.05—1.00 mM and 1.00—7.00 mM, respectively [500]. This span encompasses the sweat 

glucose concentration for healthy and diabetic individuals between 0.277 and 1.11 mM 

[94], [98], as well as the range of blood glucose concentration for healthy individuals, 

which is between 4.90 and 6.90 mM [97]. Hence, for the first time, we have defined the 

glucose concentration range from 0.050 mM to7.00 mM as pertaining to sweat glucose and 

beyond. In Fig. 5-5(d), linear regressions have been performed for both the sweat and blood 

glucose ranges, and can be represented as follows: 

𝐹𝑜𝑟 𝑆𝑤𝑒𝑎𝑡:              𝐼𝑝𝑎(𝜇𝐴) = 1795 𝐶(𝑚𝑀) + 239.57        [𝑅
2 = 0.9824]            (5 − 5) 

𝐹𝑜𝑟 𝐵𝑙𝑜𝑜𝑑:              𝐼𝑝𝑎(𝜇𝐴) = 727.8 𝐶(𝑚𝑀) + 1272.8        [𝑅
2 = 0.9997]            (5 − 6) 

 

From equation (5-5), the estimated sensitivity of the CuNOx electrode annealed at 280˚C 

is 1795 µA mM-1 cm-2 (or 1.795 µA µM-1 cm-2). The sensitivity of the CuNOx electrode 

for sweat glucose sensing is 603.42 µA mM-1cm-2 at 25˚C, and 1795 µA mM-1 cm-2 at 

280˚C. Hence, the sensitivity increases nearly three-fold (approximately 2.97) with a 

regression coefficient of 0.9824. On the other hand, equation (5-6) estimates the sensitivity 

for blood glucose sensing to be 727.8 µA mM-1 cm-2, with a regression coefficient of 

0.9997. The limit of detection (LOD) was estimated using equation (5-7), where s is the 

standard deviation of the blank solution, m is the slope of the calibration curve, and k (=3) 

is the multiplying factor [112]. As sweat glucose detection is the primary concern, the 

parameters from equation (5-5) are employed. 

𝐿𝑂𝐷 =
𝑘𝑠

𝑚
=
3𝑠

𝑚
                                                                                                               (5 − 7) 
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The measured standard deviation of the blank solution is 81.01 µA, and the signal-to-noise 

ratio is S/N = 3. The estimated LODs for sweat and blood glucose detection are 135.39, 

and 333.92 µM, respectively. 

5.4.2 Effect of Annealing Temperature on Peak oxidation Current & 

Potential 

Fig. 5-6(a) shows the cyclic voltammograms of sensing 7.00 mM glucose in a 0.1 M 

NaOH alkaline environment at a 30 mVs−1 scan rate, using the CuNOx electrodes annealed 

at 25, 160, 230, and 280˚C, following the temperature profile shown in Fig. 5-1(h). In Fig. 

5-6(a), it is noteworthy to observe the electro-oxidation currents beyond −0.3 V. There is 

not much difference between voltammograms of the CuNOx at 25 and 160˚C. This may be 

since up to the 160˚C annealing temperature, the surface oxide layer is dominated by the 

Cu2O phase [97]. Since the surface oxide layer for CuNOx at both 230 ˚C and 280˚C is 

dominated by CuO, as confirmed by XPS and HRTEM data, the electro-oxidation currents 

increase significantly.  

Moreover, the initial peak for the oxidation current for the 25 ˚C and 160˚C-treated 

electrodes is around +0.03 V, whereas the potential is around −0.1 V for the 230 ˚C and 

280˚C electrodes. This can be explained by the electronic properties of CuO and Cu2O. 

Cu2O has direct band gaps between 2.0 and 2.17 eV at room temperature, 25 °C, while CuO 

has an indirect bandgap of 1.2 eV to 1.9 eV [97], [369], [370]. The lower bandgap energy 

makes CuO more electro-conductive than Cu2O.  On the other hand, the difference in 

oxidation current between the 230˚C and 280˚C-treated electrodes could be due to the larger 
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crystalline structure and grain size of CuO on the surface of 280˚C annealed electrode, a 

fact also supported by other studies [495], [501].  

Fig 5-6 (b) depicts the relationship between the peak electro-oxidation currents of 7.00 

mM glucose oxidations and the associated oxidation potentials, as shown in Fig. 5-6(a), 

with the annealing temperatures of the electrodes. The electro-oxidation currents and 

associated potentials increase with the annealing temperatures of the electrodes. 

Furthermore, Fig. 5-6(c) determines the precise relationship between the peak electro-

oxidation currents of 7.00 mM glucose and the associated oxidation potentials. Fig. 5-6(c) 

reveals that the peak electro-oxidation currents and their potentials are linearly related to 

the square root of the temperature, √T. Therefore, if a higher electro-oxidation current is 

needed, the electrode must be annealed at a higher temperature. 
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(b)                                                                            (c) 

Fig. 5-6. (a) Voltammograms of 7.00 mM glucose detection using CuNOx electrodes 

annealed 25, 160, 230, and 280˚C at a 30 mVs−1 scan rate in a 0.1 M NAOH alkaline 

environment. (b) The graphs show the relationship between the peak current of glucose 

oxidation and the oxidation potential at peak current, as shown in Fig. (a), plotted against 

temperature. (c) The curve fitting of data shown in Fig. (b), excluding 25˚C, illustrates that 

peak electro-oxidation currents and their potentials are linearly related to √T. 

It is evident from Fig. 5-6 that a higher peak electro-oxidation current of glucose can be 

achieved if the Cu thin films are annealed at higher temperatures. However, the potential 

associated with the peak electro-oxidation currents also increases, as seen in Fig. 5-6. Fig. 

5-7(a) shows the peak electro-oxidation current of glucose for concentrations ranging from 

0.1—7 mM, plotted against the associated oxidation potential. The peak current is 

exponentially related to the applied potential, as shown in Eq. (8) for the electrode at 25˚C 

[97].  

𝐼𝑝𝑎[𝜇𝐴] = 0.0004𝑒
19.428𝐸𝑝𝑎[𝑉]                                [𝑅2 = 0.9844]                                  (8) 

𝐸𝑝𝑎[𝑉] = 0.0434 log𝑒 𝐶[𝜇𝑀] + 0.4485              [𝑅
2 = 0.9838]                                  (9) 
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(a)                                                                        (b) 

   

(c)                                                                                (d) 

Fig. 5-7. The curve illustrates the following: (a) Both the peak oxidation current of glucose 

and the associated potential increase with the increasing glucose concentrations, showing 

an exponential relationship. (b) The potential at the peak oxidation current of glucose 
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increases logarithmically with the increase of glucose concentrations. (c) and (d) Semi log 

graphs of figure (a), and (b), respectively. 

The same equation set for the electrode at 280˚C can be determined from Fig. 5-

7(a) and (b), as given below in equations (5-10) and (5-11). 

𝐼𝑝𝑎[𝜇𝐴] = 0.247𝑒
10.252𝐸𝑝𝑎[𝑉]                                                 [𝑅2 = 0.9876]            (5 − 10) 

𝐸𝑝𝑎[𝑉] = 0.0563 log𝑒 𝐶[𝜇𝑀] + 0.8736                              [𝑅
2 = 0.9587]           (5 − 11) 

 

Some parameters have changed between these sets of equations. These sets can be used to 

decrease the oxidation potential, thereby ensuring that the maximum potential does not 

reach the point of water dissociation. This phenomenon may be explained as follows. As 

we know, the diffusion layer, which is the interface width between the electrode surface 

and bulk solution, is determined by the concentration of the analyte, in this case, glucose 

[459]. The width decreases as the concentration of glucose molecules increases. This 

smaller interface width allows a higher rate of reactions between the Cu native oxide layers 

and glucose molecules. Furthermore, the reaction rate determines the current amount [459]. 

Therefore, a higher electro-oxidation current of glucose results in a higher reaction rate.  

When the anodic sweep potential increases, the oxidation rate of glucose molecules at 

the electrode surface also increases. Consequently, the anodic electro-oxidation current of 

glucose increases, leading to the production of gluconic acid. This gluconic acid then moves 

towards the bulk solution after being converted from glucose. However, the electro-

oxidation current of glucose continues to increase with potential, as a higher potential 

diffuses more glucose molecules from the bulk solution [111], [459]. After reaching a 

certain point, or peak, the current slows down due to the larger width of the depletion region 
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created by gluconic acid, which reduces mass transport. This is known as the ‘mass-

transfer-limited’ region [111], [459]. If the glucose concentration increases, the required 

potential to reach the ‘mass-transfer-limited’ region also increases. Therefore, the diffusion 

layer width may decrease logarithmically with the increase in glucose molecule 

concentration, which is why the potential at peak oxidation increases logarithmically. Since 

the peak current is linear with glucose concentration, as shown in Figure 5-(6), the peak 

current increases exponentially with the increase in potential (Fig 5-7(a)). This is why the 

electro-oxidation current of glucose on Cu and Cu oxides-based electrodes usually covers 

a very wide potential region, as shown in Figure 5-7(a).  

5.4.3 Interference Analysis 

The CuNOx sensor prepared at 25˚C has demonstrated high selectivity towards glucose 

molecules, rejecting interference from common biomolecules [97]. The usual interferants, 

which typically coexist with glucose in human sweat and blood, include (a) easily 

oxidizable species such as ascorbic acid (AA) and uric acid (UA); (b) a pain reliever, 

acetaminophen; (c) a neurotransmitter, dopamine (DA) and an amino acid, cysteine; as well 

as (d) common salts, sodium chloride (NaCl) and potassium chloride (KCl) [448], [457]. 

The interferent concentrations, as mentioned in the legends of Fig. 5-8(a), are chosen to 

generally match those found in blood and sweat [448], [457]. The anti-interference 

capability of a glucose sensor is crucial, as the interferants have higher electron transfer 

rates than glucose, which can easily deviate the actual glucose oxidation currents [389]. 

However, there is a well-known and widely accepted method of evaluating the performance 

of an electrode under various interferents for amperometric sensors. In contrast, the 
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evaluation process is absent in voltametric sensing systems. Moreover, it is challenging to 

obtain important information about the effects of different interferents on an electrode using 

the CV technique, as seen in Fig. 5-8(a ). 

 

(a) 

  

(a)                                                                                  (c) 

Fig. 5 – 8. (a) Cyclic voltammograms of 1 mM glucose with 0.1 M NaOH after adding 

different interferents present in human sweat. Here, Step 1: Signal of a blank solution in 

the presence of 0.1 M NaOH, which is omitted from Fig.5- 8(a) since the CV results of 
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steps 1 and 12 are the same. Step 12: Identical to step 1, after recording all CV results up 

to step 11 in the presence of all interferants. Step 2 and 11: Response to 1 mM glucose in 

the presence of 0.1 M NaOH. Step 3, 5, 7, and 9: Response to 0.132 mM acetaminophen; 

to 0.01 mM ascorbic acid; to 0.02 mM cysteine and 0.5 mM NaCl, respectively, in the 

presence of 1 mM glucose and 0.1 M NaOH. (b) The peak oxidation current and the 

associated oxidation potential vs. the step order, as shown in the legends of Figure5- 8(a), 

and (c) Magnified version of Fig. 5-8(a). 

 For the first time, we propose an evaluation method of the effects of the interferents on 

the electrode for the CV technique, as illustrated in Fig. 5-8(b). It is evident from the Fig. 

5-8(b) that not only qualitative information, as in the case of amperometric technique, but 

also quantitative information — meaning the actual variations in oxidation current between 

different interferents — can be achieved using this evaluation method.   

The selectivity of the CuNOx annealed at 280˚C sensor was investigated using a freshly 

prepared electrode. The electrode was used to obtain 12 distinct CV results, as shown in 

Fig.5- 8(a), excluding the first and second CV results. The chronological list of peak 

electro-oxidation currents of glucose and associated potential of the 12 CVs are depicted in 

Fig. 5-8(b), where 1st step represents, the values using only 0.1 M NaOH (blank solution). 

The value at the 2nd step is for 1.00 mM glucose with 0.1 M NaOH. From the step 3rd to the 

10th, a specific interferent, as noted in the legends of Fig. 5-8(a), is added along with 1 mM 

glucose and 0.1 M NaOH. 

While there are reports that UA and AA interferents with concentrations of 0.059 mM 

and 0.01 mM can be easily oxidized [460], the addition of such concentrations with glucose 
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does not significantly change the oxidation current, as shown in steps 5 and 6. In step 8 and 

9, 0.5 mM KCl and 0.5 mM NaCl, respectively, were used to run CV results. According to 

previous studies, Cu electrodes suffer from the chloride poisoning effect which degrades 

redox activity [389]. However, as there is no change in the peak electro-oxidation current 

in step 11, it can be concluded that the CuNOx at 280˚C electrode doesn’t suffer from the 

chloride poisoning effect. Moreover, the resultant relative standard deviation (RSD) of the 

peak oxidation current was 4.32%, as shown in Fig. 5-8. (b), representing an excellent 

performance of the CuNOx electrode annealed at 280˚C against all the interferents. In 

summary, the addition of interferents to a solution of 1 mM glucose and 0.1 M NaOH does 

not significantly alter the increase in the peak oxidation current. This finding demonstrates 

that the CuNOx sensing electrode possesses excellent anti-interference capacity and 

favorable selectivity for the nonenzymatic detection of glucose. 

5.4.4 Reproducibility & Reusability 

The reproducibility of the glucose sensing of CuNOx electrode annealed at 280˚C was 

evaluated by utilizing 4 freshly prepared electrodes under the same conditions. The CV 

responses were performed in a 0.1 M NaOH solution containing 0.5-, 1-, 3-, and 7-mM 

glucose at a scan-rate of 30 mVs-1. Furthermore, each glucose concentration was 

investigated using 4 electrodes for seven distinct trials. The peak oxidation current of 

glucose is presented in Fig. 5-9, along with the standard deviation. The resultant RSDs of 

the peak oxidation current were 2.16%, 2.32%, 2.42%, and 2.48% for 0.5, 1.0, 3.0, and 7.0 

mM, respectively. The RSD demonstrates the excellent reproducibility and reusability of 
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the Cu native oxides electrode, showcasing the reliability of the CuNOx sensors annealed 

at 280˚C. 

 
Fig. 5-9. Repeatability test of the CuNOx electrode annealed at 280˚C in a 0.1 M NaOH 

alkaline solution with glucose concentrations of 0.5-, 1.0-, 3.0-, and 7.0-mM. A distinct 

electrode was used for each concentration in the same solution. The solution was shaken 

before each subsequent CV measurement. 

5.4.5  Stability 

Stability refers to the sensor’s ageing behavior, indicating the electrode’s robustness 

against sensitivity drift. The stability of the CuNOx sensing electrode was examined in 0.1 

M NaOH with 1.0 mM glucose at a scan-rate of 30 mVs-1. Fig. 5-10. displays the peak 

oxidation current of glucose along with its RSD for 65 days. The CV was conducted every 

5 days to measure sensitivity while the sensor was stored under ambient conditions without 

any special treatment. The RSD values are 4.17% and 2.32% for 50 days and 65 days, 

respectively, illustrating the high stability of the electrode. After 12 usages, the native Cu 

oxides glucose sensor retains 96.91% of its original response, indicating excellent stability 
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and long-term (8 weeks) storage capability of the sensing electrode. The results 

demonstrated that the sensor was not poisoned by the oxidation product, proving its 

usefulness for long-term glucose monitoring.  

 
Fig. 5-10. Stability test of the CuNOx electrode annealed at 280˚C, conducted in a 0.1 M 

NaOH alkaline solution with a glucose concentration of 1.0 mM. 

 

 

5.4.6 CuNOx annealed at 280˚C Sensing Parameters with Others 

Table 5-II compares the linear range, LOD, sensitivity, selectivity, stability, 

repeatability, and reusability of the CuNOx at 280˚C sweat glucose sensor of this study 

with that of the previously reported non-enzymatic electrochemical glucose sensors. The 

sensing performance of this Cu-roll based CuNOx sensor demonstrates significant 

advantages in comparison to other sensors.  
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Table 5-II: Comparison of CuNOx @280˚C sensors with other non-enzymatic glucose 

sensors.  

Electrode Method Linear 

Range (mM) 

LOD 

(µM) 

Sensitivity 

(µA mM-1 

cm-2) 

Selectivity Stability Repeatability & 

Reusability 

Ref. 

CuNOx @ 

280˚C 

CV 0.05 – 1.00 135.39 1795.00 4.32% (AA, UA, AP, 

DA, NaCl, KCl, Cys) 

96.91%  

(50 Days) 

2.32% (n = 7) This 

work 

CuNOx @ 25˚C CV 0.05 – 7.00 94.21 603.42 3.56% (AA, UA, AP, 

DA, NaCl, KCl, Cys) 

96.91% 

(55 Days) 

2.67% (n = 7) [97] 

Pt-

NFw/GO/GCE 

Amp 0.002 – 

10.30 

2.00 0.64 - 

(AA, UA, NaCl) 

73.4% 

(14 Days) 

6.30% (n = 5) [296] 

AuNCs 

film/FTO Glass 

Amp 0.01 – 10.00 2.00 10.65 - 

(AA, AP, UA, NaCl) 

98% 

(30 Days) 

5.00% (n = 5) [298] 

AuNPs 

film/ITO 

CV 0.03 – 45.00 10.00 67.20 - 

(AA, NaCl, KCl) 

- 

- 

- [280] 

Pt-Ni-

NCs/MWCNT/

GCE 

Amp 0.00 – 15.00 0.30 940.00 - 

(AA, AP, UA, Urea, 

Fru, Gal, Lac) 

99% 

(2 Days) 

10% (n = 5) [302] 

Cu@Cu2O-

NSs/rGO/GCE 

Amp 0.005 – 7.00 0.50 145.20 - 

(AA, UA, Fru, Lac) 

95% 

(14 Days) 

2.10% (n = 7) [502] 

Useful Acronym: CuNOx @280˚C– Cu Native Oxide annealed at 280˚C, AP – 

Acetaminophen,  NaCl – Sodium Chloride, KCl – Potassium Chloride, Cys – Cysteine, AS 

– Acidum Salicylicum, Ch – Cholesterol, Ep – Ephedrine, EtOH – Ethanol, Fru – Fructose, 

Gal – Galactose, Lac – Lactose, Tyr – tyrosine, Xyl – Xylose, Pt-NFw – Platinum Nano 

Flower, GO – Graphene Oxide, GCE – Glassy Carbon Electrode, Amp – Amperometric, 

AuNCs – Gold Nano Clusters, FTO -  Fluorine doped Tin Oxide, AuNPs – Gold Nano 

Particles, ITO - Indium Tin Oxide, Ni – Nickle, MWCNT – Multi-Walled Carbon 

Nanotube,  NSs – Nano Sheets, rGO – Reduced Graphene Oxide. 

 

5.5 Challenges & Opportunities 

The main disadvantage of a Cu electrode is its inability to function in low or neutral pH 

environments because hydroxyl anions, OH-, are required to produce CuOOH catalysis, 

which is necessary for glucose oxidation [468]. Consequently, an OH- rich alkaline 

environment is created with 0.1 M NaOH, but this is unsuitable for direct sensing of sweat 

glucose on human skin[503]–[506]. Hence, technology needs to be developed to allow us 

to utilize a CuNOx electrode as a wearable sweat monitoring sensor. We envision a dual-
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chamber system to circumvent this challenge. Specifically, we propose an initial chamber 

containing 0.1 M NaOH. This chamber will remain sealed until a predefined potential or 

current is applied, serving as an electrically activated gate. Upon activation, this chamber 

will release its contents and subsequently interface with a larger, secondary chamber 

designated for sweat collection. Once the requisite amount of sweat is accumulated, the 

secondary chamber will be sealed off, ensuring no direct contact of the skin with the 

alkaline 0.1 M NaOH. This design is intended to not only facilitate the sensor's function in 

the desired environment but also prioritize user safety by preventing any potential skin-

alkali interactions. 

While nanostructures offer a high surface-to-volume ratio, effective electron transfer, 

and physiochemical features promising for sensing applications, a significant challenge lies 

in the attachment between nanoparticles and the substrate [448]. A CuNOx electrode 

prepared at 280˚C heat treatment could potentially overcome these issues, including the 

aggregation phenomenon of the nanoparticles.  

Although the reaction mechanisms of Cu materials are not clear, they are thought to be 

like those of Ni. The electro-oxidation peak of Cu(II) and glucose involves high 

background currents, causing the glucose oxidation peak to be nearly indiscernible in some 

cases. Competitive reactions, such as the oxygen evolution reaction, can disrupt the anodic 

signal from glucose oxidation, leading to complications in quantitative glucose analysis 

[365]. However, the information from Fig. 5-7(a), and (b) may be useful in mitigating these 

effects.  
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Based on these results, bonding these Cu rolls, which have CuNOx electrodes, to 

flexible polymer substrates at low temperatures [68] can lead to the development of robust, 

low-cost, miniaturized integrated sensors for wearable applications. In addition, these 

CuNOx electrodes can be fabricated using the Cu/LCP method explained by Redhwan et 

al. 2023 [507]. The bonded Cu/LCP curled after heating, indicating flexibility. This flexible 

integrated bond system did not lose its bond strength observed by peel test [508], [509].  

5.6 Conclusions 

In conclusion, the innovative fabrication of three CuNOx electrodes via a unique 

annealing temperature profile has yielded an affordable and efficient process to produce 

precise, reproducible electrodes onto Cu rolls with a thickness of 35 µm. The thermally 

grown Cu oxides layers show a distinct increase from 10 nm at 25℃ to 140 nm at 280℃. 

This facile fabrication technique paves the way for an inexpensive process in the production 

line of precise and reproducible sensing electrodes. Advanced characterization techniques, 

X-ray photoelectron spectroscopy (XPS) and high-resolution transmission electron 

microscopy (HRTEM) were utilized for the characterization of the bare electrodes. XPS 

analysis reveals distinct chemical states of the electrode at different temperatures, along 

with the spontaneous formation of native Cu2O and CuO on the surface, with Cu2O being 

more predominant due to a negative Gibbs' free energy change. As the temperature 

increased, oxidation overcame diffusion barriers, leading to a significant increase in CuO 

formation, peaking at 280°C, suggesting that the oxidation temperature primarily drove 

oxide growth. This increased CuO growth, driven by higher thermal energy, enhances the 
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surface-to-volume ratio and ultimately increases the electro-oxidation current of glucose, 

thereby boosting sensitivity. Moreover, HRTEM investigations reveal that the 

crystallization of CuO increases on the surface and within the Cu oxide layer. However, 

the surface CuO crystals were abundant in different CuO planes, which improves glucose 

detection. The fabricated electrodes onto Cu rolls could be bonded to flexible substrates to 

create simple, robust sensors, capable of withstanding a strong alkaline environment over 

an extended period. 

The thermally grown CuNOx electrodes were analyzed using CV, demonstrating their 

high performance as electrocatalysts for glucose detection. All three types of electrodes 

exhibited excellent electrocatalytic activity towards glucose. In terms of sensitivity, the 

electrodes exhibited a sensitivity of 1794.4 μA mM−1 cm−2 at 280℃, while sensitivities of 

1373 and 827.07 μA mM−1 cm−2 were observed at 230℃, and 160℃ annealing temperatures 

respectively, for sweat glucose sensing. These sensitivity results are commendable among 

nonenzymatic glucose sensors (Table 5-II). Furthermore, the thermally grown CuNOx 

electrodes at 280℃ showed strong resistance to the poisoning effects of chloride ions, while 

also exhibiting excellent reproducibility and reusability, and negligible interference effects 

in the presence of various interferents. This work also highlights the promising advantages 

of native oxides grains electrodes in terms of stability, as compared to Cu nanomaterials. 

The fabricated sensors can be conveniently miniaturized for point-of-care packaging 

devices.  
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Chapter 6 

Conclusions and recommendations 

6.1  Conclusions 

Electrochemical enzymatic electrodes dominate the world market of blood glucose 

monitoring devices for controlling and reducing the detrimental effects of diabetes. 

However, the enzymatic electrodes exhibit constraints, restricting their reliance on the 

enzyme’s activity which can be influenced by external environmental factors such as 

temperature, pH, and humidity. Moreover, the larger thickness of the enzyme hinders the 

performance of the glucose biosensors, resulting in signal dampening or loss. In addition, 

the selectivity of the electrodes is affected by the interferents present in blood.  On the other 

hand, the invasive nature of the electrodes is another major problem. Hence, recent research 

activities demonstrated that the electrochemical non-enzymatic electrodes are inexpensive 

and highly sensitive towards glucose, which is promising for glucose biosensing devices, 

yet these electrochemical nonenzymatic electrodes are non-invasive in nature. Therefore, 

the purpose of this research was to fabricate facile and flexible electrochemical non-

enzymatic electrodes for sweat glucose monitoring devices. 

This thesis focuses on the design, fabrication, and characterization of 

electrochemical non-enzymatic non-invasive biosensors for glucose monitoring systems. 

For sweat glucose sensing, a very simple low-cost fabrication technique has been shown to 

make the facile, flexible, and inexpensive electrodes to detect sugar in sweat bio-analyte 



Ph. D. Thesis – M Maksud Alam      McMaster University – Electrical and Computer Engineering 

177 
 

for a non-invasive glucose monitoring system using the native stable Cu oxides (CuNOx), 

Cu2O, layers grown on 35 µm thin Cu foils keeping under ambient conditions (25℃- and 

760-mm Hg) for more than 2 years so that the oxide layers are fully grown, and stable. 

Moreover, the foils also annealed at various temperatures such as 160, 230, and 280℃ with 

new temperature profile for reducing the required time of growing stable oxides and 

producing oxides with larger crystallized structures, and grains with higher surface – to – 

volume ratio. The X-ray photoelectron spectroscopy (XPS) and high-resolution 

transmission electron microscopy (HRTEM) results supported that at 280℃ annealing 

temperature the surface, mostly, transformed into highly electrocatalytic CuO with larger 

grain sizes, crystallized structures, and the uniform layer of ~ 140 nm. The electrochemical 

characterization, and sensing performance of the electrodes have been done by cyclic 

voltammetry (CV), one of the excellent and well accepted electrochemical methods, with 

the 3 – electrode configuration of the potentiostat. The CuNOx sensors of having ~10 nm 

layer of stable Cu2O exhibited a sensitivity of 603.42 μA mM−1 cm−2, a linear range beyond 

the desired limit of 7.00 mM with excellent linearity (R2 = 0.9983) and a low limit of 

detection of 94.21 μM. In contrast, the new annealing profile has. the CuNOx sensors 

annealed at 280 ºC using new temperature profile provided twin calibration curves of linear 

ranges of 0.05 – 1.00 mM and 1.00 – 7.00 mM, that applicable for sweat and blood glucose 

sensing, respectively, and exhibited a sensitivity of 1795 μA mM−1 cm−2, a linear range up 

to the desired limit of 1.00 mM for sweat glucose sensing with excellent linearity (R2 = 

0.9844), and a lower limit of detection of 135.39 μM. 
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The fabrication technique proved to be very cost effective due to its simple 

procedure and easy to use substrate without using any rigorous processes such as ultrasonic 

processing, chemical synthesis, and electrochemical modification. Moreover, the facile 

fabrication technique shows the robustness of the electrical grade scotch tape as a substrate 

of the electrodes over the expensive substrate fabrication processes under cleanroom 

environment, high-temperature/pressure conditions, and/or high-vacuum equipment. 

Hence, the CuNOx electrodes are facile, flexible, and ultra-low-cost glucose biosensors.  

In Chapter 1, the necessity of human health, and glucose monitoring was presented, 

followed by a comprehensive overview of the electrochemical enzymatic and non-

enzymatic glucose biosensors. Then, the motivation of developing facile, flexible, 

inexpensive, and high-performance electrodes for sweat glucose monitoring systems was 

presented. By comparing different types of sensing materials, the potentiostat 

configurations, and electrochemical sensing techniques, we choose to use Cu native oxides 

(Cu2O, CuO), the three – electrode potentiostat configuration, and the cyclic voltametric 

(CV) method, respectively. Finally, a summary of the main contributions of this research 

and the structure of this thesis are described. 

In Chapter 2, we analyzed the crucial topics of chemical reactions in the 

electrochemical sensing environments and sensor-electrode interactions considering their 

applications in the healthcare section. First, we discussed the dynamics of chemical energy, 

the roles of acidic and alkaline fluids, chemical reaction tendencies, thermodynamic 

equilibria, Gibbs free energy, water dissociation, and the pH scale. Since, the sensing 

materials and/or biomarkers undergo oxidation and reduction reactions in electrochemical 
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sensing platform, we also presented the effects of oxygen-derived radicals and nonradical 

reactive species on human health, the impact of oxidation reduction reactions on human 

psychology, the pattern of redox reactions in hemoglobin, the redox environments in human 

serum albumin and cells/tissues, and the thermodynamics of biological redox reactions. 

Moreover, the significance of oxygen-derived radicals and nonradical reactive species in 

biochemical reactions, cellular responses, and clinical outcomes have been discussed in 

context of the impact of oxidation reduction reactions on human psychology, redox 

reactions in hemoglobin, redox environments in human serum albumin and cells/tissues, 

and thermodynamics of biological redox reactions.  

In Chapter 3, we summarized advanced knowledge of the fundamental principles 

of various electrochemical techniques for healthcare applications. Emphasize has been 

given to the crucial topics necessary to understand chemical reactions in an electrochemical 

cell environment. We provided a detailed explanation of the methods, the formulation and 

the solution of mathematical equations related to the techniques with present limitations, 

and future research perspectives for health applications. 

In Chapter 4, we reported a facile, low-cost, high-performance nonenzymatic 

copper (Cu) native oxide (CuNOx)-based electrochemical sensor for sweat glucose 

sensing. We utilized a very thin Cu native oxide of ~10 nm layer on Cu thin films for the 

glucose sensing because of the excellent catalytic oxidation behavior of cuprous oxide 

(Cu2O) to glucose. The anodic sweep of cyclic voltammetry of glucose showed that the 

hydroxyl ions from sodium hydroxide convert the electrode surface into different oxides 

[Cu(I), Cu (II) Cu(III)], which electro-oxidize glucose to gluconolactone, then eventually 
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to gluconic acid resulting in oxidation current. Advanced characterization techniques, X-

ray photoelectron spectroscopy (XPS) and high-resolution transmission electron 

microscopy (HRTEM) were utilized for the characterization of the bare electrodes. The 

CuNOx sensors exhibited a sensitivity of 603.42 μA mM−1 cm−2, a linear range beyond the 

desired limit of 7.00 mM with excellent linearity, and a low limit of detection of 94.21 μM. 

Excellent repeatability and stability (stable >1 year) with relative standard deviation (RSD) 

of 2.67%, and 2.70%, respectively were achieved for 1 mM glucose. The selectivity with 

common interferants of glucose in human sweat and blood showed an RSD of 3.56%. We 

believed the electrocatalytic efficacy of the CuNOx sensors for glucose sensing can open a 

new prospect in the fabrication of wearable sweat glucose sensors.  

In Chapter 5, we fabricated three CuNOx electrodes via a unique annealing 

temperature profile yielded an affordable and efficient process to produce precise, 

reproducible electrodes onto Cu rolls with a thickness of 35 µm using 160, 230, and 280℃. 

The thermally grown Cu oxides layers show a distinct increase from 10 nm at 25℃ to 140 

nm at 280℃. This facile fabrication technique paves the way for an inexpensive process in 

the production line of precise and reproducible sensing electrodes. Advanced 

characterization techniques, X-ray photoelectron spectroscopy (XPS) and high-resolution 

transmission electron microscopy (HRTEM) were utilized for the characterization of the 

bare electrodes. XPS analysis reveals distinct chemical states of the electrode at different 

temperatures, along with the spontaneous formation of native Cu2O and CuO on the 

surface, with Cu2O being more predominant till 160℃ due to a negative Gibbs' free energy 

change. As the temperature increased, oxidation overcame diffusion barriers, leading to a 
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significant increase in CuO formation, peaking at 280°C, suggesting that the oxidation 

temperature primarily drove oxide growth. This increased CuO growth, driven by higher 

thermal energy, enhances the surface-to-volume ratio and ultimately increases the electro-

oxidation current of glucose, thereby boosting sensitivity. Moreover, HRTEM 

investigations reveal that the crystallization of CuO increases on the surface and within the 

Cu oxide layer. However, the surface CuO crystals were abundant in different CuO planes, 

which improves glucose detection. The fabricated electrodes onto Cu rolls could be bonded 

to flexible substrates to create simple, robust sensors, capable of withstanding a strong 

alkaline environment over an extended period. The thermally grown CuNOx electrodes 

were analyzed using CV, demonstrating their high performance as electrocatalysts for 

glucose detection. All three types of electrodes exhibited excellent electrocatalytic activity 

towards glucose. In terms of sensitivity, the electrodes exhibited a sensitivity of 1794.4 μA 

mM−1 cm−2 at 280℃, while sensitivities of1373 and 827.07 μA mM−1 cm−2 were observed 

at 230℃, and 160℃ annealing temperatures respectively, for sweat glucose sensing.  

6.2  Recommendations 

This research work focused on fabricating facile, flexible, and inexpensive 

electrochemical non-enzymatic electrodes for sweat glucose monitoring devices. The sweat 

glucose monitoring system, we have envisioned, is shown in figure 7 – 1 as follows.  

However, a few steps needed to be taken to integrate the sensors in a sweat glucose 

monitoring device. 
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Fig. 6 – 1: Schematic diagram of sweat glucose monitoring systems. 

 

▪ Evaluation of the sensors using artificial as well as real sweat  

The immediate step is to evaluate the performance of the electrodes using the sweat serum 

as well as real sweat. Moreover, the bare electrodes primarily cannot be used directly on 

the skin because the non-enzymatic glucose sensors require high pH alkaline environments. 
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Although, the sensor can be used in an electrochemical cell separate from human skin, that 

would not serve the full potential of the sensor.  

▪ Development of a Mechanism to Attach a Chamber for NaOH 

The main disadvantage of a Cu electrode is its inability to function in low or neutral pH 

environments because hydroxyl anions, OH-, are required to produce CuOOH catalysis, 

which is necessary for glucose oxidation. Consequently, an OH- rich alkaline environment 

is created with 0.1 M NaOH, but this is unsuitable for direct sensing of sweat glucose on 

human skin. Hence, technology needs to be developed to allow us to utilize a CuNOx 

electrode as a wearable sweat monitoring sensor. We envision a dual-chamber system to 

circumvent this challenge. Specifically, we propose an initial chamber containing 0.1 M 

NaOH. This chamber will remain sealed until a predefined potential or current is applied, 

serving as an electrically activated gate. Upon activation, this chamber will release its 

contents and subsequently interface with a larger, secondary chamber designated for sweat 

collection. Once the requisite amount of sweat is accumulated, the secondary chamber will 

be sealed off, ensuring no direct contact of the skin with the alkaline 0.1 M NaOH. This 

design is intended to not only facilitate the sensor's function in the desired environment but 

also prioritize user safety by preventing any potential skin-alkali interactions. 

▪ Evaluation of The Sensor Attaching on Human Skin 

The major impediment towards sweat glucose sensing is the low concentrations of glucose 

in sweat which is 0.277–1.11 mM. To evaluate the real potential of the electrodes, the 

sensor needs to be attached to human skin for sensing real time sugar variation.  
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The target of this research was to fabricate a facile, flexible, and inexpensive 

electrode for a sweat glucose monitoring device. It is demonstrated that thin films based 

thermally grown native Cu oxide electrode, CuNOx, could be a noble candidate to integrate 

in a system of sweat glucose monitoring device. This research provides the feasibility, 

challenges, and potential solutions to develop non-invasive glucose monitoring systems for 

practical applications. 
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