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Abstract 

 

Chronic kidney disease (CKD) affects a 8-16 % of the global population. Creatinine is a useful 

biomarker for screening and detecting CKD. Creatinine concentrations in urine outside the 

normal clinical range (4.4-13.3 mM) gives an indication of kidney conditions including CKD, and 

requires further evaluation by the nephrologists in secondary care clinical settings. The fact that 

CKD is asymptomatic, it is critical to detect it at earlier stages and prevent its progression with 

medicines. Currently Jaffe reaction method of creatinine detection is the most widely used 

technique. Although, this significantly suffers from low specificity and high interferences from 

molecules including ascorbic acid. Enzymatic methods, although are highly specific, but have 

problems with high cost and low stability due to use of enzymes. Therefore, there is an urgent 

need to develop low cost and simple non-invasive creatinine detection methods, which is the 

focus of this PhD project.  

We have developed a novel simple sensing mechanism based on bare glassy carbon electrode 

(GCE) which can detect creatinine electrochemically (LOD 60 µM and sensitivity 1.50 µA/mM) 

and colorimetrically (LOD 6.63 µM). An application for a patent has been made for this work. 

Additionally, nickel-based systems have also been studied to detect creatinine, although there 

is high interference to urea and requires further optimisation. SPE based creatinine sensing 

methods designed (LOD 60 µM) as part of a preliminary study in this project including surface 

modifications, aims to use creatinine sensing for POCT applications in future. Market testing of 

the concepts used in this project has informed us to evaluate albumin sensing.  
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Chapter 1 – Introduction 

 

1.1 Chronic Kidney Disease and renal function 

Kidney malfunctioning is one of the most severe chronic diseases that affects a large fraction of 

the global population1. The kidneys comprise about 1 million nephrons that allow excretion of 

waste products and also have homeostatic function8. Chronic kidney disease (CKD) occurs when 

the structure and function of the kidneys is affected 1. In definition, if there is presence of kidney 

damage and decreased kidney function (based on glomerular filtration rate [GFR]) for 3 months 

or more, then the individual is considered to have CKD 1. Glomeruli act as filters and filtration 

occurs at the glomerulus. A reduction in GFR occurs as a result of CKD. GFR reflects the number 

of functioning glomeruli and can give information on the extent of renal impairment. Estimated 

GFR (eGFR) based on creatinine concentrations considering factors including age, can be 

calculated using equations (e.g., Modification of Diet in Renal Disease (MDRD) equation). The 

current challenge is the fact that eGFR suffers from significant imprecision and inaccuracy 8.  

CKD is diagnosed in around 8-16% of the population worldwide 9. The main causes of CKD include 

diabetes and/or hypertension 10, the former being a condition that is steadily increasing in 

prevalence globally. Early stages of CKD (mild and moderate stage of CKD) are often 

asymptomatic but if detected on time can be reversible 1. There is an urgent need to screen the 

disease in primary care (i.e. in general practice surgeries) (fig. 1.1) to prevent end stage kidney 

disease (ESKD) and cardiovascular disease, which is critical for patients in high risk groups such 

as diabetic and hypertensive11-13. The aim is to screen for CKD at early stages to reduce the risk  

and to further reduce the  complications (fig. 1.1).  
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Early detection of asymptomatic CKD is important such that the detection of the disease can 

occur in stages 1 and 2 (table 1.1), and further progression can be delayed using medicines 14. In 

the later stages (symptomatic), the kidneys are significantly damaged and can also lead to 

cardiovascular disease (CVD) 2, 14.  

According to the National Kidney Foundation, the stages of CKD are described as follows 

according to the Glomerular Filtration Rate (GFR), that defines the level of kidney function15,  

Table 1.1: Stages of CKD according to the National Kidney Foundation15. 

Stage GFR (mL per minute per 1.73 m2) 

1 ≥90 (normal or elevated GFR) 

2 60 to 89 (mildly decreased GFR) 

3 30 to 59 (moderately decreased 

GFR) 

4 15 to 29 (Severely decreased GFR) 

5 < 15 (Kidney Failure) 

 

 

Over one million people worldwide are undergoing dialysis treatment, thus there is a critical 

need of a point-of-care testing (POCT) system to detect CKD at an earlier stage (i.e. before being 

symptomatic) and also to carry out frequent analysis for patients in later stages of CKD during 

dialysis treatment who require more than one test per day2.  If early CKD screening was 

implemented, the POCT device could be useful in diabetic review clinics, GP practices, 

Figure 1.1: Conceptual model of CKD showing it is critical to detect it at an ‘increased risk’ stage1. 
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pharmacies and for home-testing for diabetic and hypertensive patients, who are at high risk of 

developing CKD.  

Various biomarkers have been considered for monitoring kidney function including creatinine, 

urine protein and cystatin C, but creatinine, due to its analytical simplicity, remains the most 

widely used biomarker 16. Currently, renal function tests typically measure serum creatinine to 

determine eGFR levels17. A GFR of <60 ml/min per 1.73 m2 1 indicates presence of the disease1. 

For routine screening purposes determining urine creatinine could be more effective and less 

invasive, especially in conjunction with albumin, thus giving an albumin to creatinine ratio (ACR) 

which can be used as a highly accurate spot test for screening.  

 

1.2 Creatine and Creatinine  
Scientific studies on molecules including creatine and creatinine has been ongoing since 1847 18. 

Creatine is produced endogenously from L-arginine, L-methionine and glycine and is key for the 

production of adenosine triphosphate (ATP) 19-21. In this process, creatine is converted into 

phosphocreatine involving an enzymatic reaction with creatine kinase 22. Creatine is transported 

to tissues and organs, where it is metabolised to creatinine 2. Creatinine exists as a breakdown 

product of phosphocreatine (fig. 1.2). It has no useful biological function and is removed from 

the body in urine via glomerular filtration in the kidneys 23. It is to be noted that creatinine levels 

are fairly constant in the human body, though vary significantly from one person to the next 

based on muscle mass, size, weight, and gender2. Creatinine is the second most analysed 

 
1 The GFR results are reported normalised to 1.73 m2 body surface area 

Figure 1.2: Metabolism of creatine to creatinine2.  
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biomolecule in the bioanalytical field after glucose for clinical applications 24. Creatinine remains 

an important biomolecule as its concentration levels in biofluids (e.g., in blood serum25) 

indicates various clinical conditions of the kidneys. Health issues like CKD, cardiovascular 

problems and muscular disorders can be indicated if the creatinine levels in biofluids like blood, 

urine and saliva are out of the typical range, which is summarised in a review by Kumar et al. 2, 3 

(table 1.2). It is to be noted there exists variation in these reported typical creatinine ranges 

according to each literature report as a result of analysis in different labs. For example, Bishop 

reports the normal range of creatinine in urine as 4.4-13.3 mM 26. The normal range of creatinine 

in urine has been reported by Kumar et al. to be 4.4-18 mM3 and creatinine levels outside this 

range can indicate various conditions including kidney disease, cardiovascular disease, muscular 

disorders and Parkinson’s disease 3. Although, major focus of this project remains on detection 

of creatinine for early detection of kidney conditions in particular chronic kidney disease, 

creatinine levels in biofluids can also indicate urine dilution27 or thyroid dysfunction 28.  

Table 1.2:  Summary of healthy and harmful creatinine ranges in different biofluids as summarised by Kumar et al.3 

Sample Healthy 

creatinine levels  

Harmful 

creatinine levels 

Urine 4.4 - 18 mM >20 and <3 mM 

Blood 45-90 µM (Male) 

60-110 µM 

(Female) 

<40 and >150 µM 

Saliva 4.4-17.7 µM 17.7 – 591 µM 

Sweat 9.4-18 µM 60-200 µM 

 

1.3.  State-of-the-art creatinine sensing 
 

Current medical diagnostic tests performed to detect CKD in laboratory or hospital settings are 

invasive, time consuming and high in cost. Many current creatinine detection methods are 

complex and have limitations towards miniaturisation for development of a POCT device. 

Electrochemical sensing offers advantages including low cost, high sensitivity, requirement of 

low sample volumes (few µl) and the fact that these sensors are easy to miniaturise 29. Self-

analysis of biofluids (e.g., urine) using a POCT medical device for diagnosis and management of 

several diseases including CKD would improve patient care significantly, in particular for patients 

at high risk of developing kidney conditions (patients with diabetes or hypertension). Currently, 
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plasma creatinine is used for assessment of renal function30 although, this invasive test is not 

convenient for patients and research is focusing on development of non-invasive methods of 

assessment of renal function.  

In a clinical setting the main approach to determining creatinine levels is a century old optical 

method of detection that relies on the Jaffe reaction (developed by Max Jaffe in 188631). This 

involves the formation of a yellow chromogen through the reaction of creatinine and picric acid 

in alkaline conditions (fig. 1.3) 31. Although, this method has low specificity due to interference 

with other chromogens, and also interference from high urine glucose and ascorbic acid 22, 32. 

This technique is now outdated and not suitable for modern clinical analysis due to its low 

sensitivity and low specificity33, and is also sensitive to pH. In comparison to other analytical 

techniques, the Jaffe reaction results for creatinine levels are about 15-25 % higher in value 34, 

35.  

 

Various techniques have been investigated for creatinine detection including capillary 

electrophoresis (CE)36, gas chromatography mass spectrometry (GC-MS)37 and LC-MS38, although 

these require high cost equipment, specially trained staff and involve highly complex techniques. 

They actively prevent systematic testing and spot screening in GP surgeries and on hospital 

wards. This means the Jaffe reaction is still the gold standard technique in clinical analysis due 

to its rapid analysis time (15 mins/sample) and low cost. However, research is now focusing on 

the development of electrochemical based sensors which rely on electron transfer for signal 

accession as they can be easily miniaturised, can be mass produced, have higher sensitivity and 

higher specificity and have low cost 30, 39.  

 

Figure 1.3: Widely used colorimetric Jaffe reaction for creatinine detection3 
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 1.3.1 Enzymatic creatinine biosensors 
 

Enzymatic electrochemical sensing remains a widely used method due to its high selectivity, 

using either a one enzyme40 or three-enzyme system. Enzyme-based creatinine biosensors have 

been developed in the past three decades due to their high selectivities 41 and are the only 

commercial electrochemical biosensors for creatinine to-date. These are based on either 

amperometry (mono-enzyme or tri-enzyme systems) and potentiometry involving ion sensitive 

or ion-selective field-effect transistors (ISFET) 42. The potentiometric technique involves relating 

the analyte concentration to the potential when the electrochemical reaction is at equilibrium 

at zero current condition. Most potentiometric creatinine biosensors are based on hydrolysis of 

creatinine by creatinine iminohydrolase (CIH) or creatinine deiminase (CD), generating ammonia 

which is detected using ammonium ion-selective electrode (ISE) 41. Meyerhoff and Rechnitz 

developed the first potentiometric creatinine biosensor in 1976 based on the ammonium ISE. 

The principle was based on the enzyme catalysed reaction of creatinine iminohydrolase and 

creatinine resulting in formation of N-methyl hydantoin and ammonia 43.  

Although this biosensor has advantages including its simplicity, the drawbacks included poor 

storage stability, interference from endogenous NH4
+, clinically irrelevant range of detection and 

a lifetime of 4 days 42.  

Amperometric technique is based on heterogeneous electron transfer reaction involving 

electrochemical oxidation or reduction of the analyte. It involves applying a potential between 

the working electrode (WE) and the reference electrode (RE)44. The resulting current is related 

to the concentration of the analyte of interest45. These systems can reach very low detection 

limits, to even at 0.01 µM 46. The majority of electrochemical amperometric biosensors rely on 

the three-enzyme system first introduced by Tsuchida and Yoda 47. This method consists of a 

three-stage conversion process of creatinine to creatine, creatine to sarcosine and sarcosine to 

glycine. The last step produces electrochemically detectable oxygen or hydrogen peroxide. 

Detection of hydrogen peroxide is the preferred method due to interferences at oxygen 

electrodes that requires high potential for reduction process 41. Recent techniques for designing 

these enzymatic biosensors also involve use of metal-based electrodes including cobalt based 

SPEs, where an electroactive complex of 1-methylhydantoin (an enzymatic reaction product 

with creatinine) with cobalt resulted in indirect measurement of creatinine concentrations 16.  

Although these systems achieve great selectivities (the typical detection limits for creatinine 

enzymatic biosensors are 4.5 µM48, 0.1 µM49 and 0.01 µM46), the low stability of enzymes (as 
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they denature over time) and high cost adds to significant problems including low sensitivity and 

low reproducibility44. Thus, a large part of research is now directed towards development of 

non-enzymatic creatinine sensors which are low cost, highly stable as no enzymes are involved 

and have comparable selectivities. In summary, studies on non-enzymatic sensing of creatinine 

are showing promising results (in terms of high stability and repeatability) which can be applied 

to POC settings 30. Currently there are no commercially available systems for non-invasive 

detection of creatinine e.g., in urine. The commercialised POCT hand-held devices are 

summarised in table 1.7 (Section 1.6.2).   

 

 1.3.2 Non-enzymatic creatinine biosensors 
 

Typically, creatinine is not directly electroactive, and requires a secondary system to obtain a 

measureable electrochemical signal. Sensors are being developed with the aim to directly 

oxidise creatinine at the surface of bare or modified electrodes however. A study by Randviir & 

Banks, focused on developing a sensor platform for direct oxidation of creatinine at pH 9 in 

borate buffer solution at the surface of a bare gold electrode, but the system requires further 

optimisation in terms of detection of creatinine in blood serum at lower linear ranges (µM range 

instead of mM range) for its use in clinical analysis 22. 

There exists a high affinity between the nitrogen of the aromatic ring in creatinine molecule and 

metal ions of silver, iron and copper 50. In recent years, studies have significantly focused on 

developing sensing platforms for creatinine based on various metallic centres. Typically, the 

mechanism involves physical adsorption of creatinine at the metallic centre (forming a metal-

creatinine complex), followed by a change in the amperometric signal 45. In the non-enzymatic 

creatinine sensors reported in literature, there exists two different behaviours of the metal-

creatinine complex: either there is a decrease in electroactive surface area as the complex 

agglomerates at the surface of the electrode (decreasing current signal) or there is desorption 

of a soluble reaction product (in the form of a soluble metal-creatinine complex), resulting in 

fresh layers of metallic centre at the electrode, therefore causing an increase in current signal 3. 

It has been observed that the affinity of the metal-creatinine complex affects the current signal 

for creatinine detection. Most metal-based creatinine sensors work based on the formation of 

complex with the amino tautomer of creatinine (this form of creatinine exists at pH 7-8). 

Delocalisation of electrons around the three endocyclic N atoms in the amino tautomer of 
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creatinine (fig. 1.4), allows formation of the creatinine-complex with metals as they act as 

donors.  

 

 

 

 

 

 

Creatinine can bind with various transition metal ions such as Ag(I), Hg(II), Cd(II), Zn(II), Co(II), 

Ni(II), Cu(II), Pt(II) and Pd(II) to generate redox currents as it has several donor groups in its main 

tautomeric form. Based on this, research has been conducted to develop monometallic based 

sensors to detect creatinine 51. Metal nanoparticles (NPs) have excellent electrocatalyst 

properties, along with providing enhanced electron transport and large effective surface area, 

which significantly has an effect on the electrochemical sensing process 52. Various metal-based 

creatinine sensing systems in literature will be discussed in detail.  

1.3.2.1 Copper based sensors 

 

When using copper, the determination of creatinine in most studies is based on the chelation 

property of the analyte (and formation of a soluble copper-creatinine complex) rather than its 

redox behaviour5, 7, 53. However, some recent studies show that the redox behaviour of 

creatinine (electrooxidation) itself is possible52, 54 .  

Comparison of different copper based electrochemical sensing methods for creatinine 

detection are summarised in table 1.3.  

 

Table 1.3: Comparison of different copper based electrochemical sensing methods for creatinine detection. 

Modification Test 

solution 

LOD 

(µM) 

Detection 

Range 

(µM) 

Sample Reference 

Cu/Pt PBS  0.601 2.21-132.6 Urine 53 

Figure 1.4: Amino tautomer of 
creatinine observed at pH 7-83. 
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Cu/SPCE PBS  0.0746 

 

6-378 Serum 5 

Cuprous 

nanoparticles 

encapsulated by 

polyacrylic 

acid (PAA) gel-Cu(II) 

 

PBS -  200-100 x 

103 

Urine 7 

PMB (poly 

methylene blue)-Cu-

CNF (Carbon 

nanofiber) 

nanocomposite 

 

PBS 1768 4.42 x 10-3- 

7.96 

Serum, 

saliva, 

cerebral 

spinal 

fluid 

54 

Nafion-GQDs 

(Graphene Quantum 

Dots)-Cu 

 

BR 

(Britton 

Robinson) 

buffer 

- 1-450 Urine 55 

Copper (with 

Nafion) 

 

PBS 55.5 0-12300 Urine 56 

CuNPs/PDA-rGO-

NB/GC (PDA - 

polydopamine, rGO - 

reduced graphene 

oxide, NB - nile blue) 

 

PBS 0.002 0.01-100 Urine, 

serum 

51 

Nafion/PAA gel-

Cu2+ encapsulated 

Cu2O NPs composite 

 

PBS 0.3 1-2000 Saliva 57 

PVA gel-Cu(II) 

PEDOT:PSS/cuprous 

oxide nanoparticles 

PBS 0.06 0.4-960 Sweat 58 
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(CuO/IL/ERGO/SPCE) 

(copper oxide and 

ionic liquid 

composite onto an 

electrochemically 

reduced graphene 

modified screen-

printed carbon 

electrode) 

 

PBS 0.22 10-2000 Serum 59 

 

Chen et al. developed a structural specific sensing scheme for creatinine detection in urine. An 

oxidative current (due to surface oxide regeneration) as a result is proportional to the 

concentration of creatinine. A surface oxide regeneration concept is investigated with respect 

to the catalytic activity of the copper electrode. Cuprous oxide is converted to a soluble copper-

creatinine complex, and electrochemical oxidation of the exposed copper on the electrode 

surface occurs, regenerating the copper oxide. There exists no direct redox activity of creatinine 

in this process, and the method involves chelating ability between the copper layers and 

creatinine 53.  

Copper electrodeposition has also been used for designing creatinine sensors. Raveendran et al.   

have developed a copper deposited non-enzymatic creatinine sensor where it is observed that 

upon application of a potential the copper undergoes electrochemical oxidation and cupric ions 

combine with creatinine in solution to form a soluble copper-creatinine complex. As a result, 

fresh copper surface is exposed and on an increase in concentration of creatinine, more copper 

undergoes electrochemical oxidation and the current signal increases as a result. The 

electrochemical sensing of creatinine using this method with cyclic voltammetry is shown in fig. 

1.5 5. The study was performed in phosphate buffer (PB) of pH 7.4. Sato et al. have also shown 

cuprous oxide conversion to soluble copper-creatinine complex resulting in an increase in 

current signal using a copper electrodeposited gold electrode 56.  
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A different mechanism of adsorption of creatinine with Cu(I) and Cu(II) ions on the electrode 

surface has been proposed by Kalasin et al. where the current signal decreases with the increase 

in concentration of creatinine7. It has been concluded that copper acts as a catalyst enhancing 

the oxidation of creatinine54. Cu(II) forms a complex with creatinine on the electrode surface 

when copper undergoes oxidation during the anodic scan. As a result the concentration of free 

Cu(II) decreases on increasing the concentration of creatinine and the oxidation current due to 

Cu/Cu(II) decreases 55.  

Gao et al. investigated interaction of creatinine with Cu(II) ions on the surface of CuNPs and 

found adsorption led to reduced redox peak current intensities 51. Copper(II) oxide has shown 

increased sensitivity towards detection of creatinine owing to its large surface area and electro-

catalytic properties. The chelating ability of creatinine with CuO occurs through the formation 

of a soluble copper-creatinine complex 59.  Therefore, the interaction of Cu(II) with creatinine 

occurs in most cases through adsorption, causing a reduced current signal with increasing 

creatinine concentrations.  

In some cases, interference removal from other molecules in the sample required additional 

steps. For example, uric acid interference (in a study by Raveendran et al.) required pre-

treatment methods for eliminating its effect on creatinine response. The sensor showed no 

Figure 1.5: Electrochemical detection of creatinine with electrodeposited copper based 
screen-printed electrode5. 
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interference with glucose, ascorbic acid, dopamine and urea. However, the samples were 

incubated with PbO2 powder, in order to reduce the interference caused by uric acid 5.   

In several studies, screen printed carbon electrode (SPCE) has been used as the substrate for 

development of the creatinine sensing platform. The fact the SPCE is a cost-effective and a 

disposable material, adds to its advantages, also allowing its potential use in POCT settings 5, 7, 

57-59.  Non-enzymatic electrochemical creatinine sensing has been investigated using GC, Au and 

Pt electrode, finding Au giving the best performance in terms of redox signal with respect to 

copper 55, 56. However, working with glassy carbon electrode (GCE) using electrodeposited NPs 

on the surface of the electrode gave significantly low LOD of 0.002 µM and relevant clinical range 

of detection (0.01-100 µM) in a study51.   

Polymer systems significantly enhance the sensitivity of creatinine detection platforms. Kalasin 

et al. combined cuprous nanoparticles with polyacrylic acid (PAA) gel for developing a platform 

to detect creatinine.  The polymer gel allows reversible ionic cross-linking with the 

nanocomposites and also provides good mechanical properties7, 58.  PAA gel-Cu(II)  side chains 

were cross-linked with Cu2O NPs (fig. 1.6) 7.  Creatinine forms a complex with Cu(II) as Cu(I) is 

oxidised to Cu(II), as a result giving increasing oxidation currents with increasing creatinine 

concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.6: PAA-Cu(II) based creatinine electrochemical sensing 7. 
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Polymeric dye-based metal carbon nanofiber nanocomposites have also been used for detection 

of creatinine, where polymethylene blue (PMB) nanofibers were grown on the surface of copper 

doped carbon electrode. Creatinine was detected based on the recognition mechanism provided 

by PMB along with electrooxidation of creatinine which was catalysed by copper due to the 

formation of copper-creatinine complex. Carbon nanofiber based electrochemical sensors have 

shown to be of high mechanical strength and have high chemical stability in alkaline and acidic 

solutions. PMB increased the electrical conductivity and sensitivity of the analysis as a result of 

increased surface area of detection54. Graphene material additionally increases the electronic 

conductivity of the electrode, increasing the sensitivity of measurement51, 55, 59. Pedrozo et al. 

have improved the sensitivity of the sensor system by introducing graphene quantum dots 

(GQDs)  mixed with Nafion polymer 55. Nafion has also been used in other studies by Kalasin et 

al. and Sato et al. for potentially reducing the extent of interferences from negatively charged 

interferents including ascorbic acid (AA) and uric acid (UA) 57, 60.   

Polydopamine (PDA) attached on reduced graphene oxide (rGO) loaded with nile blue (NB) has 

been drop coated onto the surface of GCE for developing a creatinine sensor. The use of PDA 

and rGO enhance the active sites and surface area for electron transfer 51.  Furthermore, a study 

has looked at developing a non-enzymatic creatinine sensor based on PVA-Cu(II)-PEDOT:PSS 

with cuprous and cuprite ions. The creatinine and cuprous ions were present at PEDOT sites 58.  

Some limitations of the current  copper sensors include requiring pre-treatment of samples (with 

PbO2 powder) for interference removal including uric acid5 and significantly complex procedures 

of sensor preparation.  

 

1.3.2.2 Iron based sensors 

 

Most iron-based creatinine sensors are designed based on the Fe(III) binding property to 

creatinine. Some studies are summarised in table 1.4.  

 

Table 1.4: Comparison of different iron based electrochemical sensing methods for creatinine detection. 

Modification Test 

solution 

LOD 

(µM) 

Detection 

Range (µM) 

Sample Reference 
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Carbon black 

film in contact 

with paper-

adsorbed iron 

(III) ions 

 

NaCl 43 100-6500 Urine 61 

FeCl3 coated 

cotton fiber 

membranes 

 

NaCl - 884-21658.4 Urine 6 

Fe2O3 

integrated 

polyaniline 

(PANI) 

nanocomposite 

 

PBS 0.144 1-13000 Serum 62 

Fe3+ based 

μPAD (Paper-

based 

analytical 

device) 

 

NaCl 84 884-21.6 x 

103 

Urine 63 

 

It has been observed in various studies that creatinine forms a complex with Fe(III) ions 6, 61, 63. 

One possible mechanism involved the Fe(III)/Fe(II) redox pair where excess Fe(III) adsorbed onto 

the working electrode (WE) paper formed a complex with creatinine. The excess Fe(III) was 

measured and the concentration of creatinine was determined 6, 61, 63 . Kumar et al. also 

investigated formation of creatinine-Fe(III), where the redox current was dependent on the 

complex formation. As the creatinine concentration increased, Fe(III) formed a complex with 

creatinine and there was less available Fe(III) to form Fe(II) and as a result the Fe(III) reduction 

current decreased 6.  
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A range of substrates have been used for iron-based creatinine sensing including GCE and SPEs. 

GCE based sensor has been used where Fe(III)-creatinine complex formation takes place. In this 

study, the conducting polymer PANI significantly enhances the surface area for interaction and 

allows faster charge transfer 62. Alternatively, low cost carbon printed electrodes as disposable 

sensing platforms for creatinine detection have been used in a study by Kumar et al. based on 

FeCl3 coated cotton fiber membranes6. Although, some of these studies add to advantages 

including low cost and use of no enzymes, overall, the preparation techniques are more complex 

than our sensing methods described in this PhD project for creatinine detection.  

 

1.3.2.3 Other metal-based sensors 
 

Binary nanoparticles (Fe-Cu), nickel foam iron doped materials and silver NPs are some of the 

other type of metal-based creatinine sensors developed with high sensor selectivities and 

sensitivities. The studies are summarised in table 1.5.   

Table 1.5: Comparison of other metal based electrochemical sensing methods for creatinine detection. 

Modification Test 

solution 

LOD 

(µM) 

Detection 

Range 

(µM) 

Sample Reference 

Figure 1.7:  Fe(III) based detection of creatinine with reduced iron redox current on increasing creatinine concentrations6. 



 

16 
 

Fe-Cu-rGO (reduced 

graphene oxide) 

nanocomposite 

 

PBS 0.01 0.01-1000 Whole 

blood 

52 

Keggin-type 

phosphomolybdate 

(PMo12)-doped 

polypyrrole (PPy) 

Film 

 

H2SO4 0.005 1-100 - 64 

Nickel foam iron 

doped 

 

KOH - 0.06-18 

mM 

1 M KOH 65 

Reduced graphene 

oxide (RGO)/AgNPs 

film 

PBS 0.743 x 

10-6  

 

10 x 10-6-

120 x10-6 

Urine 4 

Silver nanoparticles 

(AgNPs)/multi 

walled carbon 

nanotube 

(CNT)/folic acid (FA) 

 

BR buffer 

(CH3COOH 

+ H3BO3 + 

H3PO4) 

0.008 0.01-200 Urine 66 

MWCNT-inulin (a 

versatile 

carbohydrate 

polymer)-TiO2 bio-

nanocomposite 

 

PBS 0.06 0.2-1 Urine 67 

Phosphotungstic 

acid/ 

poly(ethyleneimine) 

(PTA/PEI) 

multilayer 

 

NH4-HCl 

buffer 

0.06 0.125-62.5 Urine 68 
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Various studies have shown the possibility of creatinine oxidation on different sensing platforms. 

Singh et al. observed creatinine oxidation to an oxime compound through the use of Fe2O3 (that 

bind to creatinine) and CuNPs (that act as an electrocatalyst in the reaction). Synergistic effect 

of binary copper-iron oxide significantly enhances the overall performance of this sensing 

system.  Fe2O3 effectively captures creatinine through the secondary amine and allows 

formation of a complex with creatinine through the Fe(III) interaction, allowing creatinine 

oxidation. This sensor based on reduced graphene oxide (rGO) stabilised binary copper-iron 

oxide nanocomposite on 3D printed Ag-electrode gave a detection range between 0.01 to 1000 

µM and LOD of 10 nM. The sensor responded in less than a minute and showed no interference 

in presence of uric acid, urea, dopamine and glutathione52. Direct oxidation of creatinine has 

also been investigated with nickel based electrochemical systems, where simultaneous urea and 

creatinine detection was investigated – nickel foam based electrocatalysts have been used for 

creatinine oxidation in a study by Carpenter & Stuve 65. The studies were performed at pH 14 in 

1 M KOH solutions. Reduced current densities are observed on nickel electrodes when creatinine 

is added to the system in presence of urea, due to possible site blocking due to stronger 

adsorption by creatinine on the electrode surface. Nickel hydroxy foam (NHF) and Fe-NHF were 

also used in this study for creatinine detection, where Fe-NHF gave the highest current densities 

for the electrochemical system. The overall current response in the CV and chronoamperometry 

study was significantly high (mA range) as a result of the use of high surface area metal based 

foams that provide increased number of active sites for the reaction. These reaction conditions 

were also used in our study with nickel electrodeposited GCE, as discussed in Chapter 4.  

Other metal-based NPs, e.g., AgNPs have also been investigated for creatinine detection4 (fig. 

1.8), where creatinine adsorption on the metal active sites and direct creatinine oxidation are 

the mechanisms involved. Adsorption of creatinine at the WE, decreases the peak anodic current 

with increasing creatinine concentrations and allows effective detection of creatinine. 

Viswanath et al. developed the sensing technique using this method based on AgNPs and rGO, 

where the LOD was 0.743 pM with a linear range between 10 pM to 120 pM4. Although, Fekry 

et al. have used AgNPs to develop a method to oxidise creatinine directly on the surface of the 

WE, understanding the fact that AgNPs act as conduction centers enhancing the electron 

transfer from creatinine nitrogen centres. Sensor surface area is further increased due to use of 

folic acid and porous carbon nanotubes (CNTs), giving a significantly low LOD of 0.008 µM66.  
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Creatinine can also form complexes with polyoxometalates (POMs) that are excellent redox 

catalysts. Guo et al. have studied a creatinine complex forming mechanism with Keggin-type 

phosphomolybdate (PMo12) entrapped into a conducting polymer film of polypyrrole (PPy) 64. 

PPy film enhances the conductivity of the system and improves the sensor sensitivity 64. This 

indirect electrochemical sensing process involved complex formation between creatinine and 

PMo12 (in presence of 0.50 M H2SO4), where creatinine replaces H+ captured in the PMo12 cavity, 

causing reduced peak currents with cyclic voltammetry due to less availability of H+ .  

 

 

 

 

 

 

 

 

 

 

Although, the existing non-enzymatic creatinine sensing offers high sensor stability and short 

diagnostic times, there is still the need to develop simple, portable and low-cost alternatives for 

creatinine sensing. With the current non-enzymatic creatinine sensing techniques, there are 

limitations due to high cost, complex electrode preparation techniques and effect of 

interferences. As part of this PhD project, we have designed non-enzymatic creatinine sensors 

working based on unmodified electrode system (bare GCE and bare SPE) and based on a 

nanoparticle based system (Nickel-GCE). Few concepts of nanomaterial based sensing will be 

discussed below.  

 

1.4 Nanomaterials and creatinine sensing 
 

Figure 1.8: Electrochemical detection of creatinine based on AgNPs4. 
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In the last few years, there has been significant research in the area of development of metal 

nanoparticles (particles with a mean diameter lower than 100 nm) based electroanalytical 

sensors. These materials show excellent physical and catalytic properties 69. A faster electron 

transfer can be achieved through use of nanomaterial-based electrochemical sensors with high 

surface area and high conductivity. This enhances the sensitivity and selectivity of the 

electrochemical sensor. As a result of high surface area to volume ratio of nanomaterials, a 

higher number of active sites for redox reaction is available. The properties of nanoparticles are 

dependent on their shape and size and therefore, the morphology is critical 70. Research is 

ongoing to incorporate nanomaterials for current and future sensing applications, including 

nanomaterials previously mentioned e.g., Ag NPs and Cu NPs.   

 Nickel based sensors have been explored and widely used seen in previous studies for glucose 

sensing71, 72. The fact that nickel catalyses the oxidation of glucose and other organic molecules 

in alkaline solution (through formation of Ni(II)/Ni(III) redox species), it was considered to 

explore creatinine sensing using this method (fig. 1.9).  

 

 

 

 

 

 

 

 

 

 

1.5 Real sample analysis 
 

As a result of multiple metabolic routes, creatinine is present in various biofluids. Physiological 

fluids like blood, urine, saliva and sweat have been analysed and investigated for development 

of creatinine sensor platforms. Research currently is shifting towards development of non-

Figure 1.9: Schematic showing creatinine oxidation process on nickel nanoparticle based GCE. 
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invasive creatinine detection platforms in urine, saliva or sweat adding convenience for patients 

and possibility of measurements in real time.  

 

1.5.1 Blood/plasma creatinine 
Clinical analysis of creatinine in blood/plasma has been considered as the most widely used 

diagnostic fluid3. Detection of creatinine in blood or plasma is being considered a robust test for 

renal function assessment. Normal creatinine levels are found to be in the range of 40-150 µM. 

Creatinine levels higher than 500 µM indicate severe renal impairment where patients may 

require dialysis treatment or renal transplantation 30. The conventional methods in labs require 

blood sampling in mL volumes 30. Currently, research is now focusing on other non-invasive 

methods for clinical evaluation of kidney function through analysis in urine, sweat or saliva using 

POCT devices which would require microliters of volume of the sample making the tests more 

convenient. These biofluids could allow monitoring in real time and add to being user-friendly 

and convenient 30.  

 

1.5.2 Saliva creatinine 
 

Saliva creatinine can give information related to creatinine that observed in blood. Metabolic 

by-products of kidney failure can be monitored in saliva as the biofluid 73. However, there exists 

low diagnostic accuracy and low specificity with this method of analysis, in comparison to 

traditional colorimetric creatinine detection methods including Jaffe reaction 74.  

 

1.5.3 Sweat creatinine 
 

Sweat creatinine measurement in wearable sensor devices is another alternative to creatinine 

analysis. Although, this technique is non-invasive but provides low sample volumes. 

Additionally, evaporation of sample causes overestimation of creatinine levels75.  

 

1.5.4 Urine creatinine 
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Urine has been used as a physiological fluid for many years to detect kidney diseases. Urea is 

the main component of urine and urea measurement gave information on the condition of the 

kidneys 30. However, protein intake affects the urea levels in urine significantly and therefore is 

not a reliable biomarker for understanding renal function. Measurement of creatinine levels in 

urine is a more robust way to check kidney function. A more accurate way to analyse creatinine 

in urine is by performing 24h sample collection. A method for spot urine test, that is more 

convenient and beneficial requires calculation of albumin to creatinine ratio (more discussion in 

Chapter 6 on Future Work). This is a more robust clinical index for early screening of kidney 

disease. Normal creatinine levels in urine are between 4.4 – 13.3 mM26. Although, this clinical 

reference range may vary based on results from different labs. 

Due to the advantages of measuring creatinine in urine non-invasively, this PhD project has 

considered developing a creatinine sensing platform for detection in urine.  

 

 

 

1.6 Point-of-care testing (POCT) 
 

Later chapters (Chapter 5) of the PhD project focus on development of a SPE system for 

creatinine sensing. SPEs allow miniaturisation of the sensing platform, requiring only few 

microliters of the sample and can easily be used for POC settings. The aim is to further develop 

this system into a POCT technology, where a one-spot analysis can give results to clinicians 

regarding kidney function.  

Laboratory testing remains the dominant model for analyte testing currently. Although, 

economic pressures and providing more patient-centred care, is becoming the focus of 

healthcare systems76.  The aim is to reduce costs of expensive care in secondary care hospital 

settings, and allowing early screening, diagnosis, and monitoring of clinical conditions at the 

primary care settings (e.g., GP surgeries). This way of testing is more convenient for patients as 

it avoids multiple visits to hospitals, especially for those who require frequent tests.  

POCT diagnostic medical devices allow testing at the point of patient care, usually at patient’s 

bedside. Several healthcare settings where these devices are now used include hospital-based 

wards, emergency department, general practice (GP) and home care77. The time of result is key 

in case of POCT devices, although the accuracy of result is significantly important. The idea is to 
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have a low-cost, user-friendly creatinine medical device that can be used for early screening of 

chronic kidney disease (CKD). This PhD project can be developed in further stages of the research 

study as discussed in Chapter 6 on future work, where a POCT device that measures albumin to 

creatinine ratio (ACR) would provide a robust clinical index for early detection of CKD.  

 

 

 

 

 

 

 

 

1.6.1 Laboratory automatic analysers and creatinine detection 
 

A point-of-care (POC) screen printed electrode system would mean there is no need for samples 

to travel, no use of complex or expensive equipment and no requirement of skilled analytical 

personnel. There are already commercialised POC devices for creatinine detection including 

Nova Biomedical Stat Profile Critical Care Xpress (CCX), which allows multi-analyte detection of 

analytes along with creatinine. This technology although has a result time of 150 s has an error 

of approximately 11.4% and is used for blood samples 78. 

Chemical and enzymatic methods based on benchtop automatic analyzers are currently used for 

creatinine detection in serum or urine 35. The most common method is using Jaffe reaction 

where a creatinine-picrate complex forms in alkaline medium. The rate of increase in 

absorbance at 500 nm is directly proportional to the concentration of creatinine 35.  

The other enzymatic method used in the current laboratory analyzers use the method where 

creatinine is hydrolyzed by creatininase to creatine. Creatinase converts creatine to urea and 

sarcosine. Sarcosine oxidase then converts sarcosine into glycine and formaldehyde along with 

the production of hydrogen peroxide. In presence of peroxidase, hydrogen peroxide reacts with 

4-aminoantipyrine and N-ethyl-N-sulfopropyl-m-toluidine to yield a dye. The change in 

absorbance at 548 nm is directly proportional to the creatinine concentration 35. However, the 

Patient 

Sample 

Result Consult 

with 

doctor 

Figure 1.10: Pathway of POCT testing. 
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use of enzymatic method is limited to point-of-care testing and dry chemistry because it is 10-

folds more expensive than Jaffe method.  

Through assessments, both Jaffe and enzymatic reaction methods have seen to meet the 

analytical performance requirements for routine use (table 1.6). Despite the fact that enzymatic 

method shows better performance at lower creatinine levels, Jaffe reaction still remains the 

best technique in use due to its cost (10 folds lower) in comparison to the enzymatic method.  

 

Table 1.6: Method parameters applied on the lab analyzers using Jaffe or enzymatic method of detection35. 

Sample Method Detection range 

(mg/dL) 

LOD (mg/dL) 

Serum Jaffe reaction 0.2-38.70 0.01 

 Enzymatic 

reaction 

0.25-40 0.01 

Urine Jaffe reaction 0.21-37.85 0.25 

 Enzymatic 

reaction 

0.1-40 0.07 

 

 

1.6.2  POCT Creatinine Devices 
 

At the point-of-care (POC) level, creatinine analysis must be according to the ASSURED 

guidelines: where the detection is Affordable, Sensitive, Specific, User-friendly, Rapid & Robust, 

Equipment-free and easily Delivered76.  

The idea of POC creatinine devices is to allow reliable creatinine testing at GP surgery or at 

patient’s home. This has already been seen in case of glucose testing. There is a need to develop 

creatinine POC technologies that are more reliable, accurate, sensitive, low cost, and that 

provide rapid detection results, without the need of a trained personnel.  

i-STAT and StatSensor are the most studied POC hand-held devices in literature 79. All currently 

commercialised creatinine sensing POCT platforms are based on enzymes. The current 

commercialised creatinine POCT devices are summarised in table 1.7.  
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Figure 1.11:  A) StatSensor (Nova Biomedical)80 B) epoc® Blood Analysis System (Siemens Healthineers)81 
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Table 1.7: Summary of currently commercialised POCT hand-held devices for creatinine detection. 

 

 

Such devices are already in use in hospitals today, but have disadvantages related to high cost. 

The fact that there is no POCT device commercialised that works non-invasively on biofluids 

including urine, sweat or saliva, therefore more research is required to develop these sensing 

devices.  

 

1.7 Thesis outline and objectives 
 

There has been significant research in the area of developing highly specific enzymatic creatinine 

biosensors, although they are high in cost and have less storage stability due to the presence of 

Device Description Limitations Reference 

epoc® Blood Analysis 

System (Siemens 

Healthineers) 

Single test card 

technology 

 

Coefficient of variation 

for creatinine ≤ 15%  

Largest bias in creatinine measurements in 

comparison to routine laboratory analyzers 

(Architect c8000 and Cobas c702 systems) 

 

10 folds higher in cost than Jaffe method 

due to use of enzymes 

 

Less user-friendly device 

 

82 

i-STAT (Abbott) Has acceptable error 

and showed least major 

errors for creatinine 

detection 

 

Less user-friendly, high cost (£ 5,500) 

 

79 

StatSensor (Nova 

Biomedical) 

Single use biosensor Shows highest major error rate in a study 79 

for creatinine detection 

 

High cost (in comparison to Jaffe method) 

78 
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enzymes. Therefore, research has recently shifted towards exploring non-enzymatic creatinine 

detection platforms that are low cost, simple and easy to fabricate platforms with high stability.  

The aim of this PhD project is to contribute towards research in the area of development of non-

enzymatic creatinine sensor platforms. We have developed sensor platforms using bare glassy 

carbon electrode (GCE), nickel based GCE and screen-printed electrodes (SPEs) using a technique 

where creatinine oxidation occurs due to presence of alkaline ferricyanide.  

 

1.7.1 Chapters 
 

1.7.1.1 Chapter 1  

 

This chapter introduces the PhD research in the area of developing sensors for creatinine 

detection. A detailed literature review will describe the current techniques researched in the 

area of non-enzymatic creatinine sensing. Significance of nanomaterials in electrochemical 

sensing will be discussed, followed by a discussion on the significance of point-of-care testing 

platforms for creatinine detection. 

1.7.1.2 Chapter 2  

 

In this chapter, basics of electrochemical theory and methods will be introduced. The concepts 

of electrochemical cells, Faraday’s Law and Nernst Equation will be discussed. Voltammetry 

techniques including cyclic voltammetry (CV) will be discussed in detail. Theory of spectroscopic 

methods including NMR will also be discussed, followed by a short discussion on 

electroanalytical systems and nanomaterial-based sensing.  

 

1.7.1.3 Chapter 3 

 

In experimental chapter 3, techniques developed for detection of creatinine using bare GCE in 

alkaline ferrocyanide solution is discussed. Characterisation methods including NMR and UV-vis 

techniques are used for analysis of the reaction mechanism and colorimetric creatinine 

detection, respectively. Electrochemical studies with cyclic voltammetry (CV) is used for 

analysing the electrochemical performance of the creatinine sensor in alkaline ferrocyanide 

solution. Selectivity studies are performed with artificial urine. Further sensor analysis is 
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performed with interferents including ascorbic acid (AA), uric acid (UA) and glucose (Glu). 

Electrochemical reaction mechanism is analysed in detail with NMR study.  

 

 

1.7.1.4 Chapter 4 

 

Chapter 4 introduces the use of a nickel based GCE for electrochemical detection of creatinine 

in alkaline ferrocyanide solution. SEM analysis is discussed where the surface of GCE is analysed 

in presence of nickel nanoparticles. Steps to prepare a nickel nanoparticle-based electrode by 

electrodeposition technique is also discussed. Electrochemical detection of creatinine by 

electrochemical techniques including cyclic voltammetry (CV) and chronoamperometry (CA) are 

mentioned. Optimisation studies were performed with different concentrations of KOH to 

evaluate the performance of creatinine sensing on the nickel based electrochemical platform. 

Studies with nickel foam as the electrode sensor for creatinine detection were also analysed. A 

short section also describes the limitations in terms of interference with urea, as urea is 

significantly electroactive on nickel-based electrodes.  

 

1.7.1.5 Chapter 5 

 

This chapter moves towards the miniaturisation of the creatinine sensors developed in chapter 

3 using SPE based platforms, with the aim to develop this study such that these sensors can be 

used in a POCT setting. The bare GCE creatinine system with alkaline ferrocyanide is miniaturised 

onto an electrochemical cell with SPE system. Bare SPEs, nafion/SPEs and carbon 

black/nafion/SPEs are used in this study to understand and eliminate/reduce the extent of 

interferences with AA, UA and Glu. Selectivity studies are performed with artificial urine 

samples. PVA/KOH/ferrocyanide hydrogels were also investigated to evaluate the applicability 

of this sensor system towards POCT at later stages.  
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1.7.1.6 Chapter 6 

 

This chapter presents the conclusions and future work of this PhD project. A summary of the 

experimental work for all chapters will be described. Research ideas are described for the next 

part of the research also related to the information understood through participation in the 

ICURe Discovery program. With various conversations with clinicians, we market tested the idea 

of the research involved in this PhD project and what future work could be done. A detailed 

discussion on albumin sensing and further miniaturisation of the sensor platform, along with 

other improvements to the technology is discussed.  
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Chapter 2 – Electrochemical Theory and 

Methods 
 

 

2.1 Electrochemical theory and methods 
 

2.1.1 Electrochemistry and electroanalytical techniques 

 
Electrochemistry involves charge separation at interfaces in electrochemical cells which can lead 

to charge transfer, either homogeneously in solution or heterogeneously on electrode surfaces 

4, 11. Orbital structures of molecules and band structures of metal electrodes are involved in 

electrochemical reactions at electrode surfaces 4.  

Electrochemical methods are the most widely used methods for sensing analytes in a range of 

applications including biomedical and environmental 12. These methods have advantages over 

other analytical techniques including spectrophotometry, HPLC (high-performance liquid 

chromatography) and colorimetry. Conventional analytical techniques are high in cost, complex 

and time-consuming 4. Electrochemical methods are low cost, allow easy sample preparation 

and can perform multi-analyte detection along with high sensitivity and selectivity 12. The 

solution-electrode interface (which forms the electrical double layer) is of interest in these 

methods of analysis 13.  

 

2.1.1.1 Electrochemical cell reactions 

 

The overall reaction in a two-electrode electrochemical cell involves two half-reactions – one 

taking place at the working electrode (WE) (of electroanalytical interest) and the other is at the 

reference electrode (RE), which standardizes the other half cell as a result of its constant 

composition phases. With a three-electrode cell, the counter electrode (CE) completes the 

circuit and allows charge to flow. The potential of a reference electrode is fixed. As a result, any 

changes in the electrochemical cell are due to the changes occurring at the working electrode, 

which in this case forms a key part of the sensor element. The energy of electrons in the WE can 
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be controlled (same as controlling potential of WE with respect to the RE). Faradaic and non-

faradaic processes occur at electrodes in an electrochemical reaction process. Faradaic 

processes involve charge transfer at the electrode/solution interface, whereas in non-faradaic 

processes no charge transfer reaction occurs, although external currents may flow as a result of 

change in electrode-solution interface in terms of adsorption or desorption of molecules.  

 

2.1.1.2  Electrochemical Cells 

 

Electrochemical cells are a collection of interfaces with at least two electrodes and an electrolyte 

phase 4. With a three-electrode cell  (in voltammetry), working electrode (WE), counter 

electrode (CE) and reference electrode (RE) are used. Investigated processes occur at the WE. 

RE, which is at constant potential allows control of potential of the WE. Current flows between 

the WE and the CE. 

Faradaic currents flow in electrochemical cells, which are of two types – galvanic and 

electrolytic. Spontaneous reactions occur in a galvanic cell, where there is conversion of 

chemical energy to electrical energy when the cell is connected externally by a conductor (fig. 

2.1). An external voltage (greater than the open-circuit potential) is applied to an electrolytic 

cell, where chemical reactions occur as a result of input of electrical energy.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Galvanic and electrolytic cell referenced from4 
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2.1.1.3 Faraday’s Law 

 

The current in amperometric experiments can be integrated to get the charge that is transferred 

which relates to number of moles of analyte reduced or oxidised in the reaction, using Faraday’s 

law (Equation 2.1).  

                                                                𝑄 = 𝑛𝐹𝑁                                                            (Equation 2.1) 

where Q is charge transferred in Coulombs (C), N is number of moles of analyte converted in the 

reaction (oxidised or reduced) and n is number of moles of electrons transferred per mole of 

analyte2.  

 

2.1.1.4 Reference Electrode 

 

A reference electrode (RE) has a stable equilibrium potential. A WE electrode potential is 

measured in relation to  the RE potential.   

By convention, the primary reference electrode chosen for electrochemical studies against 

which all the potentials are referenced is the SHE (Standard Hydrogen Electrode) or NHE (Normal 

Hydrogen Electrode) (Equation 2.2). It has a potential of 0 V at all temperatures 4.  

                                                   𝑃𝑡/𝐻2(𝑎 = 1)/𝐻+(𝑎 = 1)                                                (Equation 2.2) 

Another type of RE is the silver-silver chloride electrode,  

                     Ag/AgCl/KCl (saturated in water)                                         (Equation 2.3) 

with a potential of 0.197 V vs NHE4.  

The potential of a RE is fixed and any changes in the electrochemical cell are due to changes 

occurring at the WE surface4. These REs have a porous frit that separates the electrode from the 

solution9.  For alkaline solutions, generally Hg/HgO RE is preferred to prevent the RE frit from 

dissolving in highly alkaline solutions.   

 

2.1.1.5 Nernst equation 

 

The redox reaction equilibrium is affected by the potential sweep at the working electrode 

surface. Equilibrium is established if the electron transfer rate is higher than the voltage scan 
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rate. Then, the equilibrium exists at faster rates at the WE surface with the potential scans. The 

applied potential (E) can be related to the equilibrium concentrations of the analyte in the forms 

of X and X+, assuming reduction reaction occurs.  

                                                             𝐸 =  𝐸𝑜 − 
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑋

𝑋+                                                    (Equation 2.4) 

where EO is the standard reduction potential.  

For reversible reactions (with fast electrode kinetics), the Nernst equilibrium is established at 

faster rates as the potential is scanned. For quasi-reversible and irreversible reactions (with 

slower electrode kinetics), the Nernst equilibrium may not be maintained 1.  

 

2.1.1.6 Electrical double layer 

 

Heterogeneous electrode reactions take place at the interfacial region between the electrode 

and solution which is also known as double-layer capacitance (fig. 2.3)4. This region is also 

termed as the ‘Electrical Double Layer’. The structure of this region significantly affects the 

electrode process (in terms of electron transfer rate) and the electrochemical measurements 11. 

This double layer can be viewed as a capacitor, which needs to be charged before obtaining a 

desired potential at the working electrode (WE). A capacitive current, also known as charging 

current (which is not due to oxidation or reduction of analyte in solution) as a result flows in the 

circuit, which may interfere with electrochemical measurements, and can be eliminated using 

techniques such as differential pulse voltammetry (DPV) 11, 14.  

The electrical double layer is made of several layers on the solution side. The inner layer (also 

known as compact, Helmholtz or Stern layer) consists of mainly solvent molecules and also other 

specifically adsorbed molecules. The nature of the double layer can affect the rate of electrode 

processes in an electrochemical reaction. An analyte (electroactive molecule) which can 

approach only till the OHP, will experience a potential drop across the diffuse layer and 

therefore, the total potential it experiences will be less than the applied potential5. 
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2.1.1.7 Controlled potential methods - Voltammetry 

 

These amperometric methods involve applying a potential to an electrode (WE) surface, forcing 

an electrochemical reaction to occur. The system as a result moves away from its equilibrium 

state and the generated current is monitored. A typical three electrode electrochemical cell is 

shown (fig. 2.4)2.  

 

 

 

 

 

 

 

Figure 2.2: Electrical double layer at the electrode/electrolyte interface5. 

Figure 2.4: Three-electrode electrochemical cell2. 

Figure 2.3: Electrical double layer at the electrode/electrolyte interface5. 
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Voltammetry is a common subset of controlled potential methods. Potential is scanned at a 

specified rate and current (a measure of rate of electrode surface reactions) is monitored using 

this technique (seen as a voltammogram in fig. 2.7). The current is a result of the redox reactions 

that occur at the electrode surface.  

These methods of analysis measure faradaic current (which is a result of change in oxidation 

state of the analyte) which is directly proportional to the concentration of the analyte. In 

voltammetry, electrochemical potential is the independent variable that can be controlled, 

whereas current exists as a dependent variable, which is an outcome of an experiment 5.  

These measurements provide information about processes at only the WE 5. A typical 

electrochemical cell can be seen in fig. 2.5. Current flows between the WE and the CE. The RE is 

of a constant composition and maintains a fixed electrochemical potential that serves as a 

reference point relative to the WE potential, when using a potentiostat5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: A typical three-electrode electrochemical cell 
with the WE, CE and the RE describing the oxidation of a 

dissolved analyte molecule5. 
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2.1.1.7.1 Cyclic voltammetry 

 

Cyclic voltammetry (CV) is the most widely used electrochemical technique which involves both 

electrode kinetics and diffusion. It is an extension of linear sweep voltammetry (LSV), where two 

linear sweeps, in opposing directions, are combined (fig. 2.6). During this experiment, a potential 

is applied to the working electrode and the current flow is recorded vs potential, in a ‘cyclic 

voltammogram’ 13. The x-axis in a CV represents the applied voltage, while the y-axis represents 

the resulting current (fig. 2.7)9. 

 

 

 

 

 

 

 

 

 

 Figure 2.6: Detailed working of cyclic voltammetry1. 
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A variety of interfacial phenomena can be seen through the shape of a voltammogram. Both 

electrode kinetics and mass transport (diffusion, convection and migration) affect the overall 

current recorded. With an increase in potential at the W.E., moles of electrons transferred 

between the electrode and the analyte increases, causing an increase in current. As the potential 

sweep continues, the current then begins to decrease as a result of mass transport limitation, 

where a diffusion gradient forms near the surface of the electrode (diffusion boundary layer) 

and there is a difference between the analyte concentration at the surface (which is lower) and 

the bulk of the solution (which is higher). This diffusion of analyte over time decreases as the 

boundary layer grows in thickness, decreasing the overall current response as a result of lower 

concentrations of analyte at electrode surface for the redox reaction (fig. 2.8) 1.   

Figure 2.7: Cyclic voltammogram according to IUPAC 
convention 9, 10 
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These experiments are often performed with a static WE in unstirred solutions. Physicochemical 

processes including diffusion, convection and migration and chemical reactions are involved in 

this technique,  such that migration and convection are minimised and only diffusion plays a 

part. It is to be noted that the heterogeneous redox reaction of interest takes place only at the 

electrode/electrolyte interface of the WE.  There is exchange of electrons that occurs between 

the electrode and the redox active species in this electrode reaction. By controlling the applied 

potential at the WE, the redox equilibrium shifts to either oxidation or reduction. In experiments 

with creatinine as an analyte, it is understood that at the beginning, a bulk concentration of 

creatinine is present in the cell. When the potential of the WE is increasedin the positive 

direction, creatinine (CR) molecules close to the interface at the WE, begin to get oxidised to CR-

O (according to Equation 2.5) and current flows in the circuit.  

                                                                  𝐶𝑅𝑠𝑜𝑙 ↔ 𝐶𝑅 − 𝑂𝑠𝑜𝑙 + 𝑛𝑒−                                 (Equation 2.5) 

It can be understood that rate of diffusion is affected by the concentration gradient of the 

analyte. At the beginning of a voltammetry scan in unstirred solution, there exists a thin 

boundary layer (sometimes called the diffusion layer). The diffusional flux as a result is against 

a steep concentration gradient (fig. 2.9) and therefore more analyte diffuses through this layer 

towards the working electrode giving higher currents initially.  

Figure 2.8: Voltammogram showing the effect of a negative-going potential sweep on current in the presence of a 
redox-active molecule1.  
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With time, this boundary layer grows in thickness (fig. 2.10) as the analyte depletes near the 

surface of the WE. Due to less availability of analyte and its mass transport limitation as diffusion 

rate slows down, the current decreases even though the potential sweeps to higher potentials.  

 

 

 

 

 

 

 

 

Electrode kinetics significantly affects the current response in an electrochemical reaction. It can 

be reversible, quasi-reversible or irreversible.  

 

2.1.1.7.2 Reversible Electron Kinetics 

 

Reversible electron reactions are a result of rapid electron kinetics (fig. 2.11) where there is low 

barrier to electron transfer, and the rate constant is significantly higher than the mass transfer 

coefficient (ko >> mT). The surface concentrations of the redox species is maintained at their 

Figure 2.10: The concept of thick boundary layer forming at the surface of the 
working electrode 1. 

Figure 2.9: The concept of formation of thin layer boundary layer at the 
surface of the working electrode 1. 
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equilibrium values according to the Nernst equation. Therefore, reversibility depends on the 

value of the rate constant. The peak current observed in systems with reversible kinetics occurs 

before that observed in quasi-reversible and irreversible systems as a result of requiring higher 

potentials to raise current due to slower kinetics in comparison. Additionally, the peak current 

magnitude is much higher for reversible systems as a greater number of electrons are 

transferred per unit time at the WE surface due to faster electron kinetics1.  

In reversible systems, asscan rate is varied, the potential difference ΔEp between peak currents 

remains constant at a value of 59/n mV, where n is the number of moles of electrons transferred 

per reaction. The ratio of peak current magnitudes is 1 in case of reversible kinetics. The peak 

currents also increase with increasing scan rates. At higher scan rates, the diffusion boundary 

layer extending from the WE surface is thin, mass transport is not limiting the current, hence 

electron transfer occurs at higher rates, causing increased peak currents. At slower scan rates, 

a thicker diffusion boundary layer forms as the diffusive flux of reactant decreases with time and 

mass transport limitation takes effect with increasing time. Current decreases as a result with 

time (fig. 2.12).   

 

 

 

 

 

 

 

 

 

Figure 2.11: CV redox response in case of a reversible electrochemical system1. 
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2.1.1.7.3 Non-reversible electron kinetics 

 

The electron transfer rate constants for reversible reactions are much higher than that of quasi-

reversible and irreversible electrochemical reactions. For non-reversible electron kinetics, there 

is high barrier to electron transfer resulting in more sluggish and slower electron kinetics.  

 

2.1.1.7.4 Quasi-reversible Electron Kinetics 

 

The quasi-reversible kinetics is intermediate between reversible and irreversible kinetics (fig. 

2.13) where peak separation ΔEp is > than 59/n , meaning quasi-reversible processes occur at 

slower electron transfer rates than reversible processes and are also controlled by mass 

transport rates. Although for irreversible reactions, the reverse redox reaction in the reverse 

sweep doesn’t exist. Only electron transfer rates control the current response in case of 

irreversible processes, and the Nernst equation is not applicable due to significantly slow 

kinetics. The Nernstian equilibrium at the electrode surface is not effectively maintained, as the 

reactions in the quasi-reversible case are not highly thermodynamically favourable. For quasi-

reversible and irreversible reactions the forward peak current is always greater than the reverse 

Figure 2.12: Effect of varying scan rates on redox response in case of reversible 
electron kinetics1.  
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peak current as the reaction in the reverse scan doesn’t occur at fast enough rates due to slower 

kinetics. With quasi-reversible kinetics, ko (rate constant) ≈ mT (mass transfer coefficient).  

 

2.1.1.7.5 Irreversible Electron Kinetics 

 

When the rate constants of electrochemical reactions are even lower in values and the reaction 

is significantly slow, then irreversible electron kinetics takes place. With irreversible kinetics, ko 

(rate constant) << mT (mass transfer coefficient). There exists no reverse peak in this case and 

ΔEp is not applicable (fig. 2.13).  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

2.1.1.8 Chronoamperometry 

 

With this technique, a step potential is applied to allow reduction or oxidation reactions to occur 

at the surface of the WE. The step in potential allows a reaction to become thermodynamically 

favourable at those conditions. For example, applying a negative step potential allows reduction 

reaction to occur at the WE. There is a significant rapid increase in cathodic current (fig. 2.14), 

as a result of presence of bulk concentration of reactant X+ at the electrode. With increasing 

time, a constant cathodic current response is observed as X+ replenish at the WE surface due to 

stirring.  

Figure 2.13: Comparison of CV redox response of electrochemical systems with different electrode 
kinetics1. 
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2.1.2 Spectroscopic methods 
 

2.1.2.1 UV-vis analysis 

 

UV-visible spectroscopy measures the absorbance or transmittance of light and is a fast 

technique for analysis (fig. 2.15). Working wavelength between 200-1100 nm is present in most 

spectrophotometers. Transmittance represents the extent of light absorption at each 

wavelength and the wavelength of interest is the highest peak – λmax 
15.Electron transitions of 

organic compounds occurs while using this technique, where organic molecules absorb light and 

excite electrons from a lower energy orbital to a higher energy unoccupied orbital. According to 

the Beer-Lambert law (Equation 6),  

                                          𝐴 = 𝑙𝑜𝑔10
𝐼𝑜

𝐼
= Ɛ. 𝑏. 𝐶                                                                     (Equation 6) 

Figure 2.14: Chronoamperometry technique used at -1.3 V vs Ag/AgCl for electrodeposition of nickel 
from nickel nitrate solution. 
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where 𝐴 is light absorbance, 𝑏 is the path length, 𝐶 is the concentration and Ɛ is the molar 

absorptivity15.  

 

 

 

 

 

2.1.2.2 NMR analysis 

 

NMR spectroscopy is a widely used analytical technique for characterisation of organic 

molecules since the 1950s. Information on local magnetic field around atomic nuclei can be 

observed using NMR. This technique can provide significant information on the structure of the 

molecule as a result of this magnetic field being influenced by features of the molecular 

structure including configuration, intermolecular interactions, conformation, etc,16.  

‘Spin’ is a quantum mechanical property of nuclei and results in a NMR signal17. Use of magnetic 

fields can give qualitative and quantitative information on gaseous, liquid or solid samples. 

Spinning nucleons (protons and neutrons) are characterised by a nuclear spin quantum number 

(m), which has a value of −1/2 or +1/2. Magnetic characteristics are described using nuclear spin 

(I), if with a value of 0, meaning the nuclei are magnetically inactive and therefore cannot be 

detected using NMR experiment 16.  

The super conducting magnet (SCM) is the most important part of the NMR spectrometer. The 

signal to noise ratio and the resolution of the spectra are determined due to the strength of the 

magnetic field. Fourier Transform (FT) spectrometers are widely used currently to obtain NMR 

spectra. The NMR method involves applying a short pulse of radiofrequency radiation in the 

magnetic field to the sample, resulting in all nuclei excited at the same time, followed by 

detection of radiation by the FT spectrometer. This radiation is a result of nuclei going back to 

their lower energy state. Radiation with characteristic frequencies is given off by the nuclei in 

the sample17.  

Figure 2.15: Schematic of UV-vis spectroscopy technique. 
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Chemical shift occurs at the position of a signal along the x-axis of an NMR spectrum, which gives 

information on the structural environment of the nuclei producing the signal. Approximate 

proton chemical shifts in 1H NMR is shown on fig. 2.16. Approximate carbon chemical shifts in 

13C NMR is shown in fig. 2.17.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: Approximate proton chemical shifts in 1H NMR spectroscopy3 
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2D NMR is a type of multidimensional NMR spectroscopy, including HSQC (Heteronuclear single 

quantum correlation) and HMBC (heteronuclear multiple bond correlation) techniques. When a 

more detailed additional structural information from 1H and 13C NMR spectra is required, 2D 

techniques are significantly useful and can provide precise information on which hydrogens and 

carbons are producing the respective peaks3. HSQC gives information on 1H chemical shifts and 

X-nuclei directly bonded to the hydrogen atoms whereas, HMBC gives information over several 

bonds (generally 2-3)18. 

 

2.1.2.3 Mass spectrometry 

 

Mass spectrometry is important for understanding structure of organic molecules. Mass of 

molecules can be measured using this technique to further characterise a particular molecule or 

in identifying an unknown. Overall, this technique can be used to analyse structure of a 

molecule. A mass spectrum is a plot of intensity against mass-to-charge ratio (m/z). The sample 

is first vaporized and then ionized, followed by sorting by mass-to-charge ratio before detection. 

Therefore, there are three processes involved in this process including ion generation, mass 

analysis and ion detection 19.  

 

2.1.2.3.1 Electrospray Ionization (ESI) 

 

This technique uses electrical energy to transfer ions from solution phase into the gas phase 

before mass spectrometric analysis takes place8. This has become a routine technique for 

Figure 2.17: Approximate carbon chemical shifts in 13C NMR spectroscopy3 
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ionization of biomolecules. Ionization takes place in solution by protonation or deprotonation 

of the analyte19. The transfer of ions from sample solution into the gas phase done with ESI 

technique involves different stages: (1) dispersed fine spray of charge droplets are produced (2) 

Solvent evaporation then takes place followed by (3) ion ejection (seen in fig. 2.18)8.  

 

 

 

 

 

 

 

In positive ion mode, molecular species [M+H]+ is detected and in negative ion mode, molecular 

species [M+H]− is detected19. If the analyte can form complex or if it is in high concentrations, 

[2M+H]+ or [2M-H]− ions could also be present20.  

 

2.1.2.4 Infrared Spectroscopy 

 

This is one of the most common techniques used in organic chemistry. In summary, it is a 

technique where different IR frequencies are measured when a sample is positioned in the path 

of the IR beam. In this way, the chemical functional groups in the sample can be analysed. Gases, 

liquids and solids can be used for analysis with infrared spectroscopy7.  

All atoms at temperatures higher than absolute zero, are in continuous vibration with respect 

to each other. The organic molecule absorbs the radiation, when frequency of specific vibration 

of molecule equals the frequency of the IR radiation. Stretching and bending are the major types 

of molecular vibrations7. IR spectra is obtained by detection of transmittance (or absorption) 

intensity change as a function of frequency.  

Attenuated total reflectance (ATR) is a type of IR technique where the infrared beam is directed 

towards a crystal at an angle which is less than the critical angle. Total internal reflection then 

occurs during this process (fig. 2.19). To ensure the critical angle is small, crystals of high 

Figure 2.18: Schematic of ESI mass spectrometry technique8. 
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refractive index are selected. ATR crystals are often diamond, ZnSe, silicon and germanium. In 

terms of the ATR materials, diamond is considered an excellent material due to its robustness7.  

 

 

 

 

 

 

 

2.1.3 Electroanalytical systems 
 

An electrochemical sensor is a device that can produce signals proportional to the concentration 

of analyte in the sample. Some advantages with electroanalytical systems include high 

sensitivity, low cost, simplicity and the fact that these systems are portable 2. Electrochemical 

systems are easy to miniaturise (leading to better signal-to-noise ratio and requirement of low 

sample volumes)21 and can be developed and effectively used in a POCT clinical setting. The fact 

that the sensing element of electrochemical sensors is small, the sample volumes required for 

analysis can be minimised and additionally, the selectivity and sensitivity of the sensor increases 

due to high surface to volume ratio and increased active sensing area. Due to the simplicity of 

electrochemical sensing techniques, these sensors are portable. Additionally, the low cost of 

sensor development allows mass production of these sensors, where they can then be used in 

POCT settings.  

 

2.1.3.1 Sensor characteristics 

The sensor must be able to detect the analyte in a wide linear range. The electrode response 

per analyte concentration (known as sensitivity) must be higher for a better function of the 

electrochemical sensor.  Additionally, it is to be ensured that the sensor is highly selective for 

the analyte of interest and has minimised interferences from other molecules present in the 

sample. The response time of the sensor must be as low as possible to have a fast sensor output 

6.  

Figure 2.19: ATR technique of IR spectroscopy7. 
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2.1.3.2 Electrodes in electroanalysis 

Electroanalytical tools function with excellent performance for detection of analytes due to the 

electrodes used for analysis, where they act as source/sink for electrons as a result of applied 

potential.  

 

2.1.3.2.1  Carbon based working electrodes 

 

Carbon based working electrodes are widely used in electroanalysis due to their wide potential 

window, low cost, chemical inertness and minimal background current22.  Glassy carbon 

electrodes (GCE) have been used in part of this project due to their favourable mechanical and 

electrical properties, and large working potential window in the solvents used 22. Increased 

electron transport is observed when the GCE surface has been polished with alumina and 

diamond solution until it resembles a shiny mirror 23. Carbon paste based SPEs (purchased from 

Metrohm DropSens) have also been used in part of this project. These materials mainly comprise 

of graphite powder and binders (organic solvents), and have minimal background current 22.  

 

2.1.3.2.2 Screen-printed electrode technology 

 

Miniaturisation of macroelectrodes (e.g., GCE) into a screen-printed electrode (SPE) platform 

has significant advantages including the possibility of development into a sensing device that is 

portable and can be used in POCT settings.  

Screen-printed electrode (SPE) technology consists of WE, CE and RE (fig. 2.20) (prepared using 

various commercial inks) all on one single strip, allowing a large potential window 22. Both 

chemical and biosensors have been fabricated using screen-printed electrode (SPE) technology 

24-27. This thick film technology has low unit costs and is widely used for mass production of 

disposable electrochemical sensors 27. They are easier to miniaturise into devices that can be 

used for point-of-care (POC) applications as single-use disposable sensors that don’t require 

electrode polishing before use, unlike GCEs.  There is still an issue of reproducibility of hydrogel-

based SPEs (presented in Chapter 5), for the fact that there may be less information on electrode 

composition and microscopic structures of each electrode on the SPE 27.  
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2.1.4 Nanomaterials in electrochemical sensing 
 

Nanotechnology recently has many applications in analytical chemistry. Nanoparticles (with 

sizes of 1-100 nm) have unique chemical, physical and electronic properties, and are effectively 

used for sensing applications.  

Metal based nanomaterials (also known as ‘electronic wires’) have shown excellent 

electrocatalytic properties for electrochemical sensing applications recently (fig. 2.21). This 

leads to high sensitivities, wide linear ranges and lower LODs for sensors21. Using metal-based 

nanoparticles allow enhancement in catalysis and electron transfer.  

 

 

 

 

 

 

 

 

 

 

Figure 2.20: Schematic of a typical SPE6. 

Figure 2.21: Schematic of nickel nanoparticles (NPs) based GCE sensor for electrochemical 
analysis.  
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Various nanoparticle-based sensors have been designed using Au, Pt, Pd and Cu for the 

electrochemical sensing of molecules e.g, glucose (table 2.1).  

 

Table 2.1: Summary of metal NPs based glucose sensors. 

Modification LOD (µM) Linear range Sample Reference 

Au NP/Si substrate 0.14 0.5 µM – 12 mM Serum 28 

CuO/MWCNTs 0.2 0.10 - 1.2 mM Serum 29 

Pt/Pd 

nanoflakes/screen-

printed gold film 

electrode (SPGFE) 

20.6  1 – 16 mM Blood 30 

 

 

Some of the creatinine sensors developed based on metal nanoparticles are summarised in table 

2.2. 

Table 2.2: Summary of metal NPs based creatinine sensors. 

Modification LOD  Linear range Sample Reference 

Polyacrylic acid 

gel/Cu(II)/SPE 

6.5 µM 200 µM – 100 

mM 

Urine 31 

Fe-Cu-rGO/Ag 10 nM 0.01-1000 µM Whole blood 32 

Carbon 

nanotubes/folic 

acid/AgNPs/carbon 

paste electrode 

0.008 µM 1 x 10-8- 2 x 10-

4 M 

Urine and Serum 33 

AuNPs/colorimetric 

sensor 

12.7 nM - Urine and 

bovine serum 

34 
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In Chapter 3, a bare GCE system in alkaline ferrocyanide solution was investigated for creatinine 

detection. NMR studies were performed to understand the mechanism of the reaction, followed 

by colorimetric and electrochemical studies to develop the sensor.  
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Chapter 3 - Bare GCE based Creatinine 

Detection 

 

3.1 Introduction 

 

Creatinine is a useful metabolite for the evaluation of chronic kidney disease (CKD). Creatinine 

concentrations in urine outside of the healthy range (4.4 to 13.3 mM) may indicate CKD and 

other kidney conditions. Early detection and monitoring can provide lifesaving intervention, and 

as such there is a need to develop rapid, low cost and highly selective electrochemical non-

enzymatic creatinine sensors to overcome some of the limitations of state-of-the-art enzymatic 

creatinine biosensors or the long-established colorimetric Jaffe reaction method. A non-

enzymatic creatinine sensing platform enabled by an electrocatalytic response of the metabolite 

to ferricyanide in alkaline conditions is presented (fig. 3.1). Using an unmodified glassy carbon 

electrode (GCE) and cyclic voltammetry a linear calibration plot was obtained giving a limit of 

detection of 60 µM with a standard deviation of 7%. The performance was evaluated in the 

presence of artificial urine and showed no interfering response to urea. Other variable, 

potentially interfering species commonly present in urine samples, such as ascorbate and 

glucose, were also tested. Finally, the sensing platform was translated to a screen-printed 

electrode modified with an alkaline hydrogel containing the iron couple, demonstrating the 

potential for a single use disposable sensor for a point of care device.  

 

 

 

 

 

 

 

 

Fe(II) 

+ 

Fe(III) 

GCE 

Figure 3.1: Mechanism of creatinine oxidation using alkaline 
ferricyanide electrochemical system. 
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Creatine is a naturally occurring nitrogenous organic acid which reacts with adenosine tri-phosphate 

(ATP) to form phosphocreatine in the process of cellular energy transfer. This is essential for many 

biological processes including muscle energetics and function.2 The by-product of this reaction, 

creatinine (2-amino-1-methyl-5H-imidazole-4-one), has no useful biological function and is excreted 

via glomerular filtration into urine by the kidneys. Due to its reliable production in healthy adults, 

creatinine is the second most analysed molecule after glucose, as it is a biomarker to indicate whether 

a urine sample for drug testing has been tampered with.  Creatinine levels in blood and urine can also 

be used to assess renal, muscular or thyroidal functioning 3 4. Despite the importance of this biomarker 

in drug testing and disease monitoring, the main method to determine creatinine is the century old 

colorimetric Jaffe reaction, a dated, laborious and non-selective analytical technique 5. Clinical 

laboratories use automated chemical or enzymatic methods mostly using the chemical Jaffe reaction 

method to detect creatinine 5. Here a sample is reacted with picric acid to form a red-yellow complex 

which is detected using HPLC-UV/Vis 5. The Jaffe method has low specificity and is affected by 

substances including glucose, bilirubin and protein. As a result, this procedure measures creatinine 

15-25% higher than the actual value 6.  

Table 3.1: Summary of current clinical methods of creatinine detection in urine using Abbott Architect lab analyzer 6. 

Method Linear Range 

(mM) 

LOQ (µM) LOD (µM) 

Jaffe  0.11-14.4 110  13.9  

Enzymatic  0.03-14.4 27.8  3.90  

  

An alternative method to the Jaffe reaction, which is routinely used for clinical creatinine analysis is 

the enzymatic method with lab analyzers like the Abbott Architect analyzer 6. Although, the 

performance of this technique is better than the Jaffe method in terms of specificity and LOD (table 

3.1), its usage is limited to point-of-care testing as it is 10-fold more expensive 6.  

Electrochemical sensor systems have various advantages over the currently used colorimetric Jaffe 

reaction including rapid detection, lower interference, simplicity and reduced cost of analysis 3. 

Unfortunately, creatinine is not a directly electroactive molecule, therefore electrochemical sensing 

platforms commercialised to-date have enzymatic interfaces. Enzymes such as creatinine 

amidohydrolase (CA) and creatine amidinohydrolase (CI) demonstrate high selectivity and specificity, 

however, they have significant drawbacks including low storage stability and high cost 7.  
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Additionally, the fact that all these devices detect creatinine in whole blood, adds to the complexity 

of analysis due to influences arising from uraemia and treatment medications 8. Therefore, research 

is now shifting towards development of non-enzymatic creatinine sensors that are easy to fabricate 

and have low cost of production yet overcome the inactivity of the molecule.  

Many non-enzymatic creatinine sensors to-date have incorporated metal ions, both on the electrode 

surface 9, 10 11-24 and as a complexing agent in solution 25, 26. Most studies have used copper as catalysing 

10, 14, 15 or complexing agent 9, 12, 13, 16, 25, 26. Studies have worked on electrocatalytic systems monitoring 

creatinine oxidation 10 or following an indirect mechanism by monitoring a suppression in signal 9, 11-

16, 25, 26. Chen et al. and Raveendran et al. have considered monitoring the oxidative current from the 

regeneration of the copper surface oxide layer which is proportional to the concentration of creatinine 

25. In a number of studies, the formation of a cupric-creatinine complex is exploited delivering very 

low detection limits in the nanomolar range 10, 13, 15, 25, 26. Interferences from molecules like urea and 

glucose were also shown to be negligible 10-13, 15, 16, 26, but eliminating interference with uric acid in a 

study has shown to decrease the sensitivity of creatinine detection 25.  Recent work by Teekayupak et 

al. shows the use of copper based ionic liquid (to disperse CuO) 27. CuO has previously been shown to 

chelate with creatinine as a soluble complex 25, causing generation of an oxidative current. Ionic liquid 

increased the electron transfer rate and the overall catalytic activity of the sensor system 27. Although, 

sample preparation and dilution with phosphate buffer (PB) was required for real sample analysis 

using human urine, this system prepared a sensor with a linear range of 0.5 – 5 mM and a LOD of 37.3 

µM 27. 

Iron has also been studied as a metal modifier and complexing agent in a number of non-enzymatic 

creatinine sensor studies 18-21. A microcell-based study by Fava et al. used a carbon black film working 

electrode and was based on the complexing of iron(III) ions with creatinine in a chemical step. 19 Kumar 

et al. also developed a non-enzymatic creatinine biosensor based on the Fe(III) binding property with 

creatinine. Disposable carbon printed electrodes were layered with FeCl3 coated cotton fibre 

membranes to sense creatinine in urine samples. The low cost sensor did not require any sample 

preparation steps and gave results in less than a minute 20. As with the copper complexes, the 

creatinine detection mechanism with iron has been indirect, focussing on the amount of unbound iron 

(III) in the solution that is reduced19, 20. Negligible interferences were also reported in iron based 

detection systems 19, 21.  

While many of these non-enzymatic sensor systems are low cost and have shown a good response to 

creatinine with lower detection limits, there are limitations in terms of commercialisation due to 

either complexity of the processes and the electrode preparation techniques 9-11, 13-21, 23-26, difficulty in 
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removal of interferences (mainly uric acid) causing lower sensitivities of creatinine detection 25 , 

systems that are not easily miniaturised 10, 13, 25, limited linear range 12, requirement of sample 

preparation 11, 26 or high cost.  

An alternative approach is to use an electrocatalytic redox mediator and directly monitor the 

enhanced current response of the mediator in the presence of a substrate. Commonly used in 

enzymatic systems, reversible redox species such as ferrocyanide or osmium complexes are shuttled 

between the electro-inactive enzyme and substrate and the electrode interface, the electroactivity of 

the redox mediator being measured as opposed to the substrate or enzyme. To-date such a 

mechanism has only been realised in one patent28 and in a publication from 1956 by Kayser & Molitor, 

though the latter failed to prove it would work in blood or urine 29.  

As well as a common redox mediator, ferricyanide is frequently used in organic synthesis as an 

oxidiser. Potassium ferricyanide is often referred to as an ‘one electron abstracter’ 30 and has been 

reported to extract an electron from an electron rich site in organic compounds 30-34. Specifically, 

previous work has shown that ferricyanide acts as an oxidising agent in the oxidation of tertiary amines 

in the presence of hydroxide ions, suggesting that the hydroxide ions facilitate binding the alkali metal 

ions to the oxidant 35. Anodic oxidation of tertiary amines in alkaline aqueous solution is a two-electron 

oxidation producing a secondary amine and an aldehyde as product 36.  

 

R2NCH2R’ + Fe(III)(CN)6 + OH-
→ R2NH + R’CHO + Fe(II)(CN)6                                              (Equation 3.1) 

 

This work reports on the oxidation of creatinine, a species containing tertiary, secondary and primary 

amine groups, in potassium hydroxide solutions by potassium ferricyanide. Potassium ferrocyanide 

(Fe(II)) is electrochemically oxidised to ferricyanide (Fe(III)) which catalytically oxidises creatinine to 

regenerate the ferrocyanide species. It is observed that an enhanced electrochemical response for the 

ferrocyanide occurs which can be correlated to creatinine concentrations to a low detection limit.  We 

also study the reaction colorimetrically, thus reporting two low cost and high throughput routes to 

determining creatinine concentrations in biological fluids over a wide concentration range.  

 

3.2 Experimental 
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3.2.1 Chemicals 

 

Potassium hydroxide (Fisher Scientific), potassium ferricyanide, potassium ferrocyanide trihydrate, 

99+%, for analysis (Acros Organics), creatinine anhydrous, ≥98% (Sigma-Aldrich), potassium chloride 

(Sigma-Aldrich), sodium chloride (Fisher Scientific), urea, 99.0-100.5% (Sigma-Aldrich), Bovine Serum 

Albumin, lyophilized powder, ≥96% (Sigma-Aldrich), sodium phosphate monobasic, ≥99% (Sigma-

Aldrich) was purchased and used without further purification. Ultrapure water produced by a Milli-Q 

system of resistivity 18 MΩ cm was used throughout this work. L(+)-Ascorbic acid, 99% (Acros 

Organics), Glucose (Sigma-Aldrich) and uric acid, 99% (Thermo Scientific) were purchased.  

 

3.2.2 Artificial urine sample analysis 

 

Artificial urine was synthesised in accordance to procedures outlined in a study performed by Chang 

et al. 37. A 100 ml solution of artificial urine was prepared using 1.82 g urea, 0.74 g sodium chloride, 

0.44 g potassium chloride, 0.48 g sodium phosphate and 5 mg BSA. The artificial urine produced was 

a faintly yellow colour and transparent. It was kept in the refrigerator until required.  

 

3.2.3 Measurement procedures 

 

The electrochemical experiments were carried out in a three-compartment cell comprising the 

working electrode (WE), reference electrode (RE) and counter electrode (CE); all were supplied by IJ 

Cambria Scientific Ltd. The RE against which all the potentials were measured was a Ag/AgCl electrode 

immersed in 3 M NaCl. The CE was a graphite electrode and the WE a glassy carbon electrode (GCE – 

3 mm diameter). An Ivium EmSTAT 3+ potentiostat was used in conjunction with the software 

(PSTrace) and a laptop computer to control the potentiostat. All measurements were made at room 

temperature (25oC). The electrocatalytic mechanism was investigated using cyclic voltammetry (CV).  

Diamond (3F µm, Buehler) and alumina (0.05 µm, Buehler) solutions were used to polish the surface 

of the GCE between sets of experiments. Typical cyclic voltammetry experiments employed 10 ml of 

1 mM potassium ferrocyanide in 1 M KOH in the electrochemical cell. Stock solutions of 20 mM and 

200 mM creatinine in Millipore water were used to make standard creatinine additions to the 
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experimental cell. To account for the change in volume for some of the creatinine additions, a 

correction was made to the calibration plots and standard additions of the unknown.  

3.2.4 Interference analysis 

 

Interference study with ascorbic acid (AA), uric acid (UA) and glucose (Glu) were performed with and 

without creatinine, aiming to minimise the extent of interference in the creatinine sensing system. 

3.2.5 Characterisation methods 

A range of experimental techniques were used to understand the reaction mechanism of creatinine 

oxidation by ferricyanide.  

3.2.5.1 NMR Analysis 

All NMR experiments were carried out on a Bruker AVIII 400 equipped with a 5 mm broadband-

observe (BBFO) probe. All NMR experiments were carried out in 1 M KOH solution i.e. a nominal pH 

of 14. The sample temperature was calibrated using MeOH-d4 to be at 298.0 K.  

3.2.5.2 UV-vis Analysis 

UV-Vis analysis was carried out using an Agilent Technologies Cary 60 UV-vis. 0.05 mM creatinine 

additions (in artificial urine) were made to 4 ml solution of 1 mM ferricyanide and 1 M KOH and the 

results at 420 nm were analysed using the Scan application.  

 

3.2.5.3 High performance liquid chromatography-tandem mass spectrometry (HPLC-ESI-MS) 

High resolution mass assignment was performed using a Shimadzu LCMS-IT-TOF with electrospray 

ionisation (ESI). The ESI instrument parameters consisted of 1.5 L/min nebulising gas flow, 200°C CDL 

temperature, 200°C heating block temperature, and a detector voltage of 1.65 kV.  Samples were 

introduced to the mass spectrometer as a bolus injection from a Shimadzu NexeraX2 UHPLC system 

consisting of two LC-30AD pumps, a SIL-30AC autosampler, and a CTO-20AC column oven.  Injected 

samples were analysed in both positive and negative polarity scans with acquisition scan ranges of 

150 – 1250 m/z and ion accumulation times of 5.0 msec.  Mobile phase conditions were ultrapure 

water (18.2 M cm, TOC 2.0 ppb, Milli-Q Direct 16, Merck Millipore) and acetonitrile (HPLC Gradient 

Grade, Fisher Scientific) at a concentration of 50/50 v/v.  Target peaks were picked, and formula 

identification was performed using LCMSsolutions software formula prediction function. 

 



 

64 
 

3.2.5.4 ATR-FTIR 

Data were recorded with an Agilent Technologies Cary 630 FTIR with diamond ATR using MicroLab PC 

software. IR spectra were recorded at room temperature (25oC) between 4000 – 650 cm-1. A total of 

20 scans were performed at 4 cm-1 resolution which were averaged before Fourier transformation. All 

the absorbance spectra were recorded with air as the background on the clean prism surface and then 

compared. The diamond crystal was cleaned with propan-2-ol between each measurement.  

 

3.2.6 Quantification calculations and analysis 

The 3σ and 10σ methods were used to calculate the limit of detection (LOD) and limit of 

quantification (LOQ) respectively (Equation 3.2 and 3.3) from calibration plots 38.  

LOD = 3 x error of y-intercept/gradient of the line                                                                    (Equation 3.2)                                                                                              

LOQ = 10 x error of y-intercept/gradient of the line                                                                 (Equation 3.3)          

 

3.2.6.1 Errors in analytical measurements 

% Recovery =  Detected concentration/spiked concentration x 100 (ref 39)                            (Equation 3.4) 

% Error = (Measured value – actual value)/actual value x 100                                                 (Equation 3.5) 

 

3.3 Results and Discussion 

3.3.1 The oxidation of creatinine by potassium ferricyanide 

As previously stated, creatinine is not an electroactive molecule. Numerous studies have tried to 

activate creatinine and oxidise it directly at an electrode surface using various surface morphologies 

and electrocatalysts. However, it is frequently found that the creatinine response is poor and the 

response to other components in real samples is more pronounced.  

As such, the most successful electrochemical approach towards creatinine biosensing has been to use 

enzymatic systems. It is typical in enzymatic biosensors for the reaction to be monitored 

electrochemically via a redox active mediating substance, such as the osmium complex in commercial 

glucose sensors.  

A lesser studied metal modification for creatinine sensing is nickel. As discussed in Chapter 4, we began 

evaluating the electrocatalytic response of Ni-GCE to creatinine in KOH. However, in the course of our 

initial studies it was noted that on addition of creatinine to a yellow ferricyanide solution it 
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immediately became colourless, suggesting that the ferricyanide (Fe3+) was reduced to ferrocyanide 

(Fe2+). This prompted us to evaluate the reaction both colorimetrically and electrochemically on a 

simple, unmodified carbon electrode.  

Creatinine is a cyclic compound comprising primary, secondary and tertiary amine groups. Reports in 

the literature indicate that alkaline ferricyanide is a known oxidant of tertiary amines and can be used 

in their selective oxidation 30, 31, 35. It has been observed that oxidation of aliphatic tertiary amines with 

potassium ferricyanide in presence of hydroxide ions gives a secondary amine, aldehyde and 

potassium ferrocyanide as products (Equation 3.6). 

      R2NCH2R’ + Fe(III)(CN)6 + OH-
→ R2NH + R’CHO + Fe(II)(CN)6                                            (Equation 3.6) 

Given the distinct and instantaneous colour change, UV/vis experiments were made to characterise 

the response of ferricyanide to creatinine. The spectroscopy results are shown in fig. 3.2 and 3.3 

alongside an average calibration plot (n=3) of the response with and without artificial urine. The 

absorbance at 420 nm was used to monitor the concentration of ferricyanide, as determined from a 

study in water. A series of 50 µM additions of creatinine in artificial urine were made to the 1 mM 

ferricyanide in 1 M KOH, giving a linear response over the range of 0.05 and 0.65 mM. The detection 

limit for creatinine was determined using 3σ IUPAC criteria38 and was 38 µM (without artificial urine) 

and 6.63 µM (with artificial urine), respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: UV-vis analysis of ferricyanide based creatinine colorimetric sensor without artificial urine at 420 nm, LOD 38 µM, 
R-square 0.990. 

Ferricyanide Ferrocyanide 
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It is to be noted that the absolute error in the calibration graph (fig. 3.2 and 3.3) was calculated based 

on taking average of highest and lowest values in the three measurements. The LOD achieved with 

creatinine in artificial urine was lower, clearly indicating reduced interference with major components 

in artificial urine (including urea).  

 

3.3.2 Evaluation of electroanalytical performance in alkaline potassium ferrocyanide 

Prompted by the UV/vis studies and literature indicating that alkaline ferricyanide is an oxidant to 

tertiary amines, we sought to capture this response electrochemically.  Creatinine is a complex amine, 

comprising primary, secondary and tertiary amine sites, therefore it was likely the ferricyanide was 

being reduced to ferrocyanide by the creatinine. As such it was hypothesised that an electrochemical 

response for ferrocyanide oxidation in the presence of creatinine should be enhanced in a manner 

characteristic of an electrochemically catalytic reaction (shorthand notation EC’).  

                                                    𝐹𝑒2+ → 𝐹𝑒3+ + 𝑒−                                                                      (Equation 3.7)  

                                         𝐹𝑒3+ +  𝐶𝑅 → 𝐹𝑒2+ + 𝐶𝑅 − 𝑂 

Figure 3.3: UV-vis analysis of ferricyanide based creatinine colorimetric sensor with artificial urine at 420 nm, LOD 6.63 µM, R-square 
0.997  

Ferricyanide Ferrocyanide 
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An initial study looked at a relatively high concentration of creatinine, to characterise the 

electrochemical response. Figure 3.4 shows the electrochemical response of 10 mM creatinine to a 1 

mM ferrocyanide in 1 M KOH solution.   

 

 

 

Figure 3.4: Electrochemical detection of creatinine with 10 mM addition to 1 mM ferrocyanide in 1 M KOH. 

 

A typical electrocatalytic (EC’) mechanism is evident in fig. 3.5 in which the electrochemical oxidation 

of ferrocyanide to ferricyanide prompts the chemical oxidation of creatinine by the ferricyanide, 

reforming the ferrocyanide. Correspondingly an enhanced anodic response is observed where the 

ferricyanide is reduced back to Fe(II) and re-oxidised by the electrode polarisation. This process is 

given in Equation 6, with ferro and ferricyanide depicted as Fe(II) and Fe(III) respectively, and 

creatinine and its oxidation product as CR and CR-O.   

The magnitude of the catalytic current is dependent on the concentration of creatinine in solution. In 

the literature it has been suggested that the OH- ions act as a catalyst in the reaction of amines with 

ferricyanide 35, therefore the concentration of KOH used is apparently critical.  Without the use of KOH 

in 1 mM potassium ferrocyanide an electrocatalytic behaviour was not observed. The response of 
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creatinine to potassium ferrocyanide was studied over a range of pHs from pH 7.2 (in PBS), 0.1 M KOH, 

to pH 14 in 1 M KOH. A minimum concentration of 0.6 M KOH was required for a colour change of 1 

mM potassium ferricyanide to colourless (forming potassium ferrocyanide) as a result of creatinine 

oxidation, implicating the hydroxide ions in the chemical reaction. In pH 7.2 (neutral) solutions the 

ferricyanide gave no appreciable response to the creatinine. However, in the range pH 13 – 14 an 

electrocatalytic response to creatinine was observed when ferrocyanide was oxidised to ferricyanide 

(Fig. 5).   

Electrochemically, the anodic response of the ferricyanide to  creatinine additions was evaluated for 

1 mM, and 20 mM ferrocyanide (fig. 3.5 and 3.6). Calibration plot shown inset, were derived from 

taking the current response at 0.40 V vs Ag/AgCl. The calibration plots in both instances are seen to 

plateau at higher concentrations of creatinine, corresponding to a reduction in current response.  

Higher concentrations of ferrocyanide (20 mM) caused plateauing of the calibration plot at lower 

creatinine concentrations in comparison to that seen with 1 mM. Therefore, so as to achieve a better 

LOD, 1 mM ferrocyanide and 1 M KOH were chosen as the optimised electrolyte composition for 

analysis.  

 

 

Figure 3.5: Detection of creatinine (with 2-30 mM creatinine additions) in 20 mM ferrocyanide and 1 M KOH with 
the calibration plot considering a fixed potential of 0.40 V (vs Ag/AgCl). 
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3.3.3 Evaluation of electroanalytical performance in alkaline ferrocyanide 

An initial electrochemical study was done with 2 mM creatinine additions in the range 2-20 mM in a 

solution of 1 mM ferrocyanide and 1 M KOH (fig. 3.6). A clear electrocatalytic mechanism was 

observed for this reaction, where the anodic current increases with creatinine additions of higher 

concentrations according to explanation in section 3.3. The sensor response remains non-linear but 

was further investigated in the clinically relevant range (0-2.4 mM creatinine in the cell assuming 

dilution of a real sample for analysis using this sensor setup). According to equation below, 0-2.4 mM 

in a non-diluted real sample system translates to be,  

C1 x V1 = C2 x V2 

C1 x 1 ml = 2.14 mM x 11 ml 

C1 = 23.54 mM 

Therefore, the clinically relevant range analysed is between 0-23.5 mM. As reported before the range 

of creatinine concentration outside 4.4-13.3 mM may indicate kidney conditions including CKD 40.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.7a shows the CVs obtained from making 0.2 mM additions of creatinine to a solution of 1 mM 

potassium ferrocyanide in 1 M KOH. For the calibration graph (inset) the concentration has been 

corrected to account for the volume of each addition (100 𝜇L) thus giving the accurate creatinine range 

of 0 - 2.14 mM.  

 

Figure 3.6: Detection of creatinine (with 2-20 mM creatinine additions) in 1 mM 
ferrocyanide and 1 M KOH considering a fixed potential of 0.55 V vs Ag/AgCl. 
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Having obtained the calibration curve for creatinine detection for the clinically relevant range (fig. 

3.7), a linear relationship (R2=0.995) between current at 0.50 V and creatinine concentration was 

observed from 0.2 – 2.14 mM based on three repeat measurements.  The sensitivity obtained was 

1.50 ± 0.03 µA/mM. The 3σ and 10σ methods38 were used to calculate the LOD and LOQ, respectively 

(see Methods). The average LOD and LOQ were 60 µM and 0.2 mM, respectively calculated based on 

the linear fit analysis.  

3.3.4 Chronoamperometry studies 

A fixed potential of 0.43 V was used for the chronoamperometry study. No step response was 

observed between 2 mM creatinine additions of 0-10 mM during stirring conditions. This concluded 

the fact that the system was not suitably sensitive to give higher current values in a step response.  

Figure 3.7 a) CVs for bare GCE in 1 mM potassium ferrocyanide and 1 M KOH with creatinine additions b) Adjusted calibration 
graph at 0.50 V (vs Ag/AgCl) in the range 0-2.14 mM, n=3, R-square 0.995 with LOD 60 µM and sensitivity 1.50 ± 0.03 µA/mM  
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3.3.5 Standard addition analysis  

To evaluate the response of the alkaline ferrocyanide system as an analytical sensor for creatinine, a 

standard addition study was undertaken. Initially the standard addition work was in the optimal 

conditions given in Section 3.4, of 1 mM ferrocyanide in 1 M KOH. A scan without creatinine was taken 

to normalise the subsequent results. Following that, 1 ml of water/KOH containing physiological 

concentrations of creatinine (10, 17, 20 and 25 mM), was added to the cell for voltammetric analysis 

(the “unknown”). This corresponds to creatinine concentrations of 0.91, 1.54, 1.82 and 2.27 mM in 

the KOH. Three 0.4 mM additions of creatinine were then made using 22 µl of a 200 mM creatinine 

stock solution. The results for a 17 mM “unknown” addition from creatinine solution in water are 

presented in Figure 3.8. Concentrations 10 and 25 mM are given in Appendix A. The results are also 

summarised in Table 3.2. 

 

 

 

Table 3.2: Creatinine standard addition analysis using creatinine stock in water on bare glassy carbon. 

Creatinine stock 

concentration 

Spiking (mM) Detected (mM) Recovery % 

10 0.91 0.58±0.12 63.7 

17 1.54 1.68±0.04 109.1 

Figure 3.8: CV for 17 mM unknown addition from creatinine solution in water (with three known 0.4 mM creatinine 
additions from 200 mM stock) 
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25 2.27 2.82±0.23 124.2 

 

 

The calibration plot of current (at 0.50 V vs Ag/AgCl) vs creatinine concentration was generated from 

analysing the CV data (fig. 3.8) at 0.50 V vs Ag/AgCl. It is to be noted that each current value was 

adjusted based on the blank current (at 0 mM creatinine addition). The equation of the line obtained 

was rearranged to calculate the detected concentration of creatinine.  

It is common for creatinine sensors and analytical methods for creatinine detection, such as the Jaffe 

reaction, to be negatively affected by the presence of other components in urine. As such, we tested 

our analytical system from a synthetic artificial urine sample. The CV measurements were again 

performed in an electrochemical cell containing 10 ml of 1 M KOH and 1 mM ferrocyanide. A scan 

without creatinine was taken such that the subsequent results could be normalised. Following that, 1 

ml of artificial urine containing different physiological concentrations of creatinine (10, 17, 20 mM), 

was added to the cell for voltammetric analysis. The standard addition method ensures matrix effects 

are avoided in the analysis. Background current signal from the blank CV in presence of a real sample 

may be higher than that in a standard solution in water due to response to interfering species, 

therefore in a standard addition procedure, the standard and the unknown are combined to give an 

overall response. Table 3.3 presents the results of the standard additions made using artificial urine. 

Three repeats at each concentration were made. The results for a 17 mM unknown addition using CV 

study is shown in fig. 3.9.  



 

73 
 

 

Figure 3.9: Standard addition study with a 17 mM CR in AU unknown addition followed by three known 0.4 mM CR 

additions from 200 mM CR stock in water. 

  

 

Table 3.3: Creatinine standard addition analysis using artificial urine on bare glassy carbon. 

Creatinine 

concentration in 

artificial urine (mM) 

Spiking conc. 

(mM) in KOH 

Detected 

(mM) 

Recovery 

% 

10 0.91 0.87 ±0.19 95.6 

17 1.54 1.72 ±0.15 111.7 

20 1.82 2.04 ±0.22 112.1 

25 2.27 3.06±0.12 134.8 

 

Recovery studies were done with three repeats in three artificial urine samples and results were in the 

range 95.6 – 134.8 %. According to the Association of Official Analytical Chemists (AOAC) standards 

(also followed in a glucose study 41), the expected mean recovery for the analytes in this concentration 

range is between 95-105% 42. It was observed that there was a deviation (higher than the expected 
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105%) of detected concentration result from the true value, in all cases except at 10 mM creatinine 

concentration in artificial urine. In comparison to literature, recovery % in most of the studies is in the 

expected range between 95-105%. A few studies in the literature are summarised in table 3.4 below.  

 

Table 3.4: Summary of reported analytical analysis of previous non-enzymatic creatinine sensors for urine and serum 

samples. 

Electrode 

Modification 

Substrate LOD (µM) Sample Recovery 

(%) 

Reference 

CdSe QD-

HF/QD 

modified 

electrode (CdSe 

- Cadmium 

Selenide, QD - 

quantum dots, 

HF - hollow 

fiber) 

 

Graphite 

Electrode 

0.229 Serum 98.42 - 

98.67 

43 

Copper Screen-printed 

carbon 

electrode 

(SPCE) 

0.0746 Serum 95.6 - 98 26 

PMB (poly 

methylene 

blue)-Cu-CNF 

(Carbon 

nanofiber) 

nanocomposite 

 

Activated 

carbon fiber 

1768 Serum 97.8 – 98.2 10 

Carbon black 

film in contact 

with paper-

Polyester 43 Urine 98 – 110 19 
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adsorbed iron 

(III) ions 

 

Fe3+ based 

μPAD (Paper-

based analytical 

device) 

 

Carbon Black 84 Urine 101.8 – 

101.6 

18 

Reduced 

graphene oxide 

(RGO)/AgNPs 

film 

 

Glassy Carbon 

Electrode  

7.43 x 10-7 Urine  99.89 – 

102.24 

23 

 

While the results from the bare GCE in KOH to creatinine are not sensational, they show comparable 

results to the Jaffe reaction in terms of recovery yet without the cumbersome preparation and volatile 

compounds, or interference from the standard components of urine.   

Literature studies summarised in Table 3.4, show use of various metal-based platforms for sensing 

creatinine including Cu, Fe and Ag. The substrate modifications include use of highly conductive 

materials including rGO, carbon black and QDs. This significantly enhances the sensitivity of the sensor 

due to high surface area of active sites at the WE. In a study by Fava et al., a microcell based SPE 

system was designed for creatinine detection. The mechanism involved complex formation between 

creatinine and Fe(III) ions, followed by electrochemical reduction of excess non-complexed Fe(III) ions. 

An increased analytical current signal was observed using carbon black as the substrate modification 

material19. Fava et al. also developed a multi-sensing device utilising this Fe(III) based detection 

mechanism for sensing of creatinine. The disposable paper-based device with multiplexed working 

electrodes detected glucose, creatinine and uric acid18.  

Further optimisation of the bare GCE/ferrocyanide-based creatinine sensor system is required to 

increase the accuracy and precision in the analysis. Based on the literature in Table 3.4, this could be 

achieved through increasing the sensitivity of the system using conductive materials to coat the GCE 

with carbon black (CB) or reduced graphene oxide (rGO).   

3.3.6 Sensor analysis using other interferents 
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Patients may be prescribed ascorbic acid (AA) supplements for various reasons. The most common 

use reported is that for preventing and treating the common cold. Other uses include treatments for 

heart disease, cancer and asthma. AA in CKD patients is considered for improving outcome by 

decreasing oxidative stress. Oxidative stress and inflammation are common problems seen in CKD 

patients, which also causes increased risk of cardiovascular events 44. Therefore, there could be 

presence of AA in urine of individuals being tested for CKD at early stages or when monitoring patients 

with a CKD diagnosis. It has been seen that the approximate non-metabolised concentration maximum 

limit of AA in urine is 1.1 mM and may be more in some cases (2 mM AA was tested in this work). 

There has been clear demonstration that AA interferes with urine and blood tests for molecules like 

glucose 45-49. There are suggestions where it is considered to mention to patients not taking vitamin C 

supplements or eating fruits and vegetables before a test. A study on considering the effect of AA 

interference in urine test strips have used a method of calculating interference coefficients to account 

for sensitivity to ascorbate interference. The higher the interference coefficient, higher is the extent 

of AA interference 45. Therefore, as a result only trained people would be able to use such sensing 

devices. Although, a simple analyte sensing method should be present to overcome these challenges. 

Chapter 4 (on optimisation techniques using screen-printed electrodes) addresses these issues and 

work has been done to reduce the extent of these interferences through modification of the surface 

of the working electrode with membranes like Nafion (Nf) and Carbon Black (CB).  

Plasma uric acid (UA) levels in individuals with CKD rise due to lower glomerular filtration rate (GFR). 

The condition is known as hyperuricemia 50. However, presence of normal levels of uric acid in healthy 

patients can affect their test results, when there is still a significant concentration of uric acid in urine. 

High levels of uric acid could also be present as a result of having a high purine diet with foods including 

fish and dried beans. Normal levels of UA in urine are between 1.5 – 4.5 mM 51. Therefore, it is 

necessary to check the extent of the interference of uric acid in the creatinine sensing system.  

Glycosuria is a condition where glucose is present in urine. It occurs as a result of more glomerular 

filtration through the kidneys, where the renal tubule can’t absorb glucose. Glucose levels greater 

than 0.6 mM in urine occurs in glycosuria. Diabetic patients generally have glucose levels in urine 

between the range 3 - 16.7 mM 52. Due to the fact that diabetic patients are at high risk of having CKD, 

it is essential that glucose interference in urine is considered during the application of the creatinine 

tests developed in this work, in a clinical setting.  

Electrochemical sensing experiments were performed with using ascorbic acid (AA), uric acid (UA) and 

glucose as potential interferents which have seen to oxidise with ferricyanide according to previous 
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reports 53, 54. The fact also has been that these interferents could oxidise on GCE in alkaline solutions 

specifically.  

3.3.6.1 Ascorbic acid 

As previously reported ascorbic acid (AA) can be oxidised using potassium ferricyanide in alkaline 

conditions 54. It was also found that ascorbic acid could be electrochemically oxidised on 

electrochemically pre-treated screen-printed carbon electrodes which possessed excellent 

electrocatalytic activity towards the oxidation of ascorbic acid 55. This is in accordance with this study 

with AA in 1 mM ferrocyanide and 1 M KOH using a bare GCE, where major electrochemical oxidation 

of AA is seen before formation of ferricyanide (through oxidation of ferrocyanide as the potential is 

scanned more positively in cyclic voltammetry (CV)) which reacts with creatinine to give the sensor 

response (fig. 3.10). Xiang et al. show typical CVs for AA oxidation at pH 7 (in 0.1 M phosphate buffer) 

in the presence of ferricyanide with electrochemical oxidation occuring at a potential of -0.1 V vs 

Ag/AgCl 55. According to this study, in the potential window of -0.1 V to 0.50 V (vs Ag/AgCl), there is 

significant oxidation of AA nearing the starting potential of -0.1 V vs Ag/AgCl (fig. 3.10).  

  

Fig. 3.11 clearly shows the result of oxidation of AA in presence of 1 mM ferrocyanide in 1 M KOH 

solution. It was observed that the oxidation of AA occurs at the surface of the bare GCE at the starting 

Figure 3.10: Electrochemical oxidation study with ascorbic acid (AA) in 1 mM ferrocyanide and 1 M KOH using a 
bare GCE system. 
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potential giving a current response in both cases of testing AA addition in only KOH solution and then 

in alkaline ferrocyanide (fig. 3.11).  

 

 

 

 

 

 

 

 

 

 

It can be concluded that AA oxidises at -0.1 V vs Ag/AgCl well before the electrochemical oxidation 

step on the surface of the bare GCE (where creatinine oxidation would occur on its reaction with 

ferricyanide as it forms in the forward potential scan).  Therefore, it is critical to prevent entry of AA 

to the surface through using charge-based membrane materials as AA exists in a negatively charged 

state. To test this hypothesis, a Nafion/carbon black coating was made on the GCE as the Nafion has 

a negative charge associated with it and would thus repel the AA ions. Nafion based creatinine sensors 

have been developed in previous studies to reduce/eliminate interferences with AA and UA 11, 14, 56. It 

is evident in fig. 3.12, that the Nafion/CB based GCE system shows very little response to the AA 

suggesting it is indeed preventing  AA from approaching the surface of the GCE. It is to be noted that 

carbon black (CB) was used specifically as a result of the fact that a higher Nafion concentration (which 

is required to significantly prevent entry of interferents to the surface of WE) increases resistance into 

the electrode/solution system and a conductive material in combination further improves the current 

response. In this case, a higher current response is obtained with CB, which could further give higher 

sensitivities and lower limits of detection. The detailed Nafion based optimisation studies are discussed 

in Chapter 5 on SPE study.   

 

Figure 3.11: Oxidation of AA at 0.32 V vs Ag/AgCl on a bare GCE in different solutions of KOH and ferrocyanide. 



 

79 
 

 

 

To conclude, the bare GCE/ferrocyanide system can be optimised to reduce/eliminate the extent of 

ascorbic acid interference and this work could potentially be extended to even eliminate uric acid 

interference as it is also negatively charged. This has developed further using the CB/Nf/SPE based 

systems in Chapter 5.  

 

3.3.6.2 Uric acid 

A previous report by Silverman & Gubernick has shown that uric acid can be oxidised using potassium 

ferricyanide and a colorimetric test can be performed based on this analysis53. The product observed 

in the reaction was reported to be potassium ferrocyanide 53. In the experiment with bare GCE and 

alkaline ferrocyanide, uric acid additions between 0.2-1.2 mM shows similar oxidation behaviour as 

that of AA at -0.1 V vs Ag/AgCl where the onset of UA oxidation starts on the surface of the bare GCE 

(fig. 3.13). It could be understood that the entry of UA (also negatively charged similar to AA) could be 

prevented on the surface of bare GCE by using a Nf/CB based membrane system as that used for 

eliminating/reducing AA interference explained in section 3.3.6.1. This is explored further in Chapter 

5 with SPE based CB/Nf sensor system. 

Figure 3.12: Comparison of current response of 2 mM AA addition to a bare GCE and a nafion (2 wt%) /CB (10 mg/ml) 
based GCE) 
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It was not clear as to why the second anodic peak at 0.5 V vs Ag/AgCl decreased with increasing 

concentrations of UA. While AA raises the current response of the whole anodic sweep, in the UA 

study, ferricyanide formation is suppressed with increasing concentration of UA. This could therefore 

have a more detrimental effect on creatinine measurements, as while the baseline for the 

ferrocyanide oxidation shifts, the oxidation response is also clearly suppressed. Note that the 

concentrations shown here are very high with a physiological concentration of 1.5-4.5 mM expected 

in patients with conditions such as gout.  

 

3.3.6.3 Glucose 

Diabetes is known to be prevalent in patients suffering chronic kidney conditions, and as such it is 

important to account for high concentrations of glucose in real samples.  Figure 3.14 shows that the 

current at 0.50 V vs Ag/AgCl decreases as the glucose concentrations increase, with GCE system in 

alkaline ferrocyanide. Although, as seen in Chapter 5, glucose shows no interference with the SPE 

system observed in the CV study. It can be concluded that glucose may specifically be interacting with 

the GCE surface, causing interference in the system which is not seen in case of SPE. This is fortunate 

and is another advantage of the SPE system over the Jaffe reaction which is prone to false positives 

with glucose.  

Figure 3.13: Electrochemical oxidation study with uric acid (UA) in 1 mM ferrocyanide and 1 M KOH using a bare GCE 
system. 
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Figure 3.14: Glucose additions between 0.2-2.4 mM to alkaline ferrocyanide solution. 

 

 

 3.4 Mechanistic studies 
An understanding of the reaction mechanism and the oxidation products of creatinine oxidation by 

ferricyanide was sought. A number of techniques were attempted, including mass spectrometry, 

infrared spectroscopy and nuclear magnetic resonance spectroscopy. The latter proved the most 

effective in revealing oxidation products and eluding to a mechanism of reaction. 

3.4.1 NMR 

The majority of NMR experiments have been performed using 1D 1H NMR spectroscopy due to the 

high sensitivity of the 1H nucleus which allows detailed structural information regarding the organic 

compounds to be given. The heteronuclear 2D NMR method allows additional structural information 

especially of new compounds, to be obtained. Heteronuclear single quantum correlation (HSQC) and 

heteronuclear multiple bond correlation (HMBC) are the two most commonly used 2D NMR 

techniques. HSQC gives information on 1H chemical shifts and X-nuclei directly bonded to the 

hydrogen atoms whereas, HMBC gives information over several bonds (generally 2-3) 57. 1H-13C HSQC 

NMR experiments give highly sensitive information regarding the 1H and 13C carbon shifts which the 

13C NMR experiments on its own does not give. This greatly benefits compound identification through 

provision of more detailed biochemical fingerprint.  
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The issue of overlapping peaks of different components in solution can also be eliminated using the 

2D 1H-13C HSQC technique 57. This is particularly seen in this study later in the chapter where creatine 

and creatinine methyl peaks overlap in the 1H NMR spectra.  

 

3.4.1.1 Creatinine-Creatine Equilibration Study 

For initial analysis, the behaviour of creatinine in alkaline solution was studied to understand the 

degradation pathway of creatinine during oxidation to subsequent products. A 1H NMR study was 

performed with 100 mM creatinine solution in KOH at different KOH concentrations with the range of 

0.1, 1, 10, 100 and 1000 mM (fig. 3.18). It is to be noted that the experiment was initially performed 

with 100 mM creatinine as to understand the sensitivity of the NMR equipment for detecting the 

molecular structure. Once the signal-to-noise ratio was understood, further experiments were 

performed at a lower concentration of 10 mM. As can be observed from fig. 3.16, there exists an 

equilibrium between creatinine and creatine in the alkaline solution of KOH. As the pH increases, the 

concentration of creatine increases and that of creatinine decreases. Creatine is characterised by two 

singlets, one at 2.98 ppm corresponding to the methyl group which overlaps with methyl group of 

creatinine and the other at 3.97 ppm corresponding to the methylene group. At pH 14, (same as the 

electrochemical reaction condition), there is a significant concentration of creatine present, which is 

likely to be part of the mechanism as discussed later. Additionally, there is a small shift in ppm of the 

peak corresponding to the methyl and methylene groups of creatine and creatinine at pH 14. This 

occurs due to the formation of the deprotonated forms of creatinine and creatine (fig. 13.15B and 

13.15C).  

 

 

 

 

 

 

 

 

 

A B C 

Figure 3.15: A) Creatinine   B) Deprotonated creatinine   C) Deprotonated creatine. 
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A time dependent study (fig. 13.18) showed that total time for complete equilibration takes about 3 

days, although certain concentration of creatine is present after 6 h showing that the mechanism 

might involve creatine as it is formed readily in alkaline solution in pH 14 as seen in fig. 3.17.  

 

 

 

 

 

 

 

 

 

 

 

 

Creatinine 

Creatine 

0.1 mM  

1 mM 

10 mM 

100 mM 

Figure 3.17: 1H NMR study on creatinine-creatine in alkaline solution at different KOH concentrations after 6 h of 
preparation. 

A 

C

B 

D 

Figure 3.16: Equilibration between creatinine and creatine at pH 14 with A) creatinine B) creatine C) deprotonated 
creatinine D) deprotonated creatine. 

1000 mM 
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3.4.1.2 Creatinine-ferricyanide reaction study 

 

Mechanism of reaction of creatinine with ferricyanide was investigated by comparing NMR data with 

10 mM creatinine in 1 M KOH and 50 mM creatinine in 1 M KOH & 100 mM ferricyanide. Creatine and 

creatinine peaks were absent (fig. 3.19) meaning either creatinine was directly converted to another 

oxidation product either by degradation of creatinine to creatine which then converts into subsequent 

products or by degradation of creatinine to another product. It must also be noted that this could 

occur through dual mechanism pathways, either through creatinine or through creatine into oxidation 

products as both the initial molecules are present at pH 14 reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Time dependent 1H NMR study on creatinine-creatine equilibration in alkaline solution at pH 14. 

Creatine 

Creatinine  +6 h 

+20 h 

+44 h 

+71 h 
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3.4.1.3 Creatinine ferricyanide reaction products study 

 

3.4.1.3.1 Mechanism study 

At pH 14, it was confirmed using NMR that deprotonated creatinine and creatine (fig. 3.20B and 

3.20C) are present in alkaline solution before ferricyanide is present.  

 

100 mM ferricyanide + 50 mM 

Creatinine + 1 M KOH 

10 mM Creatinine + 1 M KOH 

Creatine 

Solvent  

Solvent  

Creatinine  

Oxidised product 1 

Oxidised product 2 

Figure 3.19: 1H NMR study on the reaction of ferricyanide with creatinine. 
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Various compounds including creatol, methylguanidine, 1-methylhydantoin, sodium oxalate, glyoxylic 

acid and methylglyoxal were studied using NMR since they were initially assumed to be possible 

reaction products of creatinine oxidation. 1-methylhydantoin and methylglyoxal pure compound NMR 

spectra didn’t correlate with the NMR spectra of the reaction mixture with creatinine and ferricyanide 

and were seen not to be products of the reaction. 1-methylhydantoin was relatively stable at pH 14 

and the peaks of the pure compound did not correlate. Similarly, for methylglyoxal which readily 

changed to lactic acid in its pure form at pH 14, there was no correlation with peaks of the NMR spectra 

of the reaction mixture with creatinine. As evident from fig. 3.19, no correlation with the reaction 

product NMR spectra is seen.  

It has been discovered in experimental studies that creatol (5-hydroxycreatinine) is the key precursor 

in the synthesis of methylguanidine 58. A previous study with activated carbon has shown the 

conversion of creatinine to methylguanidine via conversion to creatol 1. Creatol is a direct product of 

the reaction of creatinine with the hydroxyl radical in vivo 1, 58. Under oxidative conditions, it has been 

A 

C

B 

D 

Figure 3.20: Equilibration between creatinine and creatine at pH 14 
with A) creatinine B) creatine C) deprotonated creatinine D) 

deprotonated creatine. 
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known that a group containing an oxygen atom 59, can substitute one of the protons at the C-5 of the 

imidazoline ring1, 59 (fig. 3.21). 

 

 

 

 

 

 

 

 

 

In accordance to the mechanism suggested by Krawzyck et al. 1, the present NMR study identifies the 

presence of both creatol and methylguanidine in the solution after reaction with ferricyanide through 

analysis by 1H NMR, 13C NMR, HMBC (Heteronuclear Multiple Bond Correlation) and HSQC 

(Heteronuclear Single Quantum Correlation).  

The deprotonated forms of creatine and creatinine are confirmed by the NMR results. It is assumed 

that the oxidation of creatinine occurs through conversion of creatinine to creatol and then conversion 

to methylguanidine and hydrate (formed from conversion of glyoxylic acid) (fig. 3.22).  

In the initial study, the carbonyl peak of creatol was not identified with NMR as the difference between 

the preparation of solution (containing 50 mM creatinine, 100 mM ferricyanide and 1 M KOH) to the 

analysis was about 3-4 days. This delay could have resulted in degradation of the reaction product 

(creatol) at the analysis time. Therefore, the next set of experiments were analysed within a day of 

preparation of solutions and creatol was identified as one of the products (with detectable C=O group) 

along with methylguanidine and hydrate (formed from glyoxylic acid) (fig. 3.22 and table 3.5 & 3.6).  

 

 

Figure 3.21: Conversion of A) Creatinine to B) Creatol and C) Methylguanidine 
1. 

A 

C

B 
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Figure 3.22: Proposed mechanism of creatinine oxidation with ferricyanide forming final detectable products of creatol and 

methylguanidine using NMR techniques. 

 

 

 

 

 

 

 

 

Table 3.5: 1H and 13C shifts of creatol (A) and methylguanidine (B) in 1 M KOH solution obtained from a combination of 1D 

1H and 2D 1H-13C HMBC & HSQC NMR techniques (refer to fig. x).  

1H chemical shifts [ppm] of hydrogen number 

for Creatol (A) and Methylguanidine (B) 

13C chemical shifts [ppm] of carbon number for 

Creatol (A) and Methylguanidine (B) 

Creatol (A) Methylguanidine (B) Creatol (A) Methylguanidine (B) 

5 6 CH3 2 4 5 6 CH3 CN 

5.09 2.93 2.76 167.8 193 88.7 27.8 27.9 159.8 

 

A B 

Figure 3.23: A) Creatol B) Methylguanidine 
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Table 3.6: 1H and 13C shifts of hydrate (formed from glyoxylic acid) in 1 M KOH solution obtained from a combination of 1D 

1H and 2D 1H-13C HMBC & HSQC NMR techniques (refer to fig. x). 

1H chemical shifts [ppm] of hydrogen number 

for Hydrate (formed from glyoxylic acid) 

13C chemical shifts [ppm] of carbon number for 

Hydrate (formed from glyoxylic acid) 

1 C-H C=O 

5.16 92.8 181.5 

 

 

3.4.2 HPLC-ESI-MS study 

An ESI-MS study was performed to analyse the reaction products of creatinine oxidation using 

ferricyanide. Fig. 3.24 shows the ESI mass spectrum of creatinine in deionised (DI) water. It is evident 

from the mass spectrum that creatinine was successfully detected by the equipment, also seen in 

the predicted region for 114.0662 m/z according to [M+H]+ calculated for creatinine (fig. 3.25).  

 

 

 

 

 

 

 

 

 

[M+H]+ Creatinine (M = 113) 

Figure 3.24: Mass spectra of creatinine (M/Z = 113). 
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A solution comprising 5 mM creatinine, 10 mM ferricyanide and 600 mM KOH was analysed to 

determine the oxidation reaction products. The mass spectra in the positive and negative mode are 

shown in fig. 3.26 and 3.27. 

 

 

Figure 3.27: Mass spectra [of 5 mM creatinine + 10 mM ferricyanide + 600 mM KOH] with ESI- (negative mode).  

Based on the NMR results, which identified methylguanidine and creatol as the reaction products, 

further analysis using the ESI-MS study didn’t give any conclusive results in terms of confirming these 

reaction products as a result of possibly the molecules being too volatile or not ionising well with the  

100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 m/z
0.0

1.0

2.0

3.0

Inten.(x100,000)

198.9067
236.8611

160.9520

182.9133128.9620

292.8248
116.9622 200.9068154.9185 266.8737223.0301 260.9042 282.8649244.9035168.0227(2)

298.0434100.9683

Figure 3.25: [M+H]+ predicted region for creatinine. 

100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 m/z
0.0

1.0

2.0

3.0

Inten.(x100,000)

206.8761

290.8435

176.8744

262.8390150.8951

234.8545178.8825 210.8622122.9250 245.9441 274.8719138.9185 191.9193(1)165.9667 221.9204

Figure 3.26: Mass spectra [of 5 mM creatinine + 10 mM ferricyanide + 600 mM KOH] with ESI+ (positive mode) 
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ESI technique. This resulted in low sensitivity of this technique. Different mass adducts (with accurate 

mass predictions) which should have been identified for creatol and methylguanidine are summarised 

in table 3.7. It is very clear these adduct fragments are not present in the mass spectra obtained (fig. 

3.26 and fig. 3.27).  

Table 3.7: Accurate mass predictions for different adducts of creatol and methylguanidine. 

Ion 

(Methylguanidine) 

m/z Ion (Creatol) m/z 

[M+H]+ 72.0318 M+ 129.0533 

[M+K]+ 109.9877 [M+H]+ 130.0611 

[M+Na]+ 94.0138 [M+Na]+ 152.043 

[M+NH4]+ 89.0584 [M+K]+ 168.017 

M+ 71.024 [M+NH4]+ 147.0877 

[M+CH3COO]- 130.0384 M- 129.0544 

[M+Cl]- 105.9939 [M-H]- 128.0466 

[M+HCOO]- 116.0227 [M+HCOO]- 174.052 

[M-H]- 70.0173 [M+CH3COO]- 188.0677 

M- 71.0251 [M+Cl]- 164.0232 

Therefore, it was understood that ESI-MS was not a sensitive enough technique for determination of 

the reactions products of creatinine oxidation.  

 

3.4.3 ATR-FTIR 

FTIR studies were also performed to confirm the creatinine/ferricyanide reaction products. The 

cyanide peak (at 2115 cm-1) seen in the solution of ferricyanide and KOH (without creatinine), is not 

present when creatinine is introduced with the same solution components. Additionally, a different 

peak at 2037 cm-1 is seen, which could be C=O, as the carbonyl functional group identification region 

in FTIR is between 2000-3000 cm-1 60 (fig. 3.28). It is to be noted that this functional group is present 

in creatol (fig. 12) (one of the products identified by the NMR study).  
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Although, no additional data on functional group identification was seen using this technique, it was 

concluded that the technique was not sufficiently sensitive in terms of understanding the structures 

of the reaction products. However, it was evident and understood that ferricyanide participates in the 

reaction with creatinine in alkaline medium as the cyanide peak is not seen in the spectrum when the 

reaction solution with creatinine, KOH and ferricyanide was used.  

 

3.5 Conclusions  

The sensing ability of bare GCE in 1 mM potassium ferrocyanide and 1 M KOH was examined for non-

enzymatic creatinine detection. The fact that a bare GCE could be used to sense creatinine, adds to its 

advantages of low cost in comparison to a method that would require chemical modification adding 

to production costs increasing final price of the sensor. It was concluded that creatinine, a complex 

amine can be oxidised in alkaline solution of 1 M KOH in presence of 1 mM potassium ferrocyanide. 

Further mechanistic studies are ongoing however, so far it can be understood that ferricyanide could 

abstract an electron from the nitrogen centres in creatinine molecule (oxidising it to other products) 

Figure 3.28: ATR-FTIR results for analysis of creatinine oxidation products (FC-ferricyanide, CR-
creatinine). 
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as similar behaviour has been seen with other amines in the literature. The sensitivity and LOD of the 

sensor were obtained as 1.50 µA/mM & 60 µM, respectively. Studies with urea (major component of 

urine) showed no interference in this system. It is understood that this study can be further be 

optimised using artificial urine samples and could have high potential for incorporation in a sensing 

device due to its high selectivity, sensitivity, stability and low cost.   
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Chapter 4 - Creatinine detection on nickel-based 

electrodes 

4.1 Introduction 

 

Since the early works of Fleischmann et al. 1, electrocatalytic oxidation of small organic compounds at 

nickel electrodes has been explored in a number of studies 2-6. It is well known that nickel shows 

excellent electrocatalytic activity in alkaline medium 7. In aerated alkaline solution, a nickel hydroxide 

layer forms on the surface of the electrode as a result of the reaction with dissolved oxygen. It has 

been observed that this nickel hydroxide layer, reversibly oxidises to nickel oxyhydroxide (NiOOH) at 

potentials around 0.4 V vs Ag/AgCl 7. The NiOOH is catalytically active and irreversibly oxidises small 

organic molecules seen in the technique of cyclic voltammetry (CV).  This can be used as a quantitative 

system to determine concentration of analytes. Nowadays, various low-cost nickel-based electrodes 

have been explored for non-enzymatic sensing of small organic compounds including glucose 8-12, 

alcohols13-15 and formaldehyde 16-19.  

Despite the use of metal modified electrodes for creatinine analysis, there is only one report of a 

nickel-based electrode (nickel/iron foam sensor) for simultaneous detection of creatinine and urea in 

alkaline medium (pH 14). It was observed that creatinine and urea co-oxidise on the surface of the 

nickel/iron foam system, due to concurrent reactions of these analytes in alkaline solution. Creatinine 

effectively forms a strong inner sphere complex with nickel electrode at pH 14. Although, in presence 

of urea, creatinine binds preferentially to the WE and decreases the overall current density. However, 

using 1 mol% Fe based nickel foam electrodes allowed co-oxidation of creatinine and urea on WE. 

Increased currents upto 50 mA is observed in case of using the Fe-Ni foam electrodes 20. It is 

understood that creatininase (the enzyme that catalyses the hydrolysis of creatinine) has two zinc(II) 

active sites and that the enzyme activity increases when the metal centers are replaced in the order 

Mn(II) > Co(II) > Mg(II) > Fe(II) > Ni(II) = Zn(II) 21. There is a significant need for development of low cost 

and simple creatinine sensor platforms with improved performance.  

This chapter investigates the nickel system with creatinine, based on the fact that creatinine (also a 

small organic molecule) could potentially be oxidised at the surface of a Ni-based glassy carbon 

electrode (Ni-GCE). This is the first report of using a nickel modified GCE for creatinine detection. 
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Techniques of voltammetry and chronoamperometry are used to develop the quantitative sensor 

system. Building on the work in the previous chapter the Ni-GCE is also studied in the presence of 

ferrocyanide, to understand if the product of creatinine oxidation by ferricyanide is electroactively 

oxidised by NiOOH (fig. 4.1).  Furthermore, the chapter explores the interfering response of the nickel 

electrode to urea. 

 

 

 

 

 

 

 

 

 

 

4.2 Experimental 

 

4.2.1 Chemicals  
Potassium hydroxide (Fisher Scientific), potassium ferricyanide, 99+%, potassium ferrocyanide 

trihydrate, 99+%, for analysis (Acros Organics), creatinine anhydrous, ≥98%, Poly(vinyl alcohol) Mw 

89,000-98,000, 99+% hydrolyzed (Sigma-Aldrich) was purchased and used without further 

purification. Urea (99.0 – 100.5%) was purchased from Sigma Aldrich.  

4.2.2 Apparatus 
An Ivium EmSTAT 3+ was the potentiostat used in conjunction with the software (PSTrace) and a 

laptop computer to control the potentiostat. The CE was the carbon rod, RE was the Ag/AgCl in 3M 

NaCl and Hg/HgO in 1 M KOH, the WE was the glassy carbon electrode (GCE, diameter 3 mm, 0.07 

cm2); all supplied by IJ Cambria Scientific Ltd.  

Figure 4.1: Electrochemical detection of creatinine using nickel based GCE system. 
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4.2.3 Morphology analysis 
Scanning Electron Microscopy (SEM) were obtained on JEOL JSM-7800F SEM Microscope. Nickel 

deposited GCE was analysed by SEM using JEOL JSM-7800F SEM microscope. The conditions for 

surface analysis were 5 kV acceleration voltage, WD 10 mm and magnification of x 50,000.  

4.2.4 Electrochemical cell setup 
The electrochemical experiments were carried out in a three-compartment cell including the WE, RE 

and CE. The RE against which all the potentials were measured was a Ag/AgCl electrode immersed in 

3 M NaCl. Some experiments were also performed with Hg/HgO RE immersed in 1 M KOH. The CE was 

a carbon electrode and WE a glassy carbon electrode (GCE). In some experiments potassium chloride 

was added to maintain constant ionic strength at varying pH of KOH solutions. All measurements were 

made at room temperature.  

The electrocatalytic behaviour of creatinine oxidation on Ni electrode in alkaline medium was 

investigated using cyclic voltammetry (CV) and chronoamperometry. The creatinine oxidation current 

may show dependence on the concentration of creatinine and KOH. During voltammetry, for each 

experiment the working potential was chosen such that no electrolyte or solvent decomposition 

occurred.   

4.2.5 Ni-GCE preparation 
A GCE (3 mm diameter, 0.07 cm2) was polished with diamond (3F µm, Buehler) and alumina (0.05 µm, 

Buehler) solutions, followed by cleaning in an ultrasonicator for 5 mins where the electrode was 

immersed in ethanol/water solution after which the electrode was rinsed thoroughly with deionised 

water.  

Nickel was deposited on the GCE by cathodic reduction of a degassed 1 mM Ni(NO3)2 solution in 0.1M 

acetate buffer solution (pH 5) as was previously optimised in a study 22. The GCE was held at -1.3 V vs 

Ag/AgCl for varying electrodeposition times (30s, 60s and 120s) under constant stirring.  

 

4.2.6 Electrode conditioning 
Following the electrodeposition, the modified electrode was transferred to a non-degassed potassium 

hydroxide solution in order to form the Ni(OH)2 layer on GCE. CVs were performed in the potential 

window of 0.15 to 0.55 V vs Ag/AgCl, at 200 mV/s scan rate for 200 cycles, with a starting potential of 

0.15 V vs Ag/AgCl.  
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4.2.7 Electrochemical detection of creatinine on Ni-GCE 
Techniques used for electrochemical detection of creatinine were cyclic voltammetry (CV) and 

chronoamperometry (CA). 10 ml of 1 M KOH was transferred to the electrochemical cell and placed 

with Ni-GCE and the Ag/AgCl RE (or Hg/HgO RE) and the graphite CE, connected to the potentiostat. 

Blank and creatinine addition CV studies were done in a potential window of 0.15 to 0.55 V vs Ag/AgCl, 

at a scan rate of 50 mV/s and the first scan was considered for analysis, with a starting potential of 

0.15 V vs Ag/AgCl.  

The chronoamperometry study was performed by selecting a fixed potential (Edc) based on the CV 

with creatinine additions. Creatinine additions was made to a stirred solution of potassium hydroxide 

or alkaline ferrocyanide at the specific linear range. A current vs time plot was generated.  

 

4.3 Results and Discussion 

 

4.3.1 Electrodeposition of Ni on GCE 
 

Electrodeposition involves preferential nucleation and growth of the metal nanoparticles (NPs) on the 

surface of the electrode. It gives high purity of deposits and involves a simple procedure 23.  

Potentiostatic deposition was used to prepare the metallic Ni deposited GCE. The electrodeposition 

of nickel onto the GCE was done using chronoamperometry at -1.3 V vs Ag/AgCl for 120s 

electrodeposition time (which was selected on optimisation seen later in the chapter).  

Chronoamperometry involving instantaneous perturbation of the electrode potential is used in this 

study (fig. 4.2). The system is then monitored as it follows towards its new steady state. The solution 

was deoxygenated prior to chronoamperometry, so as to ensure there are no other competing 

electron transfer reactions at the surface (such as oxygen reduction). The solubility of oxygen in 

solutions which are open to the atmosphere is up to 10-4 M, therefore in order to reduce the oxygen 

partial pressure to a very low value, nitrogen is passed through the solution 24. It was also necessary 

to avoid formation of bubbles near the GCE surface (due to water reduction) in order to obtain a 

smooth deposition of nickel on GCE.  
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This process involved formation of a new nickel metal phase on the surface of the GCE through 

reduction of Ni2+ ions from the 1 mM Ni(NO3)2 solution dissolved in sodium acetate buffer (pH 5) 22. 

The formation of the metal layer involved several stages 25: 

1. Nucleation & growth of the isolated centres 

2. Continuous layer formation by overlapping of these isolated centres 

3. Thickening of the layer 

The first step is the formation of nuclei of the nickel metal phase on the GCE causing a sudden increase 

of current after t=0 at constant potential after which it fluctuates between 25 to 120s. This requires a 

large cathodic overpotential (in this case -1.3 V vs Ag/AgCl). Once the nuclei centres formed are big 

enough and stable, they grow rapidly as a result of constant application of the overpotential. The 

nickel nuclei once formed grow readily on the surface of the GCE, as a result of overlapping of the 

formed nuclei as they grow. Once the continuous layer of nickel metal forms, the current is constant 

at constant potential as the current flowing reaches a mass transport limited plateau value with an 

increased magnitude as the solution is stirred.  

Figure 4.2: Electrodeposition of Ni on GCE using chronoamperometry fixed at -1.3 V vs Ag/AgCl for 
120s. 
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The solution was constantly stirred. As a result of constant stirring, a thin diffusion layer where the 

concentration of Ni2+ is different from that in the bulk of the solution forms. It takes approximately 10 

s for this boundary layer to form at the time at which there is a high increase in cathodic current before 

it reaches a steady state value. During the experiment, at t=0, the potential is stepped to -1.3V vs 

Ag/AgCl from a point when the surface concentration of Ni2+ changes instantaneously from the bulk 

concentration to zero. At -1.3 V vs Ag/AgCl, the reduction of Ni2+ ions occur in the system, allowing 

deposition of Ni metal on the surface of the GCE. Following this, the current reaches a steady state 

value when the concentration profile forms. As a result of forced convection (constant stirring), the 

concentration profile remains steep and the diffusion layer remains thin.  

4.3.2 Ni(OH)2 layer enrichment 
It has been observed that when nickel is immersed in alkaline solutions, a Ni(OH)2 film is formed after 

the spontaneous dissolution of the metal 26, 27. 

 

 

 

 

 

 

 

 

 

 

 

A typical cyclic voltammogram is seen when Ni-GCE is placed in KOH solution due to formation of 

Ni(OH)2 species as shown by other studies (fig. 4.3) 1, 27, 28. The first CV differs from the successive 

voltammetry scans. The current of the first cycle is related to the oxidation of Ni to Ni(II) followed by 

formation of α -Ni(OH)2  which is converted to the more stable ß- Ni(OH)2  29 Two oxidation peaks seen 

in scan 1 in fig. 3 with the sample cell containing 1M KOH, correspond to the α -Ni(OH)2 and ß- Ni(OH)2, 

respectively oxidising to NiOOH 30, 31. ß- Ni(OH)2 (more stable form) is favoured in the voltammetry 

performed in 1M KOH 22. Therefore, conditioning allows the crystalline phases of Ni(OH)2 to settle to 

Figure 4.3: First CVs and last CV (scan 200) overlay for a 120s Ni-GCE in 1M KOH at a scan rate of 
0.2V/s. 
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aged ß-phase as the two oxidation peaks merge and there is a significant increase in the redox currents 

15, 32.   

Studies have shown that deposition from aqueous nickel nitrate solution, causes nickel hydroxide to 

precipitate along with the nickel on the surface of electrodes 33, 34. The following Equations describe 

this: 

                                       𝑁𝑂3
− + 7𝐻2𝑂 + 8𝑒− →  𝑁𝐻4

+ + 10𝑂𝐻−                                        (Equation 4.1) 

                                                  𝑁𝑖2+ +  2𝑂𝐻− →  𝑁𝑖(𝑂𝐻)2                                                       (Equation 4.2) 

Electroreduction of 𝑁𝑂3
− causes the formation of 𝑁𝑖(𝑂𝐻)2 (equation 1 & 2).  

Two crystallographic species of Ni(OH)2 (α & ß) are formed after electrodeposition from nickel nitrate 

solution and conditioning cycles in 1M KOH. α -Ni(OH)2 is hydrated and ß- Ni(OH)2 is anhydrous and 

more stable than the other form. As seen in scan 1 (fig. 4.3), Ni(OH)2 is oxidised to NiOOH species upon 

application of the potential and the oxidation peak shoulder is due to the oxidation of α -Ni(OH)2, while 

the main peak is a result of oxidation of ß- Ni(OH)2. On the reduction in scan 1, 2 peaks are observed 

due to reduction of  Υ-NiOOH and ß-NiOOH 35. On electrooxidation of each type of nickel hydroxide, 

Υ-NiOOH and ß-NiOOH are formed, where the Υ species is relatively unstable. Conditioning cycles on 

Ni-GCE in strong alkali solution allow ageing of the material. Eventually, the ß phase covers the surface 

of the GCE as the conditioning progresses as seen in scan 200 in fig. 4.3. The changes in peak position 

are likely to be due to changes in the crystal structures of nickel hydroxide and the nickel oxyhydroxide 

36-38. The oxygen evolution reaction (OER) occurs (not shown) after 0.55 V vs Ag/AgCl in the positive 

scan.  

 

4.3.3 Electrochemical studies of creatinine detection 
Creatinine additions were made in aerated 1 M KOH solution supporting a GCE working electrode. 

Nickel reacts with dissolved oxygen in aerated alkaline solution to form Ni(OH)2 which is reversibly 

oxidised to NiOOH at low potentials of 400 mV vs Ag/AgCl 39. The main idea with this electrochemistry 

involves maintaining nickel in the +3 state (NiOOH) on the surface of the electrode that could catalyse 

the irreversible oxidation of creatinine (seen similar to with other organic compounds like glucose40-

42), producing an increased anodic current response resulting in a quantifiable system. The chosen 

potential (based on the linearity seen in the CV with increasing concentration additions) should have 

a strong catalytic effect on creatinine, minimising any effect on interfering species like urea. The 

anodic and the cathodic peak in the CV are due to the Ni(II)/Ni(III) redox couple following Equation 3: 
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               𝑁𝑖 (𝑂𝐻)2 + 𝑂𝐻− ⟷ 𝑁𝑖𝑂𝑂𝐻 +  𝑒−                                                                            (Equation 4.3) 

In presence of creatinine, it is possible NiOOH compound is reduced and more 𝑁𝑖 (𝑂𝐻)2 is formed 

according the Equation 4.4:  

𝑁𝑖𝑂𝑂𝐻 + 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒 →  𝑁𝑖 (𝑂𝐻)2 + 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑓 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒                                   

(Equation 4.4) 

An initial study was done in the creatinine concentration range between 0-50 µM, which showed no 

significant increase in anodic current response at any positive potentials (fig. 4.4). This could be due 

to the limited sensitivity of the nickel detection system. Further studies were carried out with 

creatinine additions in the range 0-400 µM with 50 µM additions in 1M KOH (cycling between 0.15 to 

0.55V vs Ag/AgCl) such that the detection is within the clinical range for detection (>150 µM creatinine 

concentration in blood indicates kidney damage) of chronic kidney disease (CKD) (fig. 4.5). The 

conditions of the electrolyte (1M KOH) used were similar to a study by Carpenter et al. 20. The increase 

in Ni(II)/Ni(III) oxidation peak and its anodic shifting gives a clear indication of creatinine catalytic 

oxidation on the surface of GCE (fig. 4.5). Although there was anodic current response as a result of 

creatinine oxidation in the range 0-400 µM, a non-linear calibration was obtained at 0.47 V (fig. 4.6B). 

Optimisation (in terms of the sensor performance) in the mM range was carried out before the lower 

linear range could be investigated in further studies.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Detection of creatinine using Ni-GCE in the 0-50 µM range (cycling between 
0.15 to 0.55V in 1M KOH) 
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4.3.4 Sensor optimisation at higher creatinine concentrations 
Creatinine additions between 2-20 mM were done using a Ni-GCE in 1 M KOH solution with a potential 

for use as a sensor with urine samples (creatinine concentrations outside clinical range of 4.4-13.3 

mM indicate kidney conditions as reported43). The potential chosen for the calibration graph was that 

post nickel oxidation (0.44 V vs Ag/AgCl) at which creatinine oxidation is observed with NiOOH on the 

surface of the GCE. It is understood that creatinine is oxidised on the surface of Ni-GCE and the 

conversion of NiOOH back to Ni(OH)2 occurs after the oxidation process (fig. 4.7).   

Figure 4.5: Detection of creatinine using Ni-GCE in the 0-400 µM range (cycling between 0.15 to 0.55V in 1M KOH)  

A 
B 

Figure 4.6: A) Inset to fig. 4.5 B) Calibration graph in the range 50 - 400 µM analysed at a fixed potential of 0.47 V vs 
Ag/AgCl. 
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The peak current increase with concentration was also analysed in the form of a calibration graph (fig. 

4.7). Both calibration data showed an increase in current with increasing concentration although the 

data were not linear.  

                                                                                                                                

 

 

 

 

 

 

 

 

 

 

Electrocatalytic performance for achieving a linear sensor calibration with characteristics of high 

sensitivity and low limit of detection (LOD) is required for an efficient sensing platform. Further sensor 

optimisation to obtain better electrocatalytic performances of Ni-GCE creatinine sensor was done in 

terms of the working conditions (KOH concentration and nickel electrodeposition times) for creatinine 

additions between 2-20 mM.  

 

4.3.4.1 Effect of KOH concentration 

The CV studies were done in different KOH concentrations (1M, 0.1M and 0.01M) with creatinine 

additions in the 2-20 mM range. Conditioning (200 cycles) was performed in 1M KOH solution using 

cyclic voltammetry to convert the unstable α-Ni(OH)2  (hydrous form) formed during the forward 

anodic scan from oxidation of Ni into more stable ß-phase (anhydrous) (fig. 4.8). At higher positive 

potentials, this ß-phase Ni(OH)2 is converted into  ß-NiOOH or partially converted into Υ-NiOOH that 

accumulates on the surface of the GCE. In the anodic scan, Ni(II) oxidises into the Ni(III) form and in 

the cathodic scan, Ni(III) reduces back into the Ni(II) form. Studies have shown that this reaction is 

either quasi-reversible or irreversible on electrodes where nickel has been electro-deposited based 

Figure 4.7: Creatinine detection with Ni-GCE in 1M KOH in the range 0-20 mM; scan rate - 50 mV/s 



 

107 
 

on the potential peak separation 4. In this study, we can see that the redox couple Ni(II)/Ni(III) exhibits 

quasi-reversible behaviour with peak potential separation approximately 125 mV (for reversible 

systems it is 56.6/n mV) in scan 200. Additionally, the forward peak is larger than the reverse peak 

showing the quasi-reversible behaviour. It can also be observed from fig. 4.8 that the current at the 

anodic and cathodic peaks increases with each potential sweep cycle. During this process, OH- enters 

into the Ni(OH)2 layer, forming a thicker NiOOH layer each time during the Ni(II)/Ni(III) redox 

conversion. This phenomenon has also been observed in a similar study 4.  

 

 

 

 

 

 

 

 

Figure 4.8: Conditioning cycles using cyclic voltammetry (200 cycles) in 1M KOH using Ni-GCE showing growth of Ni(OH)2 

layer with each CV scan. 

 

Different concentrations of KOH solutions were prepared such that the ionic strength was maintained 

to 1 M by addition of KCl. The supporting electrolyte concentration is key in lowering the cell resistance 

and the ohmic potential drop (which gives potential-control error). In addition, it also decreases the 

electric field and minimises migration effect on the analyte. This is important as the equations used to 

determine limiting or peak currents are assumed to be based on the fact that mass transport is only 

by diffusion processes44.  
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Figure 4.9: Overlay of CVs for 120s Ni deposition in 1 M, 0.1 M and 0.01 M KOH at 10 mM creatinine. 

The effect of different KOH concentrations on creatinine oxidation at the Ni-GCE is presented (fig. 4.9). 

It has been seen previously that the OH- ion in a nickel electrode system participates in the oxidation 

of molecules like methanol 45, meaning it enhances the analyte oxidation. A higher concentration of 

hydroxide ions in 1 M KOH, could further enhance the creatinine oxidation allowing oxidation at a 

lower onset potential in comparison to that seen at 0.1 M and 0.01 M KOH concentrations. The 

enhancement of the oxidation could be due to formation of a thicker NiOOH layer on the surface of 

the GCE, due to diffusion of higher concentration of OH- ions on the surface of Ni(OH)2/GCE 4.  

4.3.4.1.1 Studies using 1M KOH 

Various repeat studies were performed using 1 M KOH as the base electrolyte. The pH of the solution 

was confirmed to be 14. The resulting CV in 1 M KOH for 2-20 mM creatinine additions is shown in fig. 

4.10. At potentials higher than 0.52 V vs Ag/AgCl, oxygen evolution reaction is observed. The reverse 

scan involves conversion of NiOOH back to Ni(OH)2, referred to as the Ni(III) reduction peak. This 

occurs after creatinine is oxidised with NiOOH on the surface of the nickel GCE.  

The electrocatalytic response towards creatinine is evident in the forward scan with the shifting of the 

anodic peak and an increasing anodic current response. Due to the shifting peaks, a fixed potential of 

0.46 V vs Ag/AgCl was chosen for chronoamperometry analysis based on procedures described in the 

literature 15, 18, 22.  
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Figure 4.10: 0-20 mM additions of creatinine to 1M KOH solution at a scan rate of 50 mV/s cycling between 0.15 and 0.55V 

vs Ag/AgCl. 

 

 

 

 

 

 

 

 

 

A holding potential of 0.46 V vs Ag/AgCl was chosen for chronoamperometry based on the linear 

region in the cyclic voltammogram seen in fig. 4.11. This method was used as a result of shifting anodic 

peak. A calibration plot was then obtained over a linear range. At intervals of 1 minute, under constant 

stirring, 2 mM additions of creatinine were made to the electrochemical cell containing 1M KOH. 

Based on the average current of the time interval of each addition, a calibration plot was made (fig. 

4.11B). The calibration plot shows a linear response between 4-20 mM creatinine of R2 = 0.996 with a 

sensitivity of 0.02 µA/mM. The systematic noise is due to action of the stirring bar, but has been 

averaged out for the purpose of the calibration plot.  

Figure 4.11: A) Chronoamperometry at 0.46 V with 2 mM standard additions of creatinine under 
constant stirring in 1M KOH B) Corresponding calibration plot. 

A B 
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Further repeats of the 2-20 mM creatinine additions (chronoamperometry at a fixed potential of 0.46 

V vs Ag/AgCl) were done in 1 M KOH to analyse the reproducibility of the sensor response (fig. 4.12).  

It was seen that the repeat chronoamperometry response was not linear and plateaued at creatinine 

concentrations higher than 20 mM  (fig. 4.12). This inconsistent response was frustrating as it could 

not be improved. Many attempts were made to use different fixed potentials and to adjust the manner 

in which additions were made. We also noted that the current response at the fixed potential was 

quite variable, giving a different range.   

 

4.3.4.1.2 Studies using 0.1M KOH 

Creatinine additions in the range 2-20 mM were made in 0.1M KOH in the electrochemical cell at a 

scan rate of 50 mV/s cycling between 0.3 to 0.62 V vs Ag/AgCl. Selecting a potential of 0.50 V vs 

Ag/AgCl from the CV (linear region), chronoamperometry was performed with 2 mM additions. The 

fixed potential for chronoamperometry chosen included 0.49 V, 0.50 V and 0.51 V vs Ag/AgCl, all of 

which gave no stepwise response showing inconsistency and low sensitivity (not shown). The 

chronoamperometric response fixed at 0 .50 V vs Ag/AgCl is shown below in fig. 4.14. It can be seen 

that there were no distinct steps (showing low sensitivity for creatinine) and additional noise which 

might be due to the stirring effects. The CV shows that the anodic peak current decreases as the 

concentration of creatinine increases (fig. 4.13).  

Figure 4.12: Chronoamperometry at 0.46 V vs Ag/AgCl with 2 mM standard additions of creatinine under constant 
stirring in 1M KOH. 
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Figure 4.13: 0-20 mM additions of creatinine to 0.1M KOH solution at a scan rate of 50 mV/s cycling between 0.3 and 0.62V 

vs Ag/AgCl.  

 

 

 

 

 

Figure 4.14: Chronoamperometry with 2 mM standard additions of creatinine under constant stirring in 0.1M KOH. 

Various repeat studies were performed in 0.1 M KOH. The system showed low sensitivity and no 

stepwise response to creatinine was observed (fig. 4.14).  

4.3.4.1.3 Studies using 0.01M KOH 

2 mM creatinine additions were made in the range 2-20 mM in 0.01M KOH solution in the 

electrochemical cell to obtain CVs as shown in fig. 12. A similar mechanism is observed in the CV in a 

Ni-GCE system with 0.01 M KOH. As the creatinine concentration increases, the anodic peak current 

decreases (fig. 4.15).  

From this CV, a fixed potential of 0.74 V vs Ag/AgCl was chosen for chronoamperometry analysis. 

Similar to the results obtained for 0.1 M KOH, the sensitivity of the response was low as no distinct 

steps at each concentration were observed (fig. 4.16).  
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Figure 4.15: 2-20 mM additions of creatinine to 0.01M KOH solution at a scan rate of 50 mV/s cycling between 0 and 0.9V 

vs Ag/AgCl. 

 

 

 

 

 

 

 

 

 

 

 

In conclusion, it can be seen that electrochemical experiments performed in 1 M KOH solution show 

maximum sensitivity of 0.02 µA/mM (calculated from calibration graph based on step response) 

relative to 0.1 M and 0.01 M KOH. It can also be understood that as the concentration of hydroxide 

ion decreases, the peak current decreases with creatinine additions as less NiOOH is present on the 

surface of GCE to oxidise creatinine. However, an opposite trend is seen with 1M KOH where the peak 

current increases due to sufficient NiOOH available for oxidation of creatinine. 

Creatinine additions 

Figure 4.16: Chronoamperometry at 0.74 V vs Ag/AgCl with 2 mM standard additions of 
creatinine under constant stirring in 0.01M KOH 
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4.3.5   Effect of Nickel electrodeposition time  
Changing the electrodeposition time has a significant effect on the morphology of the composite 

material on the surface of GCE. Studies have shown that in order to enhance the electroactivity of the 

catalysts (like nickel acting as an electrocatalyst), small or nano-sized particles can be deposited on 

the surface of substrates like carbon or graphite 40. The current density has been observed to be 

significantly high in case of dispersed Ni on electrode substrates like graphite due to large surface area 

4. In contrast, various studies have also shown that smooth nickel surface inhibits the electro-oxidation 

reaction due to adsorption of oxygen from the solution and is therefore not an efficient catalyst 4, 46. 

In order to study the influence of the Ni-NPs on the GCE, deposition parameters like deposition time 

was varied to see the effect on the response current 23. Previous study on Ni NPs has shown that 50s 

and 150s gave maximum response values. Hence, based on this, the electrodeposition time was varied 

from 30s to 240s and the sensitivity towards creatinine was compared. It has also been observed that 

a deposition time of 300s or more resulted in a thick nickel film on GCE18.  

The electrocatalytic activity towards creatinine oxidation of NiNPs-GCE was investigated at different 

electrodeposition times with CV study (fig. 4.17). According to the CVs, the anodic current at 10 mM 

creatinine addition varies significantly at Ni-GCEs electrodeposited at times between 30-240s. The 

anodic current response increases significantly up to 120s deposition times and then decreases at 

240s. This could be due to the larger surface area of the Ni-NPs (at 120s) in comparison to the nickel 

film based GCE formed when the electrodeposition times are 240s and possibly higher. This effect of 

electrodeposition time has also been observed in another study 42. In order to have higher sensor 

sensitivity, 120s was chosen as the optimised time for nickel deposition for further studies.  
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Following electrodeposition at increasing times (30 s, 60 s & 120 s) of Ni on GCE, the electrode was 

cycled in 1 M KOH for 200 cycles at 0.2 V/s in order to fully develop the beta phase of the Ni(OH)2 

layer. The electrodes were then dried under nitrogen and imaged using a scanning electron 

microscope (SEM). Fig. 4.18 (with Ni nanoparticles) shows the SEM of the Ni-GCE. It was observed that 

the GCE surface was fully covered with Ni nanoparticles of the size 24-35 nm at all three deposition 

times. It appears the Ni nanoparticles deposited randomly on the surface of the GCE. Fig. 4.18A (30 s 

electrodeposition time) shows a partial coverage of the electrode. The mass of nickel on GCE at the 

three electrodeposition times (based on Faraday’s law47) was 37.43 µg/cm2, 43.00 µg/cm2 and 110.71 

µg/cm2 for 30 s, 60 s and 120 s electrodeposition, respectively calculated based on 

chronoamperometry data. This coverage increases with the deposition time, showing 120 s (fig. 4.18C) 

giving the maximum uniform coverage of the surface with densely packed but distinct together Ni-

NPs, providing a large surface area to the electrode. It has been mentioned in a previous study that 

this uniform structure may enhance electron transfer and better electrocatalytic activity of nickel 41.  

Figure 4.17: CV study of different nickel electrodeposition times with 10 mM creatinine in 1 M KOH solution. 
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4.3.6 Ni-GCE ferro-/ferricyanide redox coupled system 

4.3.6.1 Nickel based glassy carbon electrode system 

In Chapter 3 on a bare GCE creatinine sensor system, the novel response of creatinine in the presence 

of alkaline ferricyanide was discussed. The ferricyanide is said to oxidise the creatinine to methyl 

guanidine and creatol, other small organic molecules. As such, we sought to explore the oxidising 

potential of  a nickel-based GCE in an alkaline ferri/ferrocyanide system, to see if the combination of 

electrocatalytic oxidants could enhance the sensor performance. While NiOOH was not especially 

responsive to creatinine, it may be responsive to its oxidation products.  

Figure 4.19 shows the response of the Ni-GCE to 2 mM creatinine additions in the presence of 1 mM 

ferrocyanide and 0.1 M KCl in 0.1 M KOH. The equivalent figure without KCl is given in the appendix, 

and shows a similar but slightly diminished response. Two redox couple responses in this system are 

observed: ferri/ferrocyanide redox response of creatinine at ca. 0.32 V and the Ni(OH)2/NiOOH redox 

response at higher potentials. The CVs showed a linear peak height response, giving the plot in Fig. 

4.19. This was 20 fold more sensitive to creatinine than in the absence of ferrocyanide, with a 

sensitivity and LOD of 4.5 µA/mM and 0.65 mM analysed at 0.52 V vs Ag/AgCl.  The system without 

KCl in alkaline ferricyanide (fig. 4.20)  gave slightly lower sensitivity (3 µA/mM) and a higher LOD (1.03 

mM).  

 

  

 

 

 

 

 

Ferro/ferricyanide redox couple 

Ni(OH)2/NiOOH 

redox couple 

Figure 4.19: Ni-GCE based alkaline ferricyanide system in 0.1 M KCl for creatinine detection. 

Figure 4.18: SEM images of Ni-GCE (x 50, 000) at electrodeposition times of A) 30s B) 60s C) 120s. 
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As found from NMR studies in Chapter 3, Section 3.4, the reaction products of creatinine oxidation by 

ferricyanide in alkali conditions are found to be methylguanidine and creatol.  It is possible these are 

formed in the first instance by ferrocyanide oxidising to ferricyanide. Then, in the vicinity of the 

electrode, react and oxidise on the surface of the Ni-GCE. Ni oxide electrodes were investigated by 

Fleichsmann and others in the 1970s for amine oxidation. Creatol an alcohol derivative of creatinine, 

is also likely electroactive on nickel, due to the alcohol group48.  The oxidation of first stage oxidation 

products gives rise to an increasing anodic current response with increasing concentrations of 

creatinine on the surface Ni-GCE, meaning the creatinine oxidation product is catalytically active on 

NiOOH, which irreversibly oxidises the first product. This system was first tested with a nickel 

electrodeposited GCE in alkaline ferricyanide and the initial results showed a significant linear 

response in terms of peak current (fig. 4.20). 

Attempts were made to reproduce this work at a later date, but as shown in Figure 4.21, the 

electrodeposition of nickel on the surface of GCE was inconsistent according to the procedures 

followed before. This is evident from the study of the blank solution in 10 ml of 1 M KOH (which was 

Figure 4.20: Nickel-GCE based alkaline ferricyanide study for creatinine detection. 
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used later for conditioning CV cycles), as varying peak currents are observed for different repeats 

performed (fig. 4.21), despite identical deposition procedures being used. This makes it clear that the 

extent of deposition of nickel on GCE each time is varying significantly. As the electrodeposition was 

done on different GCEs each time, the growth of nickel nanoparticles may be of different morphology 

as a result of its growth on each electrode.  

As previously mentioned, it was understood that the ferrocyanide reaction at lower potentials give 

rise to creatol and methylguanidine (creatinine oxidation products with ferro/ferricyanide KOH 

system), which then potentially further oxidises on the surface of Ni-GCE giving rise to increasing peak 

anodic currents.  

 

 

 

 

 

 

 

 

 

 

 

 

As the deposition of nickel onto GCE was proving so inconsistent, regardless of the preparation of the 

electrode, an alternative nickel platform was sought to study the response of creatinine with and 

without ferrocyanide.  

 

4.3.6.2 Nickel foam-based electrode system 

 

Figure 4.21: Inconsistent responses for blank using Ni-GCE in alkaline ferrocyanide 
solution analysed using CV study on different Ni-GCEs with a fresh setup each time.. 



 

118 
 

It has been previously studied that nickel foam is the best electrode to replace GCE, overcoming 

traditional modification process49. The active material load on the surface of the WE increases as a 

result of three-dimensional structure of the nickel foam50. Due to the increased active sites on the 

surface of WE, the sensitivity and the current output (mA range) from the sensor can be significantly 

enhanced. Additionally, to overcome the limitations of GCE modification processes as seen previously 

with inconsistent Ni deposition procedures, Ni foam study has been performed.  

4.3.6.2.1 Morphology analysis 

An electrode of commercial nickel foam was fabricated in house. It was housed in a PTFE platinum 

electrode holder with 10 x 15 mm platinum sheet (fig. 4.22). 1 cm2 of the nickel foam was immersed 

in the cell solution for the electrochemical study (fig. 4.22A).  

 

 

 

 

 

 

 

 

SEM images of the nickel foam in Figure 4.23 clearly show the significantly high surface area (fig. 4.23A) 

with pore sizes approximately 100-120 µm. This high surface area in this structure of Ni foam can 

significantly enhance the current response and the sensitivities obtained for creatinine detection, 

potentially improving the sensing platform.  The morphology of the foam is studied to observe the 

high surface area in the structure of the nickel foam.  

 

A B 

Figure 4.22: Nickel foam housed in a PTFE electrode holder. 
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Figure 4.23: SEM images of Ni foam A) x70  B) x2000. 

In future work, the surface of Ni foam after conditioning cycles in 1 M KOH can also be analysed to 

understand further the behaviour of the foam post conditioning and its behaviour with alkaline 

solutions.  

 

4.3.6.2.2 Electrochemical detection of creatinine  

A high surface area sensing system was investigated with nickel foam immersed in 1 mM ferrocyanide 

and 1 M KOH for creatinine detection. This would mean the limitation of inconsistency in 

electrodeposition of nickel would be eliminated and a more sensitive and consistent response towards 

creatinine could potentially be observed. To prepare the Ni(OH)2 layer on the nickel foam, 200 

conditioning cycles (200) in 1 M KOH were initially performed akin to the Ni-GCE (fig. 4.24). This would 

allow the Ni(OH)2 layers on the surface of the electrode to “settle”, to obtain accurate calibration data 

for creatinine detection where an increase in current is as a result of creatinine oxidation only and not 

enrichment of the nickel hydroxide layer. It was observed that sufficient settling of Ni(OH)2 layers was 

obtained at the end of the conditioning (CV scan 200) .  

 

 

 

 

 

 

 
Figure 4.24: Conditioning cycles with nickel foam electrode in 1 M KOH 

at a scan rate of 50 mV/s. 
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A high creatinine concentration range (2-8 mM) was first investigated with the nickel foam electrode. 

A linear and highly sensitive current response was observed with respect to peak current and current 

was analysed at a fixed potential of 0.55 V vs Hg/HgO (fig. 4.25 and 4.26). Nickel foam was not tested 

in absence of ferrocyanide, as a result of having understood from previous Ni-GCE studies that no 

ferri/ferrocyanide redox peak will be observed and the creatinine oxidation products will not be 

generated at the Ni electrode.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25: CV study to analyse response of creatinine additions (2-8 mM) on  nickel foam 1 electrode in 
alkaline ferrocyanide solution at a scan rate of 10 mV/s. 

A B 

Figure 4.26: A) Peak current vs concentration calibration graph with 2-8 mM creatinine additions to nickel foam after 
volume correction B) Current vs concentration calibration graph analysed at a fixed potential of 0.55 V vs Hg/HgO with 

2-8 mM creatinine additions to nickel foam after volume correction. 



 

121 
 

A LOD of 710.8 µM with 0.44 ± 0.02 mA/mM sensitivity was obtained from peak current (fig. 4.26A) 

and LOD of 705.7 µM with 0.43 ± 0.03 mA/mM sensitivity was obtained from the current response at 

0.55 V vs Hg/HgO (fig. 4.26B). The system was further investigated at the clinically relevant range of 

4.4 – 13.3 mM (urine creatinine outside this range may indicate kidney conditions as reported43) in 10 

ml 1 M KOH and 1 mM ferrocyanide corresponding to a range of 0.2-2.4 mM on dilution in 10 ml 

solution (fig. 4.28). It is to be noted that the calibration data has been analysed after volume correction 

due to additions of 100 µl of stock solution of creatinine (from 200  mM stock) each time added . 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 4.27: A) Peak current vs concentration calibration graph with 0.2-2.4 mM creatinine additions to nickel foam after 
volume correction B) Current vs concentration calibration graph analysed at a fixed potential of 0.52 V vs Hg/HgO with 0.2-

2.4 mM creatinine additions 

Figure 4.28: Electrochemical study with Ni foam 1 on creatinine additions in the range 0.2-2.4 mM in 10 ml 1 M KOH and 1 
mM ferrocyanide. 



 

122 
 

As expected, a lower LOD of 0.13 mM with sensitivity 0.69 ± 0.02 mA/mM was obtained from fig. 

4.27A and LOD of 0.11 mM with sensitivity 1.46 ± 0.04 mA/mM was obtained from fig. 4.27B, in 

comparison to that at higher creatinine concentrations between 2-8 mM.  

This study was repeated with a new piece of nickel foam (nickel foam 2) that was conditioned 

initially using the same procedure as above and then creatinine additions were made in 1 M KOH 

and 1 mM ferrocyanide solution. A comparison of conditioning CV study was made between nickel 

foam 1 and 2 at cycle 200 (fig. 4.30). It was clear that repeatability in results could not be obtained.  

 

 

 

 

 

 

 

 

 

 

Figure 4.29: Comparison of 200th CV scan for conditioning of Ni foams 1 and 2 in 1 M KOH at a scan rate of 10 mV/s. 



 

123 
 

Although, further studies with creatinine additions on nickel foam 2 showed linearity in results with 

creatinine concentrations between 1-9 mM at a scan rate of 50 mV/s (fig. 4.31), meaning that further 

optimisation of this system in terms of repeatability could allow use of this electrode for creatinine 

detection at higher concentration ranges. It is to be noted that with nickel foam 2, a higher scan rate 

of 50 mV/s was used for creatinine detection as 10 mV/s (used in case for nickel foam 1) gave 

significantly low current response (fig. 4.29).  

 

Figure 4.31: Ni foam 2 study with creatinine additions in the range 1-9 mM in 1 M KOH and 1 mM ferrocyanide at a scan 
rate 50 mV/s. 

Figure 4.30: Comparison of scan rate 10 mV/s and 50 mV/s with nickel foam 2 in 1 M KOH and 1 mM ferrocyanide solution 
without creatinine addition. 
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A further study was done (fig. 4.32) with nickel foam 2 to observe the redox response at lower 

creatinine concentration range 0.2-1 mM with 0.2 mM creatinine additions was done to obtain 

response in the relevant clinical range of 4.4-13.3 mM (clinical creatinine range in urine) when diluted 

in cell with 10 ml 1 M KOH and 1 mM ferrocyanide.  

 

There was not a consistent linear response towards creatinine oxidation with the ferri/ferrocyanide 

redox response. Although there is an increase in current at the 0.2 mM creatinine addition in the 

cell, at higher concentrations there is no linear response (fig. 4.32).  

Although, there was inconsistency between different Ni foams, a pre-treatment and cleaning 

procedure before conditioning in 1 M KOH could be done to achieve repeatability in results ensuring 

there is no changes in the surface of each Ni foam used.  It was later realised that this procedure may 

generate the required consistent results.  

 

4.3.7 Interference studies with urea 
Avoidance of interfering urea in creatinine detection (for analysis in real samples including urine) 

remains a challenge. Urea is oxidised catalytically at nickel electrodes and this has been reported in 

various studies previously 51-55. In this work, the effect on urea was investigated on the previously 

Figure 4.32: CV electrochemical study with 0.2 mM creatinine additions in the range of 0.2-1 mM at a scan rate of 50 mV/s 
in 1 M KOH and 1 mM ferrocyanide. 
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developed Ni-GCE sensor system to understand the extent of interference. 2-20 mM additions of urea 

were made in 1 M KOH solution with Ni-GCE as the working electrode (fig. 4.33).  

 

Figure 4.33: 0-20 mM additions of urea to 1M KOH solution at a scan rate of 50 mV/s cycling between 0.15 to 0.55 V vs 

Ag/AgCl. 

It is clear that urea oxidises on the Ni-GCE from the increase in anodic peak current with increasing 

urea concentration (fig. 4.33). The response far outweighs that of creatinine, meaning that the 

interference in a real urine sample would be too great. Urea is present in urine at concentrations 50 

fold more than that in blood – daily excretion of 342 mmol in 490 to 2690 ml urine 56. Carpenter & 

Stuve have studied simultaneous oxidation of urea and creatinine at nickel foam electrodes. 

Creatinine formed a stable complex with the nickel electrode in comparison to urea causing site 

blocking due to adsorption. Although as a result, the overall current response decreased 57.  

The activity of nickel towards urea is not unexpected. The active centre of urease contains nickel(II) 

ions, acting as cofactors for enzymes that oxidise urea 58. Should the nickel based creatinine sensor be 

further developed, it would be necessary to eliminate the urea response.  Further studies could look 
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at the introduction of membrane-based working electrode systems to prevent entry of urea to the Ni-

GCE based on charge or size exclusion. However this was not in the scope of this work.  

  

4.4 Conclusions and future work 
 

In summary, nickel-based electrodes (Ni-GCE and Ni foams) were investigated for electrocatalytic 

creatinine detection. Initially, creatinine sensing was done using a nickel modified glassy carbon 

electrode (Ni-GCE) in 1 M KOH and there was not a significant current response as a result of creatinine 

oxidation where sensitivity of 0.02 µA/mM was obtained. A 200 fold higher current response and 

sensitivity (4 µA/mM) was observed in alkaline ferrocyanide solutions (in 1 M KOH and 1 mM 

ferrocyanide) where it was assumed that the oxidation products from the oxidation of creatinine with 

ferricyanide (methylguanidine and creatol) subsequently reacted with NiOOH that forms on the 

surface on nickel.    

Unfortunately, there was variation in electrodeposition of nickel NPs on the surface of GCE giving 

inconsistent nickel modification, which affected the repeatability of studies with creatinine and 

ferricyanide. A commercial nickel foam electrode was then evaluated, to try to attain more consistent 

response. This  gave much higher sensitivities (0.44 mA/mM and 1.46 mA/mM) due to its significantly 

higher surface area, however it too was not giving reproducible results when using different nickel 

foam samples. The Ni foam system may benefit from further optimisation of the preparation 

techniques for pre-treatment and cleaning to allow generation of same surface of Ni on each nickel 

foam to allow high repeatability in terms of creatinine oxidation.  

Finally, the Ni-GCE was used to consider the response of urea, as it was anticipated to have a strong 

oxidation on nickel. A high current response to typical physiological concentrations of urea in urine 

meant the Ni-GCE would not be suited to urine samples for creatinine analysis. For blood sample, a 

much lower detection limit and higher sensitivity would be required. Techniques could be developed 

to eliminate or reduce the extent of urea interference potentially through use of membrane systems 

that prevent entry of urea onto the WE of the sensor.  
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Chapter 5 - Screen printed electrode (SPE) based 

Creatinine Sensing 

 

5.1 Introduction 
 

With hospitals coming under intense pressure recently, it is even more important to detect analytes 

in bodily fluids in a point-of-care (POC) setting. There is a significant need to develop portable, low-

cost sensing methods that give quick results, and at the same time are reliable in terms of quantitative 

and qualitative measurements. Detection of glucose in blood is a widely used POC platform that uses 

screen-printed electrodes, using small portable electronics (e.g., potentiostat in case of 

electrochemistry). POC testing with screen-printed electrodes can replace various conventional 

sensing methods. The idea is to have a quick POC creatinine test at hospitals and general practitioner 

(GP) surgeries to screen for kidney conditions in particular early stages of kidney disease. The sensor 

must be able to detect both healthy and unhealthy ranges of creatinine (normal reported range of 

creatinine in urine is between 4.4-13.3 mM2) in samples with high enough selectivity and sensitivity.  

In this chapter, the aim was to translate the chemistries developed in Chapters 3 & 4 to a low cost and 

simple miniaturised sensor for creatinine detection using screen printed carbon electrodes (SPCEs). 

Bare and modified SPCEs are used in an alkaline ferrocyanide solution to detect creatinine (fig. 5.1). 

This setup has not been previously investigated for creatinine sensing. Furthermore, Nafion (Nf) 

modified SPCEs are also used to see the effect on interference with ascorbic acid (AA) and uric acid 

(UA). There exists interference in most sensing setups and the aim is to minimise their effects on 

creatinine detection. The setup was also used with ferrocyanide hydrogels/KOH for single on-spot 

measurements in artificial urine samples. The bare SPE setup was tested with artificial urine samples 

as part of the standard addition study.  
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It has become more important to develop disposable low-cost miniaturised point-of-care systems for 

decentralised on-spot measurements in clinical settings to decreased hospitalization times, reducing 

contamination as samples are less travelled, decreasing hospital expenses and bills and the load on 

medical care 3-5. Use of POCT technology also means a way of individual self-monitoring6 and support 

patients at earlier stages in disease development before chronic symptoms develop by earlier 

identification. SPCEs have high stability, are compact, low cost, precise, sensitive, rapid and have high 

reproducibility which adds to its benefits for miniaturisation and use in point-of-care (POC) settings 4. 

The aim is to achieve low unit prices at high manufacturing volumes using the SPCE technology 7. Use 

of SPCEs has allowed a commercialisation route from ‘lab to market’. This technology has been 

investigated for developing disposable sensors for detection of different analytes including glucose 

(for monitoring diabetes which is a billion dollar per annum global market 8) due to its low cost and 

high reproducibility 9-15. These have also been previously used for detection of uric acid16, 17 and 

dopamine18, 19 . SPCEs are produced with conducting pastes (carbon, Ag/AgCl, etc) on a substrate. 

Carbon paste electrodes, are low cost and have minimal background current which adds to its 

advantages for use in a SPCE setup 7. Immobilisation of a bioreagent layer can also be done on the 

surface of the SPCEs for biosensing applications 20.  

Nafion (Nf) is a perfluorinated polymer that has received increasing attention in the area of 

electrochemical sensing due to its interference minimising properties from ascorbic acid (AA) and uric 

acid(UA). The negatively charged Nf membrane prevents/minimises entry of AA and UA (which are 

Figure 5.1: Electrochemical sensing of creatinine using a SPE system. 
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also negatively charged) to the surface of the working electrode, thus minimising the extent of 

interference in real samples like blood or urine. Nf based creatinine detection has been previously 

performed in a study where carbon nanotubes based SPCEs were prepared with Nafion (5 wt%) by 

drop casting method 21. The performance of SPEs can be further increased in terms of sensitivity, 

stability and selectivity through use of nanomaterials that can introduce large amounts of defect sites, 

reducing the amount of polymeric binder on the surface of SPEs. Carbon black (CB) is one such low 

cost nanomaterial compound, characterised by a high number of defect sites 22.  

SPCEs have been previously used for detection of creatinine in a number of studies 23-29. Chen et al. 

developed ferrocenemethanol-based SPCEs using enzyme inks 23, which gives high selectivity but adds 

to high costs of enzymes and stability problems. Ashakirin et al. performed creatinine detection with 

copper based molecularly imprinted polymers (MIPs) on SPCEs 27.  A SPCE based enzymatic 

amperometric creatinine biosensor was designed by Dasgupta et al. based on complexing 1-

methylhydantoin (enzymatic product with creatinine) to cobalt to produce the redox signal. The 

complex generates a signal that is proportional to the concentration of creatinine 28. Kumar et al. 

investigates iron binding property of creatinine in designing a non-enzymatic sensor on disposable 

carbon printed electrodes for analysis in clinical urine samples 30. An enzymeless pre-anodized SPE 

sensor was also developed by Chen at al. but required various treatment procedures including 

addition of chloride ions (to allow reaction of active methylene group on creatinine with the surface 

functional groups on the pre-anodised SPE) and pre-concentration 31. Previous studies on using SPEs 

for creatinine detection either involve complex procedures involving use of MIPs or high cost due to 

use of enzymes. Some studies although use non-enzymatic procedures and may have advantages in 

terms of low cost.  

To advance the work in previous chapters the development of the creatinine sensing method into a 

POC format with a miniaturised electrochemical cell (in the form of SPEs) was explored. Here, we 

present a simple and low cost SPCE creatinine detection platform (using alkaline ferrocyanide) with 

minimised interference towards interferents of ascorbic acid (AA) and uric acid (UA) by use of CB/Nf 

membranes. As a proof-of-concept, the system was also tested for one-spot analysis with ferrocyanide 

hydrogels, though this requires considerable further optimisation in terms of reproducibility of drop 

cast procedures. The SPEs were characterised using voltammetry and microscopy. To the best of our 

knowledge, there is no such report of a non-enzymatic system for creatinine analysis.  
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5.2 Experimental 
 

5.2.1 Chemicals 
Potassium hydroxide (Fisher Scientific), potassium ferricyanide (99+%), potassium ferrocyanide 

trihydrate, 99+%, for analysis (Acros Organics), creatinine anhydrous, ≥98%, Poly(vinyl alcohol) Mw 

89,000-98,000, 99+% hydrolyzed (Sigma-Aldrich), potassium chloride (Sigma-Aldrich), sodium chloride 

(Fisher Scientific), urea, 99.0-100.5% (Sigma-Aldrich), Bovine Serum Albumin, lyophilized powder, 

≥96% (Sigma-Aldrich), sodium phosphate monobasic, ≥99% (Sigma-Aldrich) was purchased and used 

without further purification. L(+)-Ascorbic acid, 99% (Acros Organics), Glucose (Sigma-Aldrich) and uric 

acid, 99% (Thermo Scientific) were purchased. Nafion (Nf), 5% w/w in water and 1-propanol was 

purchased from Alfa Aesar. Carbon black was purchased from Sigma Aldrich.  

5.2.2 Materials and methods 
SPEs used in this study were commercially manufactured. Carbon ink (WE) based SPEs with Ag/AgCl 

RE and carbon based CE (purchased from Flex Medical Solutions) were used for part of the study and 

were used with in-house made SPE connector. Carbon paste (WE and CE) with Ag/AgCl RE (purchased 

from Metrohm DropSens) based SPEs were also used for part of the study and used with Metrohm 

SPE connector.   

5.2.3 Quantification calculations and analysis 
The 3σ and 10σ methods were used to calculate the limit of detection (LOD) and limit of 

quantification (LOQ) respectively (Equation 5.1 and 5.2) from calibration plot32.  

LOD = 3 x error of y-intercept/gradient of the line                                                             (Equation 5.1)                                                                                              

LOQ = 10 x error of y-intercept/gradient of the line                                                          (Equation 5.2)          

5.2.4 Errors in analytical measurements 

 

% Recovery =  Detected concentration/spiked concentration x 100 (ref 33)                   (Equation 5.3) 

% Error = (Measured value – actual value)/actual value x 100                                        (Equation 5.4) 

 

5.2.4 Morphology analysis 
Bare SPCE, Nf/SPCE, and CB/Nf/SPCE were analysed by SEM using JEOL JSM-7800F SEM microscope. 

The conditions for surface analysis were 5 kV acceleration voltage, WD 10 mm and magnification of  

x 500 and x 5000.  
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5.2.5 Artificial urine sample analysis with bare SPEs 
Standard addition method was used to evaluate the accuracy of the sensor response towards 

creatinine present in artificial urine (AU) solutions. Tests were performed with 2 mM, 10 mM, 17 mM 

and 25 mM creatinine (CR) in AU solutions. Blank CV was taken at the potentials -0.2 to 0.5 V (vs 

Ag/AgCl) with 50 mV/s scan rate and a step potential of 2 mV in 10 ml 1 M KOH and 1 mM ferrocyanide. 

Following this, 1 ml from creatinine in AU solution (with respective creatinine concentrations as 

mentioned) was added and CV was recorded with same settings. Then, three known additions of 0.4 

mM creatinine were made to the 11 ml solution from 200 mM creatinine stock solution (adding 22 µl 

each time). CV was again taken with same settings. Total of three repeats (n=3) were performed for 

each concentration. Standard addition analysis was done to evaluate the accuracy of the sensing 

platform.  

5.2.6 Preparation of Nf/SPEs 
Nf/SPCEs were prepared by drop casting 10 µl of 2 wt% Nf solution on the carbon paste WE (of 

Metrohm DropSens SPCEs) and left to dry to form a thin film on the SPCEs. Interference tests using AA 

and UA were then performed to analyse the effect of Nf membrane on eliminating or minimising the 

interferences.  

5.2.6.1 Interference study 

Interference study with ascorbic acid (AA), uric acid (UA) and glucose (Glu) were performed with and 

without creatinine, aiming to minimise the extent of interference in the creatinine sensing system. 

The potential window analysed was between 0 to 1.1 V vs Ag/AgCl with a step potential of 0.002 V 

and a scan rate of 50 mV/s. First CV scan was analysed for all the studies.  

5.2.7 Preparation of CB/Nf/SPEs 
An optimised procedure for Nf/CB ink preparation was followed from that obtained in Chapter 2,  

where a 2 wt% Nf solution with 10 mg CB was prepared. The ink was sonicated for 20 mins. 10 µl of 

the ink was drop cast on SPEs (Metrohm DropSens) and left to dry.  

5.2.7.1 Interference study 

Interference study with AA, UA and Glu were performed with and without creatinine. The potential 

window analysed was between -0.2 to 0.4 V vs Ag/AgCl with a step potential of 2 mV and a scan rate 

of 10 mV/s.   

5.2.8 Preparation of PVA hydrogel/KOH-ferrocyanide film SPEs 
A novel procedure was followed. PVA was dissolved in deionised water (10 % w/v) at 100oC for 2h to 

obtain a homogeneous solution. SPEs were immersed in 1 mM ferrocyanide solution in DI water for 

20 mins and left to dry at room temperature. 60 µl of PVA gel was drop cast on the SPEs and left to 
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dry, after which SPEs were immersed in 1M KOH for 20 mins. CV studies were performed once the 

SPEs were dry.  

5.2.9 Preparation of ferrocyanide/KOH/PVA hydrogel SPEs 
5 w/v% PVA solution was prepared (which has pH range between 5 to 6.5) to prepare ferrocyanide 

hydrogels. Part of the procedure was followed by a study by Russo et al. 34. PVA hydrogels were 

synthesised with 5 mM ferrocyanide incorporated into the 5 w/v% PVA gel. 5 mM ferrocyanide 

solution in DI water was prepared and heated to 85oC, after which PVA was added sequentially to form 

a 5 w/v% gel solution. 60 µl of the PVA/ferrocyanide gel was drop cast on the SPEs. The SPEs were 

then placed in freezer at -20oC for 24h, and thawed before use for physically cross-linking the gel to 

form hydrogel. A freeze-thawing technique was used for this process.  

5.2.10 Electrochemical study with SPEs 
The SPEs (from Flex Medical Solutions and Metrohm DropSens) were connected to the SPE connector 

(fig. 5.2) and connected to the Ivium EmSTAT 3+ potentiostat which was used in conjunction with the 

software (PSTrace). The electrochemical study was analysed using techniques including cyclic 

voltammetry (CV).  

 

 

 

 

 

 

 

 

 

 
Figure 5.2: A photograph to show the Metrohm DropSens SPE 

electrochemical system as used in the laboratory. 
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5.3 Results and Discussion 

5.3.1 Morphology analysis 
The morphology of bare, Nf and CB-Nf electrodes was analysed using SEM. The presence of Nf and 

CB/Nf was confirmed through the SEM analysis. Irregularly shaped randomly orientated micrometric 

flakes of graphite are seen in case of bare SPE (fig. 5.3A). A clear film of Nafion is present on the surface 

of Nafion/SPE (fig. 5.3B). Fig. 5.3C and 5.3D show a uniform rough surface with high surface area 

carbon black.  

 

 

 

 

 

 

 

 

 

 

 

 

This high surface area allows to increase the conductivity and enhancing the electron kinetics at the 

electrode surface. 

The experimental evidence from SEM analysis shows the good dispersion of CB-Nf ink prepared, giving 

results of uniform CB-Nf film on the surface of drop coated SPE (fig. 5.3C and 5.3D). CB agglomerates 

can be observed on the surface of CB/Nf/SPE, with high surface area. It has been previously observed 

that CB primary particles spontaneously form nanostructured aggregates, as a result forming 

characteristic porous structures 35. Varied particle sizes are seen on the surface of CB/Nf/SPE.  

 

Figure 5.3: SEM images of A) Bare SPE (x 500) B) Nafion-SPE (x 500) C) Carbon black/Nafion/SPE (x 
500) D) Carbon black/Nafion/SPE (x 5000). 



 

137 
 

5.3.2 Creatinine electrochemical study on bare SPE system 
This study (with three repeats) was carried out in an electrochemical cell setup where the SPE 

connected to the SPE connector was immersed in a 10 ml solution of 1 M KOH and 1 mM ferrocyanide 

(fig. 5.2).  It is evident from fig. 5.4, that a EC’ electrocatalytic mechanism exists on the SPCE system 

(same as that seen with bare GCE system in Chapter 3), where the electrochemical step (ferrocyanide 

converts to ferricyanide) is followed by the chemical step of creatinine oxidation, giving rise to 

increasing anodic currents at 0.50 V as the concentration of creatinine increases. The calibration plot 

inset of Figure 5.4 shows average linearity of R2 = 0.99 , yet there was considerable variability between 

measurements as seen in the error bars. These correspond to the same SPE in replicated analysis. 

For creatinine additions ranging 2 – 20 mM the LOD was calculated using the average measurement 

using the 3σ method32 was found to be 0.20 mM, and LOQ was calculated based on 10σ method32 to 

be 0.68 mM. The sensitivity of the sensor was calculated to 0.30 ± 0.01 µA/mM. It could be understood 

that 4.4-13.3 mM is the normal level of creatinine in urine reported2 and this sensor can measure 0.68 

mM (using CV technique) as the lowest concentration showing the applicability of this system in real 

settings. Additionally, as accepted in industry the LOD for a sensor must be at least 10 times lower 

than the lower reference linear range, which in this case is acceptable to have LOD of 0.20 mM as 

compared to detecting the lower creatinine concentration of 4.4 mM. It is also to be noted that the 

normal clinical ranges of creatinine is reported to different values in many literature reports2, 36, 37 as 

it can vary based on different factors including dehydration, etc. Therefore, considering the range 4.4-

13.3 mM as normal creatinine levels in urine, we also analysed the sensor at higher concentration 

ranges for spiking studies (e.g., 25 mM creatinine in artificial urine). Despite, this difference in 

concentration ranges, when the creatinine measured concentration is combined with albumin 

(calculating ACR ratio), it would be a robust clinical index for early screening of kidney conditions (more 

detail in Chapter 6 on future work).  

The absolute error in the calibration graph (calculated based on taking average of highest and lowest 

values in the three measurements), shows high variability which could be due to the fact that these 

repeat measurements were done on the same SPE. It could be possible that products of creatinine 

oxidation may be adsorbed to the SPE surface, causing a change in current response at each 

concentration as seen in the calibration graph. Although, the linearity in the response clearly shows 

this system can be further optimised on different SPEs further giving lower values in errors.  
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Figure 5.4: CV study of creatinine additions to bare SPCE in 1 M KOH and 1 mM ferrocyanide at 0.50 V vs Ag/AgCl. 
Calibration data shows LOD of 0.20 mM and a sensitivity of 0.30 ± 0.01 µA/mM for n=3.  
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Figure 5.5: Current response as a function of concentration for 3 repeats performed on same bare SPE. 

 

Fig. 5.4 and 5.5 show the results for 0.2 mM additions of creatinine. Repeats 2 and 3 in fig. 5.5 were 

conducted consecutively on the same, rinsed SPCE in fresh solution. It is noted that the first set has a 

higher current response than the subsequent sets. In set 1 the data showed a greater sensitivity of 

25.3 μA mM−1 cm−2 but the linearity of R2 = 0.984 gave an LOD of 150.7 µM and the LOQ was 502.4 µM. 

In the repeated sets, the sensitivity dropped slightly to 16.4 μA mM−1 cm−2 but with improved linearity 

with R2 of 0.997 the LOD improved to 60 µM.  

A number of previous studies have used SPE based creatinine detection in particular with copper 

based electrodes. Some of the non-enzymatic studies done on SPE based creatinine sensing are 

summarised below (table 5.1). It is to be noted that the creatinine study mentioned using SPE 

electrodes in urine have a much lower detection range for e.g., 10 – 2000 µM38, where before sensor 

detection a dilution procedure must be required to detect creatinine in the above range as the clinical 

relevant range is between 4.4 – 13.3 mM2. This work however, could be further developed into a low-
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cost sensor system for one spot analysis without requiring any pre-treatment (dilution) procedures 

before measurement.  

 

Table 5.1: Summary of previous studies of creatinine detection with SPEs in different samples. 

Modification of 

electrode 

Detection range LOD Sample Reference 

Pre-treated 

SPCE/CuNPs 

10 – 160 µM 0.1 µM Artificial 

saliva 

26 

Paper-based SPCE 

(CuO/IL/rGO) 

10 – 2000 µM 0.22 µM Urine 38 

CuNPs/SPCE 6-378 µM 0.0746 µM Serum  39 

Nafion/polyacrylic 

gel 

Cu(II)/Cu2O/SPCE 

1 – 2000 µM 0.3 µM Saliva 40 

Bare SPCE 2 – 18 mM 0.2 mM Artificial urine This work 

 

5.3.2.1 Sensor analysis with artificial urine 

 

To further evaluate the accuracy of detecting creatinine in artificial urine at lower and higher levels of 

the clinical reference range (4.4 – 13.3 mM), we performed standard addition study with three repeats 

(n=3) at each concentration. The accuracy of the analysis technique was checked using artificial urine 

(AU) solutions with different concentrations of creatinine (2 mM, 10 mM, 17 mM and 25 mM 

creatinine in AU). It is to be noted that the normal range of creatinine in urine is between 4.4-13.3 

mM2. Creatinine levels in urine out of this range may indicate kidney conditions in particular chronic 

kidney disease (CKD), therefore the sensor was tested at these creatinine concentrations in AU (table 

5.2). . The results for a 10 mM “unknown” addition from creatinine solution in artificial urine are 

presented in Figure 5.6. The results are also summarised in Table 5.2. 
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Table 5.2: Recovery studies with creatinine at different concentrations using the bare SPE system in electrochemical cell 

(n=3). 

At 0.5 V vs Ag/AgCl 
    

1 ml added from stock to 10 

ml 1 M KOH + 1 mM 

ferrocyanide 

    

CR stock in AU (mM) Spiking (mM) Detected (mM) Error % Recovery % 

2 0.18 0.04 ± 0.02 75.8 22.2 

10 0.91 0.51 ± 0.09 43.9 56.0 

17 1.55 0.77 ± 0.12 50.2 49.7 

25 2.27 1.36 ± 0.23 40.16 59.9 

 

This work shows significantly low recovery (22.2 %) at lower concentrations of 2 mM creatinine in 

artificial urine. The trend shows that there is maximum error of 75.8% at lower creatinine 

concentrations in artificial urine (2 mM CR in AU), which means the sensor is not very sensitive and 

selective at lower concentrations. The error % is lower and recovery % is higher at higher 

concentrations in comparison (at 10 mM, 17 mM and 25 mM). Literature studies on creatinine 

detection with SPEs show recovery % varying between 84.9% and 101.15% as summarised in table 5.3.  

 

Figure 5.6: CV for 10 mM unknown addition from creatinine solution in artificial urine (with three known 0.4 mM 
creatinine additions from 200 mM stock). 
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Table 5.3: Literature summary of recovery studies performed on real samples with SPEs for creatinine detection. 

Modification of SPE Sample Recovery % Reference 

(CuO/IL/ERGO/SPCE) 

(copper oxide and 

ionic liquid composite-

rGO/SPCE 

 

Serum 98% to 101.15% 38 

PVA gel-Cu(II) 

PEDOT:PSS/cuprous 

oxide nanoparticles 

 

Sweat 92.1% 41 

Cuprous nanoparticles 

encapsulated by 

polyacrylic 

acid (PAA) gel-Cu(II) 

 

Urine 84.9% 40 

Copper Serum 95.6% and 98% 39 

 

The highest recovery found in our creatinine bare SPE study as part of this project was 59.9%, which 

is significantly much lower than seen in other studies in literature.  Using nanomaterials including 

copper, would significantly enhance the response current and sensitivity and selectivity of the sensor, 

giving much higher recoveries. Additionally, studies have also used PVA and PAA gel-based sensors to 

form a matrix with the metal nanoparticles, such that the catalytic activity is maintained. We studied 

this (discussed later in this chapter), where PVA hydrogel was used to form a matrix with ferrocyanide 

and KOH, such that the sensor can be effectively used for a test without pre-treatment of the sample. 

Therefore, further optimisation of the system is required to achieve higher recoveries and lower 

errors. This could be done through SPE modification with high conductivity materials including carbon 

black (CB) or reduced graphene oxide (rGO), which may enhance the current response and improve 

sensitivity. The literature in Table 5.3 also shows gels and liquids have been successfully employed. 

The mechanism of these hydrogels such as PVA are not clear, but they may serve to improve the SPE 

performance in the alkaline ferrocyanide system as well. This is explored later in section 5.3.7.  
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5.3.2.2 Interference analysis with bare SPEs 

Interference with ascorbic acid (AA), uric acid (UA) and glucose were analysed using cyclic 

voltammetry (CV) on the bare SPE (fig. 5.7). It was evident that there was a significant interference 

from UA and AA (seen as oxidation at approximately 0 V vs Ag/AgCl) on bare SPE in 1 mM ferrocyanide 

and 1 M KOH solution.  

It is also evident that glucose does not interfere with this creatinine sensing system at 0.5 V vs Ag/AgCl 

and was not further analysed. Further work to reduce this interference with AA and UA, a Nafion film 

with carbon black (Nf/CB/SPE ) system was investigated to allow an enhanced redox response (due to 

high conductivity of CB) and at the same time suppress interference (due to Nf film that prevents entry 

of AA and UA to the surface of the SPE causing less extent of oxidation and interference in the system). 

These are discussed in the following sections. 

 

5.3.3 Nafion modified SPEs 
Nafion (Nf) was investigated to reduce the extent of interference of AA and UA as it has been seen to 

have a similar behaviour on GCE sensor platform (Chapter 3). Nafion based creatinine sensors have 

been previously developed enzymatically 42, 43 and non-enzymatically 44, 45. In Chapter 3, a 2 wt% Nf 

solution was considered as the optimised concentration for creatinine detection and was therefore 

used in this study with SPEs. A study was performed to optimise the scan rate which should be used 

for the electrochemical study on creatinine detection using the Nf/SPCE. It was necessary to choose 

Figure 5.7: Interference analysis with AA, UA and glucose on bare SPE system. 
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an optimised scan rate that favours redox response and resident time at the electrode surface. The 

slower the scan rate, the more time for ferrocyanide to move through the Nf film onto the surface of 

the SPE where it is oxidised. However, if the scan rate is too low, it will cause mass transport limitations 

and a larger diffusion layer develops and the observed currents will be much lower affecting the 

sensitivity of the sensor. Two scan rates, 5 and 50 mV/s, were tested in 1 mM ferrocyanide in 1 M 

KOH. Disappointingly, there was no clear redox couple for the ferrocyanide at either of the scan rates, 

A slight oxidation was observed from around 0.6 V/ Ag/AgCl for both scan rates (fig. 5.8). Therefore, 

50 mV/s scan rate was chosen for further evaluation of electrochemical response to creatinine. This 

scan rate study was done on the same SPE.  

This CVs in Figure 5.8 clearly shows the high resistance caused at the surface of the SPE due to the Nf 

film. This has also been reported previously in another study, where Nf film causes decrease in 

currents due to higher resistance, hindering the electronic exchange at the surface of the electrode46. 

Nevertheless, it was hoped that despite no reversible redox coupe for the ferrocyanide being seen, 

that the oxidation at ca. 0.6 V would be enhanced by the presence of creatinine.  

 

Figure 5.8: CV study on a Nafion modified SPCE in 1 mM ferrocyanide and 1 M KOH solution at different scan rates. 
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5.3.3.1 Electrochemical detection of creatinine and interferences 

 Creatinine additions (2-6 mM) were performed on Nf/SPCE and analysed using cyclic voltammetry 

(CV) (fig. 5.9). Although there was a current increase at 0.9 V (vs Ag/AgCl) with addition of 2 mM 

creatinine to 1 M KOH and 1 mM ferrocyanide solution, no linear current response was observed on 

further creatinine additions. Furthermore, no redox response was observed meaning the Nf film was 

highly resistive towards electron transfer processes as mentioned before. Therefore, it was decided 

that a conductivity modifier would be necessary to decrease the resistivity of the film (section 5.3.4) 

An interference study with ascorbic acid (AA), uric acid (UA) and glucose (Glu) was performed to 

understand if Nf prevents AA, UA and Glu from entering the Nf film and eliminates the high extent of 

interference due to oxidation at the surface of the SPE (seen at 0 V vs Ag/AgCl) which has seen to 

occur otherwise in case of bare SPE system (inset to fig. 5.9 – more detail in bare SPE section).  

It can be observed from fig. 5.9 that oxidation of AA and UA that is present at -0.1 V vs Ag/AgCl and at 

higher potentials is not seen in CVs with Nf SPE, clearly showing that Nf film prevents oxidation of 

interferents at lower potentials. At a potential of 0.9 V vs Ag/AgCl seen in CV with Nf SPE, the 

interferents cause a decrease in current signal from when only creatinine was added in 1 M KOH and 

1 mM ferrocyanide solution. There is a 23 % decrease in the current as a result of interferences and 

the current only in presence of creatinine observed at 0.9 V vs Ag/AgCl. It is also to be noted that 

glucose does not interfere with the redox system as observed in the case of the bare SPE system and 

in fig. 5.10 (inset), and was not further explored in terms of interference studies.  

 

 

 

 

 

Figure 5.9: CV study with creatinine additions to Nf/SPE in alkaline ferrocyanide at 50 mV/s scan rate. 
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5.3.4 CB/Nafion modified SPEs 
 

Carbon black (CB) based SPEs have been previously reported for electrochemical sensing applications 

22, 47, due to their significantly enhanced electrochemical behaviour as a result of a large number of 

defect sites reported on SPEs. The peak-to-peak separation has been observed to decrease, with 

increase in anodic and cathodic peak currents, showing higher electron transfer rates 48. Additionally, 

the low cost of CB makes it suitable for development of low cost SPE based disposable sensors for 

creatinine detection. This work for the first time presents use of CB/Nafion SPEs for creatinine 

detection. 

A stable dispersion of CB/Nf (2 wt% nafion with 10 mg CB as optimised in Chapter 3 with bare GCE 

system) was obtained by sonicating the solution for 20 mins, to have a homogenous, stable ink-like 

suspension. SEM technique as mentioned, was used to confirm the presence of uniform film of CB/Nf 

on the surface of SPEs.  

 

Figure 5.10: Interference analysis with UA, AA and Glu on Nf SPE in 1 mM ferrocyanide and 1 M KOH (Inset to figure: 
interference analysis comparison with bare SPE) 

Bare SPE  

Nf SPE  
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5.3.4.1 Blank studies in 1 mM ferrocyanide and 1 M KOH 

 

A CV scan of the CB/Nf/SPCE in 1 mM ferrocyanide at a scan rate of 50 mV/s showed no 

ferri/ferrocyanide redox response (fig. 5.12). In repeat studies, beyond 0.5 V vs Ag/AgCl, similar to the 

range showed in Figures 5.12 and 5.13, water oxidation was seen in the CV. It was hypothesised that 

no ferri/ferrocyanide redox response could be seen due to insufficient time for ferrocyanide and KOH 

to pass through the CB/Nf film to the surface of the SPE for oxidation or reduction at higher scan rates. 

Therefore, a lower scan rate (10 mV/s) was tried, as shown in Figure 5.13. Here, the redox couple was 

observed, a possible result of exhaustive electrolysis of ferri/ferrocyanide at thin film conditions on 

the surface of SPEs49, although the peaks were less defined in comparison to that on a bare SPCE due 

to the well-known insulating behaviour of the Nafion film 50 (fig.5.13).   

 

 

 

 

 

 

 

 

 

 

Figure 5.11: CV performed on a bare SPCE at 50 mV/s in 1 mM ferrocyanide and 1 M KOH 
(blank) without creatinine. 

Figure 5.12: CV performed on a CB/Nf/SPCE at 50 mV/s in 1 mM ferrocyanide and 1 M KOH (blank) without 
creatinine. 
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Slower scan rates were therefore used in subsequent studies in the presence of creatinine.  

 

5.3.4.2 Electrochemical detection of creatinine  

 

CV studies at a scan rate of 10 mV/s, were applied for electrochemical detection of creatinine initially 

in the range of 0-8 mM creatinine in 1 M KOH and 1 mM ferrocyanide solution.  

An initial CV study (fig. 5.14) shows a linear increase in oxidation current at 0.4 V vs Ag/AgCl with 

creatinine additions in the range 2-8 mM with the CB/Nf/SPCE. While there is a positive increase in 

current response with increasing additions of creatinine, the CV shows there is not a linear increase. 

Further repeat experiments (n=3) were done to obtain ae calibration curve and to estimate the LOD 

and LOQ by considering the region below the upper limit of linearity in case the calibration plot is in 

the form of a curve. Figure 5.15 shows one of the three repeats undertaken with the same CB/Nf/SPE 

for 2 mM additions from 0 – 20 mM creatinine. 

 

Figure 5.13: CV performed on a CB/Nf/SPCE at 10 mV/s in 1 mM ferrocyanide and 1 M KOH (blank) without 
creatinine. 
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Volume correction was performed (considering the adjusted volume and the total moles) on this CV 

analysis as a result of making 100 µl creatinine additions to cell at each 2 mM concentration increase. 

The volume additions affected significantly at higher concentrations.  

 

A similar EC’ redox mechanism (as seen with bare SPEs) is observed with creatinine additions to 

CB/Nf/SPEs (fig. 5.15).  First the ferrocyanide converts to ferricyanide electrochemically (in the 

forward scan) as the potential is scanned positively. As the ferricyanide forms, it reacts with creatinine 

Figure 5.14: Electrochemical detection of creatinine in the range 0-8 mM on CB/Nf/SPCE with a scan rate of 10 
mV/s. 

Figure 5.15: Electrochemical detection of creatinine in the range 0-20 mM on CB/Nf/SPCE with a scan rate of 10 mV/s (n=3). 
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oxidising it (causing increasing anodic currents) and redox conversion of remaining ferricyanide back 

to ferrocyanide occurs in the reverse scan. As a result of some ferricyanide is consumed for the 

creatinine oxidation, the cathodic current occurring due to conversion of ferricyanide to ferrocyanide 

decreases.  

 

 

 

 

 

 

 

 

 

 

Figure 5.15 shows the calibration data for the CVs in Fig. 5.14, for the current response at 0.4 V vs 

Ag/AgCl.  A curved calibration graph is observed in this case. A non-linear increase in current as the 

creatinine concentration increases is observed despite volume correction. This curving data set is 

believed to be a result of the CB/Nf film that limits the rate of diffusion of creatinine and ferrocyanide 

molecules to the electrode surface, when the creatinine concentration is high. Despite a non-linear 

response, the LOD and LOQ could be determined as 1.09 mM and 3.63 mM, respectively based on the 

first four data points in the calibration graph (fig. 5.15). Further optimisation of the film thickness, the 

scan rate, and CB quantity could overcome the challenges observed here.  

The data could be repeated in two studies on the same electrode, but the response for the third 

calibration could not be obtained because of change in the surface of the SPE. Qualitatively, the SPE 

looked different due to repeated calibrations. The repeatability in CV response could not be obtained 

on different CB/Nf/SPEs either. This is a significant problem in the production of a sensing platform 

where consistency is key to a successful product. Fig. 5.17 shows the CB/Nf modified SPE.  

Figure 5.16: Calibration graph for creatinine detection with CB/Nf SPE analysed 
from CV at 0.4 V vs Ag/AgCl. 
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5.3.4.3 Interference study with CB/Nf/SPEs 

An interference study with AA and UA was performed on a CB/Nf/SPE to check the extent of 

interference that occurs on bare SPEs at lower potentials in presence of alkaline ferrocyanide. In 

comparison to interference seen with bare SPEs (Fig 5.18), the oxidation current response at -0.1 V vs 

Ag/AgCl is significantly lowered, evident from Fig. 5.18. While it is difficult to compare the data 

directly, due to different scan rates and the presence of ferrocyanide in Figure 5.18, it is evident that 

the AA and UA do not give rise to a large oxidation response at  0 V. The baseline of the current 

response is shifted relative to the blank and CR only data sets, but it is a background offset that could 

be accounted for in a further developed sensing system. Overall, the CB/Nf on the surface of SPE 

significantly reduces the extent of interference from UA and AA.  

 

 

 

 

 

 

 

 

 

 
Figure 5.18: Interference study with AA and UA using CB/Nf/SPE (inset – bare SPE interference study for comparison). 

Figure 5.17: CB/Nf modified SPEs before use in electrochemical study. 
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5.3.5 Electrochemical performance of PVA gel/KOH-ferrocyanide film SPEs 
Due to the resistivity and diffusion limitations perceived of the CB/Nf based SCPEs, the idea to 

investigate SPE creatinine systems for one-spot analysis using bound ferrocyanide and hydroxide was 

developed. A novel procedure with the aim to have ferrocyanide-KOH film on the surface of SPEs was 

followed. Two brands of SPEs were studied in this section, one from Flex Medical Solutions and the 

Metrohm DropSens SPEs already discussed in previous sections.  

Hydrogels consist of 3D network of polymers (fig. 5.19) that swell and can retain water without 

dissolving51. Hydrogels can be categorised into physical or chemical gels52. PVA improves the 

mechanical stability of the hydrogel significantly52. The idea is to hold the ferrocyanide and KOH in a 

polymer matrix that is stable for the electrochemical study.  In this section of the initial study, PVA gel 

was drop cast on the surface of SPEs, after immersing in 1 mM ferrocyanide. After the gel was dry, the 

SPEs were then immersed in 1 M KOH solution. CV studies were then performed.  

 

 

 

 

 

 

 

No ferri/ferrocyanide redox response was observed on addition of 60 µl of 20 mM creatinine (CR) 

solution in DI water as a spot test on the surface of SPE (fig. 5.20 and 5.21). Repeat with a second SPE 

(D2) showed no redox peak beyond 0.5 V vs Ag/AgCl, but showing a result in water oxidation instead. 

A possible explanation to the conclusion was the fact that there was no ferrocyanide or KOH present 

in the PVA gel layer as a result of dispersion of ferrocyanide or KOH from the SPE surface back into the 

1 M KOH solution. It also suggests that the PVA gel was not physically cross-linked, not allowing 

retention of the film, as a result of drop casting PVA gel on SPE surface according to the procedure 

followed.   

Figure 5.19: Schematic of a typical 
hydrogel1. 
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Figure 5.20: SPE setup for spot test on ferrocyanide-KOH film SPE D1. 

 

 

Further studies then investigated a way to optimise a way in producing a PVA hydrogel (with the 

immersion method in 1 mM ferrocyanide and 1 M KOH solution) that would have the capability to 

have polymeric chains that could form a 3D network capable of forming a network of ferrocyanide 

and KOH in the form of a film on the surface of the SPEs.  

 

5.3.6 PVA hydrogel/ferrocyanide-KOH film based SPEs 
Hydrogels are hydrophilic 3D polymeric structures that have large water content 53. A polyvinylalcohol 

(PVA) gel was prepared by the physical cross-linking method of cyclic freeze-thaw method to “hold” 

Figure 5.21: Electrochemical CV study with 2 mM creatinine addition on prepared ferrocyanide-KOH film SPEs at a 
scan rate of 50 mV/s with a step potential of 2 mV. 
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the ferrocyanide-KOH on the surface of the SPEs.  The idea of using a ferrocyanide hydrogel was 

followed from a study by Russo et al. 34. To the best of our knowledge, there is no study that combines 

designing of PVA based ferrocyanide hydrogels. Further part of the study performed followed a freeze-

thaw procedure of producing PVA hydrogel on the surface of SPE from54 , where after drop casting a 

10 % w/v PVA gel on SPEs, the electrodes were placed in freezer at -20oC for 24h. The SPEs were then 

immersed in 1 mM ferrocyanide and 1 M KOH solution for 20 mins with the aim to form a thin film on 

the surface. The free-thaw method is a physical cross-linking method that has two steps in the 

hydrogel formation – the freezing and the thawing stages. Freezing controls the ice crystallisation 

process and thawing allows formation of ordered polymeric 3D structures 53. The idea is to have a 

considerably high swelling ratio such that ferrocyanide-KOH films can be retained on the SPE surface 

in the polymeric matrix.  

Electrochemical CV study performed with addition of 2 mM creatinine, showed the ferri/ferrocyanide 

redox response although the response was not reversible with less defined oxidation and reduction 

peaks (fig. 5.22).   

 

 

 

 

 

 

 

 

 

 

 

Although, from fig. 5.22 it could be concluded that PVA hydrogel comprised part of the ferrocyanide-

KOH film which can be observed as a ferri/ferrocyanide redox response in the CV. The next part of the 

procedure involved production of PVA ferrocyanide hydrogels with the aim to achieve a better 

ferri/ferrocyanide redox response (in terms of well defined oxidation and reduction peaks) by a more 

Figure 5.22: Electrochemical CV study on PVA hydrogel ferrocyanide-KOH film 
based SPEs with 2 mM creatinine addition at a scan rate of 50 mV/s. 
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efficient technique to form a network of ferrocyanide in a hydrogel matrix. Part of the procedure was 

followed from the study by Russo et al. 34.  

5.3.7 PVA/ferrocyanide hydrogel/KOH SPEs  
Initial study using PVA ferrocyanide hydrogels involved immersion in 1 M KOH for 10 mins (to form an 

alkaline film) after freeze-thawing method was used in forming the PVA-ferrocyanide hydrogel (not 

shown). The results confirmed no ferri/ferrocyanide redox response, possibly due to dispersion of 

ferrocyanide from the hydrogel into the 1M KOH solution during the immersion process, leaving 

no/low concentration of ferrocyanide in the PVA hydrogel resulting in no redox response. This allowed 

investigation into alternative ways of placing 1 M KOH on the surface of the SPEs by drop casting 

technique (for 24h) followed by production of the PVA-ferrocyanide hydrogels.  

An initial blank (without creatinine) experiment was performed to check if the PVA-ferrocyanide 

hydrogel (with presence of KOH film) gave a reversible or quasi-reversible redox response to 

ferri/ferrocyanide, which would be ideal to proceed into for further experiments (fig. 5.23). A peak-to 

peak separation of 70 mV was obtained, showing well-defined quasi-reversible redox behaviour of the 

electrochemical system meaning electron transfer kinetics is not significantly sluggish in this case.  

 

  

 

 

 

 

 

 

 

Further CV test with creatinine addition was performed on PVA/ferrocyanide hydrogel SPEs prepared 

with drop casting 1M KOH (for 24h) to monitor the oxidation current, which increased with an addition 

of 2 mM creatinine (fig. 5.24). An increase in oxidation current at 0.9 V vs Ag/AgCl could be monitored, 

to generate a calibration graph of creatinine concentration vs oxidation current.  

Figure 5.23: Electrochemical response at 50 mV/s obtained from PVA-
ferrocyanide/KOH hydrogels at 0 mM creatinine (blank). 
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5.3.7.1 Electrochemical detection of creatinine  

A CV test with 2 mM creatinine in DI water (fig. 5.25), 2 mM creatinine in artificial urine (AU) (fig. 5.27) 

and 20 mM creatinine in DI water (fig. 5.26) was tested on SPEs (Flex Medical Solutions) to see the 

effect on reproducibility. It is evident that there is significant variability in responses of peak oxidation 

currents meaning that the drop casting technique or the method of preparation of hydrogels is leading 

to variability and difference in hydrogel networks obtained on the surface of SPEs. Drop casting 

technique has been reported as limited in production of uniformly modified surfaces and therefore 

results in less reproducibility55. This could result in different localised concentrations of ferrocyanide 

and KOH on the surface of SPEs, then causing a varied response in oxidation current on addition of 

creatinine in DI water or AU. This can be minimised in future work by using an automated drop casting 

setup, to reduce the extent of variability or by printing ferrocyanide hydrogels on the surface of SPEs 

(discussed in Chapter 6 on future work) 

Figure 5.24: Electrochemical response from PVA-ferrocyanide-KOH hydrogel with 2 mM 
creatinine (CR) addition at 50 mV/s scan rate. 
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It is evident that there exists different electron transfer kinetics along with different mass transport 

mechanism on each SPE (fig. 5.25), as a result giving variability in the oxidation currents. This is 

observed also in fig. 5.26 and 5.27. All processes exist showing quasi-reversible kinetics as the peak 

separation is greater than 59 mV (with n=1). It could also be possible as the hydrogels have been 

physically cross-linked by the freeze-thaw method, the PVA hydrogels may not form a fixed layer on 

the surface of the SPE, where a chemically cross-linked hydrogel could overcome this disadvantage 

and allow more consistent results (more detail in Chapter 6 – Conclusions and future work).  

 

 

Figure 5.25: Repeatability CV study at 2 mM creatinine addition on different SPEs (Flex Medical 
Solutions). 
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Figure 5.26: Repeatability CV study at 20 mM creatinine addition on different SPEs (Flex Medical Solutions). 
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Repeat studies with ferrocyanide/KOH hydrogels were also performed at a later stage with SPEs 

purchased from Metrohm DropSens. Similar results on variability in data (on different SPEs) with 

creatinine additions (for blank and 4 mM) were observed (fig. 5.28 and 5.29), However the quality in 

redox response was markedly improved. 

Figure 5.27: Repeatability CV study at 2 mM creatinine (in artificial urine) addition on different SPEs (Flex 
Medical Solutions). 
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As a result of significant variability in results, interference study was not carried out for these SPEs.  

 

Figure 5.29: Blank study with PVA/ferrocyanide/KOH hydrogels on different Metrohm SPEs. 

Figure 5.28: 4 mM creatinine additions study with PVA/ferrocyanide/KOH hydrogels on different Metrohm SPEs. 
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5.3.8 Voltammetric performance comparison of SPEs 
CV comparison in a blank solution of 1 mM ferrocyanide and 1 M KOH was made between carbon ink 

SPEs (Flex Medical Solutions) and carbon paste SPEs (Metrohm DropSens) using the ferro/ferricyanide 

redox system with 1 mM ferrocyanide in 1 M KOH. The peak separations were compared and analysed 

to check the reversibility from the CV study. Flex Medical Solutions SPEs resulted in lower reversibility 

in this alkaline the ferro/ferricyanide redox system. This may be also due to the nature of the 

conducting paths and carbon composition at the WE in the SPE specifically as studied before 56. 

Metrohm DropSens SPE gave more quasi-reversible behaviour with peak to peak separation of 100 

mV (fig. 5.30), whereas this was 200 mV with the Flex Medical Solutions SPEs in this particular redox 

system.  

It has been observed and reviewed previously that carbon ink SPEs may have higher resistivities than 

other conductive inks 56. The charge transfer properties must be suited to the end-application. In this 

study, it was concluded that the carbon ink SPEs (Flex Medical Solutions) suffered charge transfer 

problems for our application in particular.  

Further to this evaluation, SPEs (Metrohm DropSens) were used for further studies for development 

of creatinine sensing system.  

 

 

 

Figure 5.30: CV study on bare carbon ink SPCEs (Flex Medical Solutions) and bare carbon paste SPCEs (Metrohm DropSens) 
in a blank solution of 1 mM ferrocyanide and 1 M KOH at a scan rate of 50 mV/s. 
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5.4 Conclusions and future work 
 

Current POC devices are expensive and with low reproducibility. This non-invasive, highly analytically 

reliable (able to detect healthy and unhealthy levels of creatinine) low cost method could add to 

overall reduction in costs in the healthcare systems. With some fine tuning this method can be 

optimised and introduced as a more robust POC device (than existing devices) with portable 

electronics at hospitals and GP surgeries. Although, creatinine could be detected at the bare SPE, the 

high extent of interference with UA and AA requires use of membrane systems like Nafion that can 

prevent entry of these interferents on the surface of the WE. Therefore, nafion/CB systems (that show 

reduction in interference with AA and UA in presence of creatinine) need to be further optimised to 

provide consistent results with creatinine detection. The SPE systems described in this chapter show 

that creatinine can be detected effectively using these electrochemical techniques.   

The CB concentration in the ink (10 mg/ml) chosen was based on the results from the GCE study in 

Chapter 3.  Although, an optimisation study could be useful where CB based nafion SPCEs can be 

optimised in terms of different CB dispersion concentration in particular for SPE setup. This could 

significantly affect the sensitivity of the sensor as a result of varying peak currents. Additionally, CB 

could be printed on SPE surface, followed by drop casting with nafion to get repeatable and consistent 

results. Future work needs to be performed to get consistent data output from ferrocyanide hydrogel-

based SPE. The problem with reproducibility can be eliminated by printing alkaline ferrocyanide 

hydrogels on the SPE surface. Moreover, pre-treatment of bare SPEs could also enhance the sensor 

output and sensitivity, which could be performed as part of future work.  
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Chapter 2 – Conclusions and future work 
 

6.1 Introduction 

 

Recently, there is an urgent need to develop sensor systems that give early diagnostic response 

towards various clinical conditions including chronic kidney disease (CKD) and which can be used 

effectively for clinical monitoring applications. The idea is to have a major focus on disease prevention 

along with disease diagnosis. Many kidney conditions are asymptomatic and urine dipsticks are 

currently used for repeated testing and screening 1. Detection based on 24 h urine collection is often 

unreliable and rarely used in clinical practice today. Participating in the ICURe Discovery program and 

gaining understanding from conversations with clinicians, we understood that a spot urine albumin to 

creatinine ratio (ACR) urine test is a robust clinical index to screen and evaluate clinical conditions with 

the kidneys. ACR > 2.5 or 3.5 mg/mmol may indicate kidney conditions and a further evaluation and 

investigation would be required to be done by the nephrologists who may further evaluate the 

condition with a serum eGFR test1.  

This project has focused on development on sensor platforms for creatinine detection, which can be 

effectively optimised further into development of a potential POCT device (CreaSense) (with albumin 

detection) that can be used at either GP clinics or even at homes by patients (fig. 6.1). CreaSense can 

potentially be used for screening applications at clinics or hospitals and would add to advantages 

including time and cost savings in terms of processing and transport of samples to labs. This would 

greatly have an effect on economics and add to clinical benefits.  

 

 

 

 

 

 

 

 Figure 2.1: CreaSense POCT device measuring creatinine and albumin 
concentrations. 
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This chapter concludes the work done on designing creatinine sensing platforms as part of the PhD 

project. Future work following on from this project is discussed in detail along with the information 

from the ICURe Discovery program.  

 

6.2 Conclusions  

 

The aim has been to develop creatinine sensing platforms that can detect kidney disease at earlier 

stages, especially for patients at high risk (e.g., patients with diabetes can develop complications 

including diabetic nephropathy which can lead to end stage renal disease).  

Chapter 3 describes a novel, simple, low-cost method to detect creatinine non-enzymatically using a 

bare GCE system in alkaline ferrocyanide. This technique was further translated into a miniaturised 

SPE platform in Chapter 5. Various interferences with ascorbic acid (AA), uric acid (UA), urea and 

glucose (Glu) have been investigated. AA and UA were the major interferents and glucose was non-

interfering. With SPE systems, further optimisation with Nafion based systems (negatively charged 

membrane) is required. These interferences from negatively charged AA and UA can be eliminated 

effectively, not only applicable to the sensors systems in Chapter 3 and 5 (on bare carbon electrode 

sensing with alkaline ferrocyanide) but may also be applicable to nickel systems in Chapter 4, if urea 

interference can additionally be eliminated through size exclusion membrane techniques (as urea 

reacts at nickel electrodes).  

Overall, the PhD project has focused on detection and miniaturisation of the creatinine sensing 

technology using the SPE sensor systems. Through the participation in ICURe Discovery program and 

from conversations with clinicians, it was understood that a sensor device that can simultaneously 

measure creatinine and albumin concentrations (giving ACR – albumin to creatinine ratio), would be 

a robust screening device for patients at high risk of CKD or at early stages of CKD.  
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6.3 Future work 

 

Future work could involve development of further electrode materials, electrochemical techniques, 

pre-treatment of electrodes and hydrogel-based sensing for creatinine detection. Particular focus on 

albumin detection techniques will be part of the next postdoc project. 

Bimetallic nanomaterials could be used for creatinine (and albumin) detection, where the sensitivity 

could be significantly enhanced as a result of better kinetics and charge transfer. The concept is to 

have more number of active sites, for increasing velocity of the electrochemical reaction. To our 

knowledge, the only bimetallic sensor reported for creatinine was based on CuAg nanoparticles 2. 

Different bimetallic systems for creatinine detection can be investigated further.   

The majority of project involved use of electrochemical techniques of cyclic voltammetry and 

chronoamperometry. Although CV is a simple and reproducible technique, the capacitive current (at 

the electrode-solution interface) limits the linear range and the LOD to much higher values. Therefore, 

employing more sensitive voltammetric techniques for e.g., differential pulse voltammetry (DPV) or 

square wave voltammetry (SWV) could be used in further studies.  Further design into setting these 

techniques effectively in a POC device would be required.  

Further work in Chapter 5 (on SPE based sensors) can be done using the pre-treatment technique. 

SPCE pre-treatment activates the working surface in terms of surface oxygen functionalities on the 

electrode surface and these electrodes have new edge exposures in the carbon microstructure. This 

can increase sensitivity and specificity towards target analytes 3, 4. An applied overpotential of 2 V vs 

Ag/AgCl in PBS or NaOH can allow pre-anodization to occur on the surface of the SPEs. A study on 

pretreated-SPCEs has been performed by Prasad et al. for multi-analyte detection where three 

distinguishable signals are observed for detection of ascorbic acid, uric acid and dopamine 5. 

Moreover, SPCEs can also be modified with metal nanoparticles for sensing applications aiming to 

have faster electron transfer 6. Choudhry and Banks have performed a study on electrolytically 

fabricating nickel microrods on screen printed electrodes for oxidation of alcohols 4. Therefore, nickel 

based SPEs can also be investigated for creatinine detection.  

The repeatability of hydrogel-based sensor performance may be achieved using the technique of 

printing hydrogels on the surface of SPEs. Ferrocyanide/PVA/KOH based hydrogels could be printed 

as part of future work.  
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6.3.1 ICURe Discovery program  

 

Detection of only urine creatinine is not a robust technique to screen CKD as a 24h urine test would 

be required which increases the risk of inaccuracies and also increases the turnaround time of results. 

Albuminuria (a condition where albumin is present in urine) is the most frequently used marker of 

kidney damage in primary care practices today 7. Over 50% of CKD cases can be missed if albuminuria 

is ignored 8. 

Furthermore, through market testing of the idea (in the ICURe Discovery program), it was understood 

that a creatinine urine-based sensor when combined with detection of albumin/creatinine ratio, 

would allow more accurate one-spot analysis tests instead of 24h tests if only urine creatinine was 

measured. This would greatly increase the accuracy of the screening tests in patients with early signs 

of kidney disease in the primary care settings (GP surgeries). The current dipstick urine tests, which 

also give a ratio of albumin/creatinine can only detect kidney conditions accurately when the disease 

enters into critical stages in case of emergencies. Therefore, there exists a significant gap in detecting 

kidney conditions at early stages in routine clinical analysis in primary care. The wider applicability of 

this potential device would be in primary care settings with the aim to prevent the disease or delay 

the progression of the early stages of the kidney disease using medicines.  

This project could further be extended in terms of detecting albumin/creatinine ratio and towards 

the device development. This section explains the steps towards the feasibility of the research idea 

and its commercialisation potential.  

 

6.3.1.1 Market Discovery insights 

 

Market testing of the idea was done through conversations with clinicians (GPs, cardiologists and 

nephrologists) and members of the academic health science network (AHSN). It was understood that 

it is significantly critical to detect creatinine and screen CKD at early stages as it is asymptomatic. There 

exists a significant gap in screening patients with early kidney disease as dipsticks remain less accurate 

to detect low concentrations of albumin in urine. According to the QOF database (2022), only 29 % 

CKD patients were screened with urine test. ACR test is preferred as a more accurate test by GPs than 

dipstick urine test. A urine spot test would add to the accuracy and also convenience to patients and 

the clinicians. The applicability of a POCT device that measures ACR would not only be beneficial at 

GP clinics, but also at pharmacies and for patients having diabetic reviews. The nephrologists 
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(secondary care clinical settings) consider measuring creatinine in blood as a more robust biomarker 

if the disease has progressed to later stages. The aim is to allow early detection at primary care settings 

(GP clinics, pharmacies or diabetic reviews) and prevent disease progression with medicines. The low 

cost and simple ACR POCT device can also be considered for use in emerging markets where there is 

a need of better access to primary care.  

Considering the market testing process, we understood that the idea of detecting creatinine and 

albumin is feasible in the market. Further product optimisation and refinement is needed to further 

develop this idea. A clear value proposition is demonstrated in various markets. The next steps to this 

project would include research in the area of developing a low cost and simple albumin sensor (part 

of the next postdoc project), followed by participation in ICURe Explore program which would involve 

further market testing and conversations with clinicians and manufacturers.  
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Appendix A 

 

A.1 Standard addition study with ‘’unknown’’ creatinine additions  
 

A.1.1 10 mM CR in water unknown addition 

 

 
A.1: Standard addition study with a 10 mM CR in water unknown addition followed by three known 0.4 mM CR additions 

from 200 mM CR stock in water. 
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A.1.2 25 mM CR in water unknown addition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A.2: Standard addition study with a 25 mM CR in water unknown addition followed by three known 0.4 mM CR additions 
from 200 mM CR stock in water. 
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Appendix B 
 

 

 

B.1 Chronoamperometry data for Nickel electrodeposition on same GCE at 120s 
 

 

B.1: Chronoamperometry data at -1.3 V vs Ag/AgCl at 120s for repeat 1. 

 

 

 



 

175 
 

 

 

 

 

 

 

 

 

 

 

B.2: Chronoamperometry data at -1.3 V vs Ag/AgCl at 120s for repeat 2. 
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B.3: Chronoamperometry data at -1.3 V vs Ag/AgCl at 120s for repeat 3. 
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B.4: Chronoamperometry data at -1.3 V vs Ag/AgCl at 120s for repeat 4. 


