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1.1 Point of Care Testing (POCT) 

Point-of-care testing (POCT), otherwise referred to as near-patient, 

bedside, or extra laboratory testing [1]. It can deliver results without 

having to wait days or even hours for sample transport and laboratory 

processing [2]. The POCT is affordable, robust and rapid, user-friendly, 

deliverable, equipment-free [3], high-throughput, in vitro analyses by 

laypersons [4-6]. It is performed for early instant diagnosis of disease [7], 

such as urine testing [8], and blood glucose testing [9]. In addition, it also 

plays a crucial role in environmental monitoring, food safety analysis, 

and other fields [10] (Scheme 1.1). In some resource-limited settings with 

the absence of medical infrastructures, lack of trained professionals, and 

inconveniently rapid result connectivity, POCT becomes essential for 

instant disease and drug diagnosis, ensuring public health management 

[3].  

Scheme 1.1 Summary of the application for POCT. Reproduced with permission 

from TrAC, Trends Anal. Chem. 2022, 157, 116792. Copyright 2022, Elsevier. 
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1.1.1 Fundamental Design in POCT  

The Fundamental designs in POCT include several parts: recognition 

element, signal transducer, platform material, data acquisition, and signal 

processing (Scheme 1.2). The first step is to choose proper recognition 

targets. For disease diagnosis and health management in POCT, a variety 

of recognition elements have been utilized such as protein [11, 12], cell 

[13], nucleic acid [14-16], drug [4], metabolite [17], or ion [18].  

By using different recognition-transduction systems, the POCT 

Scheme 1.2 Different components of a fully integrated biosensor including 

recognition elements, signal transducers, signal acquisition and processing. 

Reproduced with permission from Chem. Soc. Rev., 2020, 49, 1812 – 1866. Copyright 

2020, The Royal of Chemistry. 
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system could convert the chemical reaction into a readable electrical or 

optical signal, related to the concentration of target analytes. These 

transducers develop different sensor systems based on different 

transduction mechanisms, for example, optical sensors, such as using 

colorimetry, fluorescence, luminescence, and reflectance, or 

electrochemical sensors with the method of amperometry, voltammetry, 

and potentiometry.    

A variety of materials have been employed to enhance the sensor 

signals in the interaction between elements and targets. In the biosensing 

range, metallic nanoparticles, carbon-based materials, magnetic materials, 

quantum dots, and others have been reported to be used in target analyte 

detection. Metallic materials, such as Ag or Au nanoparticles have been 

used in surface-enhanced Raman spectroscopy assay for the specific 

recognition of bacteria [19] and virus [20]. Carbon-based materials such 

as graphene, graphene oxide, and carbon nanotubes with large surface 

area, excellent electrical properties, and catalytic activities, which 

enhance the sensitivity of detection, have been used in optical and 

electrochemical sensor [21]. Magnetic particles of iron oxides (γ-Fe2O3 

and Fe3O4) used in biosensors is because of the highly active surface, fast 

reaction kinetics, high chemical stability, and ease of surface modification 

[22]. Quantum dots are currently available with various surface 

modifications, owing to their muti-fold quantum yield and super 

photostability [23].  

Efficient data acquisition and signal processing are important for the 

results. Optical signals can be read by a digital camera, smartphone 

camera, or photodetector and analyzed or processed by proper imaging 

software. The electrochemical sensor is another widely used approach for 

POCT. The electrical signal of probe-target interactions can be measured 

by potentiostat and relative software.  
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1.1.2 Electrochemical Sensors for POCT 

Electrochemical sensors possess significant potential in POCT 

systems. This is due to their high sensitivity, accuracy, specificity, and 

low detection limits, which can be miniaturized effectively, cost-efficient, 

Figure 1.1 Different modified electrodes in biosensing. A, RNA strand-Au 

nanoparticle @Cu-MOF based electrode for biosensor. Adapted from Sensor Actuat. B 

Chem., 2018, 257, 561–569. Copyright 2017 Elsevier. B, Highly sensitive glucose 

biosensors based on organic electrochemical transistors using Platinum gate electrodes 

modified with enzyme and nanomaterials. Adapted from Adv. Funct. Materials, 2011, 

21, 2264–2272. Copyright 2011 Wiley-VCH. C, Graphene-polyaniline modified 

electrode peptide nucleic acid biosensor for detecting human papillomavirus. Adapted 

from Anal. Chim. Acta., 2017, 952, 32–40. Copyright 2017 Elsevier.  
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and easy to operate [24, 25]. In an electrochemical sensor, electrical or 

electrochemical reactions occur at the interface between the working 

electrode and the target solution. Electrochemical signal transducers catch 

the electrical signal generated from the reaction of the recognition 

element and target analyte [26]. Generally, the monitored signals include 

measurable current (amperometry), charge accumulation or potential 

(potentiometry), changed conductive properties of the medium between 

electrodes (conductometry) [27]. In electrochemical detection, the 

electrodes work as signal transducers with high sensitivity and 

operational simplicity. Advances in surface modifications of various 

materials, such as metallic and carbon nanomaterials [28-30], 

metal-organic frameworks (MOF) [31], polymer [32, 33], and biological 

entities (protein [34], enzymes [35], etc.) have been reported in several 

works and studies. Different biosensors with various material 

modifications are shown in Figure 1.1. Metallic material, such as Gold, is 

used because of its advances in steadily immobilizing bio-organic 

materials (such as RNA), and retaining their bioactivities, which is 

advanced in better and high sensitivity. In addition, metallic materials can 

enhance the electron transfer between redox centers and bulk materials 

[36]. Carbon nanomaterials, such as carbon nanotubes [37], carbon dots 

[38], carbon nanofibers [39], graphene [40], and graphene oxide [41] 

have been widely used in electrochemical sensor systems. This is due to 

their high conductivity, low ohmic resistance, stability, repeatability, and 

robustness in aqueous solutions [42]. Molecularly imprinted 

polymers-based sensors exhibit good properties including high selectivity, 

sensitivity, great reliability, low cost, and mechanical, thermal and 

chemical stability, in addition to being employed as biological receptors 

(antigen and antibody) [43]. 
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1.2 Boron-doped Diamond  

Intrinsic diamond is seen as a perfect insulator with an ultrawide 

bandgap of 5.45 eV and extremely high inherent electrical resistivity 

(1016 Ω cm) [44]. Conductive diamond can be obtained by doping 

impurities, such as nitrogen (N) [45], phosphorus (P) [46] and boron (B) 

[47]. Boron is easy to incorporate into diamond as a charger acceptor, 

providing a p-type semiconducting characteristic to diamond. This is due 

to the boron has one less electron than carbon, and takes up the same 

position as the displaced carbon atom effectively with an activation 

energy of 0.37 eV [48, 49] (Figure 1.2). Boron-doped diamond (BDD) is 

described as semi-metallic or metal-like due to the high doping level 

enhancing the conductivity and electron-transfer reactivity in the diamond 

[48].  

The highly conducting BDD electrodes have been reported to be 

widely used in many electrochemical applications, such as drugs [50, 51], 

biomarkers [52, 53] and heavy metals sensors [54], wastewater treatment 

[8, 55], ozone generation [56], CO2 reduction [57], and electrochemical 

Figure 1.2 Boron-doped diamond. 
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organic synthesis [58].  

BDD electrodes featured with a wide potential window, can 

accomplish many important applications that are difficult to achieve by 

conventional electrodes [44]. Figure 1.3 exhibits the potential windows of 

various electrodes. Except for the wide potential window, it also could be 

found from Figure 1.3 that BDD electrodes also have lower background 

currents. This is attributed to the low capacitance [48], leading to an 

enhanced signal-to-noise ratio [44]. In addition, BDD electrodes exhibit 

high stability, biocompatibility, and good resistance to nonspecific 

absorption [50]. These properties make it possible for detection in 

complex matrix.   

1.3 Outline of the Thesis 

This thesis uses the simple electrochemical redox method to measure 

Figure 1.3 Potential windows of various electrodes. Reproduced with permission 

from Bull. Chem. Soc. Jpn.,2018, 91, 1752–1762. Copyright from Oxford University 

Press.   
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metabolites and drugs in human biofluids for sustainable biosensing 

techniques.    

In Chapter 2, the study of urinary NaNO2 selective determination on 

a bare BDD electrode is described. Without adding other reagents for 

measurement, such as enzymes, the measurement uses a simple 

electrochemical approach with an oxidation step followed by reduction. 

This work focuses on the reduction potential range for the detection. It is 

different from many previous literature reports on the oxidation reaction. 

Spiked NaNO2 was determined by cyclic voltammetry and differential 

pulse voltammetry within two pooled and three individual urine samples. 

We found that the linear response ranges for sodium nitrite detection were 

0.5−10 mg/L (7.2−140 μM) and 10−400 mg/L (140−5800 μM) and 

obtained the calibration curve, with the LOD being clinically relevant. 

In Chapter 3, the selective detection of urinary creatinine (CRE) on a 

bare BDD electrode is discussed. A similar strategy of electrochemical 

oxidation followed by reduction is employed. This measurement consists 

of continuous electrochemical redox of CRE with added reagents of Cl− 

and NaNO2. Concentration dependence of CRE in the range of 100−2500 

mg/L (0.88−22 mM) and 5−25 mg/L (0.044−0.22 mM) are fulfilled 

successfully. We tested CRE measurements in two pooled urine and six 

individual urine samples diluted with D-PBS and 30 mg/L NaNO2. The 

calculated CRE results have good agreement with those obtained from the 

Jaffé method. This strategy may potentially detect urinary creatinine, 

which might be clinically valuable. 

In Chapter 4, the edoxaban (EDX) determination on a bare BDD 

electrode is investigated. In this method, no other reagents are added. 

EDX is detected by using a similar oxidation followed by a reduction 

strategy. The study discusses the different electrochemical redox states of 

EDX on the BDD electrode. The reduction peak for the determination of 
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EDX can be observed only after the electrochemical oxidation process. In 

phosphate-buffered saline (PBS), EDX shows a good linearity with the 

LOD smaller than other electrodes. The same procedure measures EDX 

in human plasma, and the concentration dependence indicates this method 

has the feasibility of EDX determination on bare BDD.  
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Chapter 2 Electrochemical Diagnosis of 

Urinary Tract Infection Using a Bare BDD 

Electrode 

 

 

Reproduced with permission from ZP. Zhang, G. Ogata, K. Asai, T. 

Yamamoto, Y. Einaga, Electrochemical Diagnosis of Urinary Tract 

Infection Using Boron-Doped Diamond Electrodes. ACS Sens. 2023, 8, 

4245 – 4252. Copyright 2023, American Chemical Society 
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2.1 Introduction 

Urinary tract infection (UTI) is one of the most common bacterial 

infections in the human urinary system. It requires antibiotics and may 

even result in hospitalization [1]. Due to the frequency and recurrence of 

UTIs and the global increase in antibiotic resistance, effective diagnosis 

and treatment of UTIs are essential. However, the existing methods pose 

significant challenges.  

Urine culture is a valuable tool for diagnosing UTIs and can be 

considered the gold standard method for diagnosis [2, 3]. However, 

obtaining results of urine culture can take several days, which may delay 

treatment and increase the risk of complications [4]. Patients’ present 

symptoms, fast nitrite stripe test results, and white blood cell counts in 

urine are widely employed to diagnose UTIs regularly in hospitals and 

clinics. However, these methods are time-consuming and require specific 

conditions, leading to inconvenience in terms of self-diagnosis and 

self-monitoring.  

On the other hand, the presence of nitrites in the urine is a strong 

indication of UTIs. A dipstick test for sodium nitrite (NaNO2) is an 

affordable, available, and rapid way to observe UTIs by ourselves [5]. 

However, a low predictive accuracy [6], a low rate of truly positive results 

[7], and unclear color recognition can significantly affect frequent UTI 

self-diagnosis and may lead to incorrect medication guidance and health 

monitoring. Also, various techniques have been widely adopted in nitrite 

detection, such as spectrophotometry [8, 9], chemiluminescence [10], 

chromatography [11, 12], capillary electrophoresis [13, 14], and 

spectrofluorimetric [15]. However, these analytical techniques for NaNO2 

detection are complex, time-consuming, and costly [16-18]. Moreover, 

careful sample preparation and detailed statistical analysis are important 
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for accurate results, which require professional training and specific 

equipment. 

Electrochemical methods are more attractive because of their 

simplicity, sensitivity, rapidity, and low cost [19-21]. However, 

conventional electrodes such as platinum (Pt), glassy carbon (GC), and 

carbon paste electrodes (CPE) have rarely been used to directly detect 

NaNO2 concentrations in human urine due to limitations, such as a narrow 

potential window, a large background current, and susceptibility to 

corrosion. These shortcomings are likely to decrease the accuracy and 

sensitivity of electroanalysis [17]. To address this dilemma, a variety of 

materials for electrode modification has been introduced to improve the 

current response signal and extend the potential ranges [22-26]. 

Nevertheless, the modification of electrodes requires a substantial 

investment of time and financial resources. 

Currently, most nitrite electrochemical detection studies are focused 

on the oxidation of NaNO2 on surface-modified electrodes. The 

determination of urinary NaNO2 has rarely been studied directly using a 

bare electrode due to the limitations of these electrodes, such as a narrow 

potential window, large overpotential, and easy corrosion. However, 

because the components of human urine are very complex, with nearly 

three thousand compounds [27], these complicated biological matrices can 

be oxidized and generate distinct electrochemical responses (Figure 2.6). 

Furthermore, the composition and concentration of urine vary from person 

to person, which would be affected by conditions such as gender, age, 

drinking, and eating habits [28]. Even the urine of the same person would 

be affected by normal changes in bodily function. As a result, the 

background currents of the urine samples are likely to show significant 

differences from each other. These greatly hinder the application of 

electrochemical detection of NaNO2 in human urine samples. 
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2.2 Experimental  

2.2.1 Chemicals and Materials  

Diamond powder (∼1 μm) was obtained from Kemet Japan Co., Ltd. 

(Japan). Trimethyl borate (TMB) was from Tokyo Chemical Industry Co., 

Ltd. (Japan). Acetone was supplied by Kanto Chemical Co., Inc. (Japan). 

Dulbecco’s phosphate buffered saline (D-PBS), H2SO4 (0.1 M), KCl, 

Na2HPO4·12H2O, NaH2PO4·2H2O, NaNO2, creatinine, ascorbic acid, urea, 

glucose, uric acid, and agar were purchased from Wako Pure Chemical 

Industries, Ltd. (Japan). All of the reagents were used without further 

purification. All of the aqueous solutions were prepared with phosphate 

buffer (PB), D-PBS (using HCl change pH to 6.4) and deionized water 

(with a resistivity of 18.2 MΩ cm at 25 oC), which was obtained from 

DIRECT-Q3 UV (Merck Millipore Corporation, Germany). Urine samples 

were purchased from Lee BioSolutions, Inc. (USA), and stored at −30 oC. 

The pH of urine samples was detected by a water quality meter (LAQUA, 

F-74, HORIBA Advanced Techno, Co., Ltd., Japan), and the details are 

shown in Table 2.1. Before use, these urine samples were thawed to room 

temperature (25 oC), disposable filter units (Thermo Fisher Scientific Inc., 

USA) with polyether sulfone microporous membrane (pore size: 0.45 μm) 

were used to remove precipitated protein and bacteria. The stock NaNO2 

solution (0.5, 1, 2.5, 5, 10, 50, 100, 200, 300, 400 g/L) was frozen at 

−30 °C until use. Before electrochemistry measurements, they were 

thawed to room temperature, and 1 μL stock solution was added into 1 mL 

PB, D-PBS or human urine. In comparison with other electrodes, the 0.05 

μm alumina polishing suspension and polishing cloth (PSA backed, 2.875 

in) for polishing the GC and Pt electrodes were obtained from Baikowski 

International Corp. (France) and Buehler Ltd. (USA), respectively. 
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Table 2.1 The information of human urine. 

Urine Samples Donors pH 

pooled urine 1 (PU1) ≥ 3 6.610 

pooled urine 2 (PU2) 5 6.500 

individual urine 1 (IU1) 1 7.124 

individual urine 2 (IU2) 1 6.896 

individual urine 3 (IU3) 1 7.180 

individual urine 4 (IU4) 1 7.356 

individual urine 5 (IU5) 1 6.678 

individual urine 6 (IU6) 1 7.013 

2.2.2 Preparation of the BDD Electrodes 

The method of BDD preparation follows our group’s previous works 

[29, 30] and the shown in Scheme 2.1. A single-sided silicon (100) wafer 

was used as the substrate. This was polished with diamond powder and 

washed by ultrasonication in methanol for 10 min, respectively. The BDD 

film was deposited onto the treated substrate using a microwave 

plasma-assisted chemical vapor deposition (MPCVD) system (AX6500, 

CORNES Technologies Corp.) with acetone and TMB as carbon and boron 

Scheme 2.1 Schematic diagram of BDD electrode fabrication under microwave 

plasma-assisted chemical vapor deposition. 
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sources, respectively. H2 was used as the carrier gas. The atomic 

boron-carbon ratio (B/C) of the fabricated BDD was 1%. During the 4 h 

reaction process, the total pressure in the chamber was 115 Torr with a 

microwave power of 5.00 kW.  

The surface morphology of the fabricated BDD electrode was 

recorded using a scanning electron microscope (SEM, accelerating voltage: 

15.0 kV, JCM-6000, JEOL). A Raman spectrum was obtained by an Acton 

SP2500 (Princeton Instruments) with a 532 nm laser to confirm the 

successful fabrication of BDD [31]. 

2.2.3 Electrochemical Measurements 

Electrochemical measurements were performed using an ALS CH 

Instruments electrochemical analyzer (model 852Cs, CH Instruments 

Corp., USA) in a typical three-electrode system (Scheme 2.2). BDD, GC, 

and Pt electrodes were used as the working electrode (0.196 cm2), a BDD 

as the counter electrode (0.363 cm2), and Ag/AgCl (saturated 3 M KCl, 

Agar) electrode as the reference electrode. 

The BDD electrode and reaction cell were cleaned with ultrapure 

water with an ultrasonic cleaner for 10 min. The BDD electrode surface 

was additionally cleaned by CV protocol in the range of −1.5 to 1.5 V with 

Scheme 2.2 Electrochemical reactor 
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a 20-cycle scan at a scan rate of 0.1 V/s in a 0.1 M PB. Before each 

electrochemical measurement, the BDD surface was treated with cathodic 

reduction (H-terminated treatment) or anodic oxidation (O-terminated 

treatment) by CA in a 0.1 M H2SO4 aqueous solution at −3.0 or +3.0 V (vs 

Ag/AgCl) for 5 min, respectively. About high concentration of nitrite 

determination, CV measurements were performed within the potential 

window of −1.5 to +1.5 V in PB (pH 6.4), D-PBS (pH 6.4), and human 

urine, respectively. The scan rate was set as 0.1 V/s, the initial potential 

was 0 V (vs Ag/AgCl), and the scan direction was positive, respectively. 

For low concentrations of NaNO2 detection, CA (1.5 V, 15 s) and the DPV 

protocol (potential range, 0.3 to −1.0 V; increment, 0.03 V; amplitude, 0.2 

V; pulse width, 0.05 s; pulse period, 0.1 s; sample width, 0.04 s) were 

employed for oxidation and reduction, respectively, in both pooled and 

individual urine.  

2.2.4 Data Analysis 

Microsoft Excel and Origin software were used to analyze the 

obtained data from the electrochemical and Raman spectra measurements. 

A NaNO2 limit of detection (LOD) value in real urine samples was 

calculated based on the DPV cathodic reduction currents of five urine 

samples. The values of the difference between the currents at −0.45 and 0 

V were used to normalize different urine samples. The LOD value 

calculation is based on the calibration curve and described in eq 1 [32]  

LOD = 3.3 σ/S                          (1) 

σ is the standard deviation of y-intercepts of regression lines and S is the 

absolute value of the slope of the calibration curve in Figure 2.15 B.  
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2.3 Results and Discussion 

2.3.1 Characterization 

 

The surface morphology of the BDD electrode was confirmed using a 

scanning electron microscope (SEM). As shown in Figure 2.1 [33], the 

grain sizes of the polycrystalline diamond were around 2−5μM, which 

correspond well to our group previous work [34]. As could be seen in 

Figure 2.2, a well-defined peak at 1300 cm-1 is ascribed to the existence of 

Figure 2.1 SEM image of BDD electrode. Reproduced from ref. [33]. 

Figure 2.2 Raman spectrum of the BDD electrode. Reproduced from ref. [33].  
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sp3 carbon bonds in Raman spectra. The other two peaks located at around 

500 and 1200 cm-1 can be assigned to the typical vibrations of the B-B and 

B-C pairs, respectively, which indicate the boron doping in the diamond 

structure. These observations illustrate the fabricated BDD was of superior 

quality. 

2.3.2 Optimization on Surface Termination of BDD Electrode  

The surface termination pretreatments, which can enhance the 

sensitivity and selectivity of measurements [35, 36], were performed on 

the bare BDD (Figure 2.3). The results clearly revealed that the BDD 

electrode with an H-terminated surface exhibits a higher current response 

for NaNO2 than that of the O-termination due to the higher conductivity of 

the H-terminated surface BDD [37, 38].  

 

Figure 2.3. CV properties of NaNO2 on different surface terminated BDD. CV 

measurement of 0.1 M PB with 50 mg/L NaNO2. Potential window: –1.5 V to +1.5 V, 

scan rate: 0.1 V/s, initial potential: 0 V, initial potential direction: positive. Reproduced 

from ref. [33].  
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2.3.3 Detection of NaNO2 on Different Electrodes 

 

 

The CVs of NaNO2 in PB on different electrodes are shown in Figure 

2.4. The calculated signal-to-background (S/B) ratios of the BDD, GC, and 

Pt electrodes were 35.8, 8.81, and 2.54, respectively (Table 2.2). These 

results indicate the higher electrochemical sensitivity of BDD than other 

electrodes. 

 

Table 2.2. The ratio of NaNO2 electrochemical response signal to background on 

different electrodes. Reproduced from ref. [33]. 

Electrodes BDD GC Pt 

S/B 35.8 8.81 2.54 

Figure 2.4. CV properties of NaNO2 on different electrodes. CV measurement of 50 

mg/L NaNO2 in 0.1 M PB using different working electrodes: A H-terminated BDD; B 

glassy carbon (GC); C platinum (Pt) electrode; Insets: an expanded version of the CV 

test of NaNO2 oxidation peak on each electrode. Potential window: –1.5 V to +1.5 V, 

scan rate: 0.1 V/s, initial potential: 0 V, initial potential direction: positive. Reproduced 

from ref. [33].  
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2.3.4 Detection of NaNO2 on BDD Electrode 

The CV of 0.1 M PB with and without 50 mg/L NaNO2 on a bare 

BDD electrode is shown in Figure 2.4 A. Two well-defined peaks at 1.0 V 

(vs Ag/AgCl) and −0.87 V (vs Ag/AgCl) are observed. The peak at 1.0 V is 

assigned to the oxidation of NaNO2 [21, 39]. Because the reduction peak at 

−0.87 V was decreased by N2 bubbling (Figure 2.5), it was assigned to the 

dissolved oxygen [40, 41]. This result indicates that NaNO2 has 

electrochemical oxidation activity in PB when using a BDD electrode. 

 

 

 

 

Figure 2.5. N2 bubbling effect in PB. CV measurements of 0.1 M PB at H-terminated 

BDD electrode before (black) and after (yellow) N2 bubbling. Potential window: −1.5 V 

to +1.5 V, scan rate: 0.1 V/s, initial potential: 0 V, initial potential direction: positive. 

Reproduced from ref. [33].  
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2.3.4.1 Electrochemical Performance of NaNO2 in the Positive 

Potential Range 

A CV measurement of human pooled urine is shown in Figure 2.6. 

Several anodic current responses from 0.27 to 1.5 V (vs Ag/AgCl) were 

attributed to the oxidation of multiple nutrients and endogenous substances 

in the urine. Furthermore, due to the extreme complexity of human urine 

composition and individual differences [28], there would be obvious 

distinctions among individual urine samples. Moreover, NaNO2 

electrochemical oxidation on the BDD electrode occurs around 1.0−1.2 V 

[39] (Figure 2.4 A), and therefore these nonignorable anodic 

electrochemical signal responses from 0.27 to 1.5 V indicate the difficulty 

of obtaining a pure or uniform electrochemical background signal for 

NaNO2 detection in different human urine samples without further 

treatment, which greatly restricts the general application of NaNO2 

detection in real urine in terms of quick UTI self-monitoring. Since the 

oxidation of NaNO2 is likely affected by different background currents in 

Figure 2.6. CV response of human urine. CV measurement of pooled urine 1 at 

H-terminated BDD electrode. Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, 

initial potential: 0 V, initial potential direction: positive. Reproduced from ref. [33].  
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human urine, it is inevitable to instead consider detecting nitrite in a region 

where there is little difference in the background currents of various 

samples. Therefore, a cathodic reduction range was taken into 

consideration.  

2.3.4.2 Electrochemical Performance of NaNO2 in the Negative 

Potential Range in D-PBS 

The electrochemical performance of NaNO2 in D-PBS was evaluated 

by CV measurement in the cathodic reduction range, as shown in Figure 

2.7. In D-PBS, the reduction peak was observed at −0.94 V (vs Ag/AgCl), 

which was due to the reduction of dissolved oxygen [42]. The peaks 

shifted to a slightly more positive direction with the addition of NaNO2, 

implying the adsorption of NaNO2 or its related oxidation products on the 

BDD surface. In contrast, no apparent cathodic reduction current variation 

was observed with the addition of NaNO2, indicating that it is difficult to 

detect NaNO2 solely based on the cathodic reduction current in D-PBS. 

Figure 2.7. Electrochemical performance of NaNO2 in D-PBS. CV measurements of 

different concentrations of NaNO2 in D-PBS (pH=6.4) at the H-terminated BDD 

electrode. Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, initial potential: 0 V, 

initial potential direction: positive. Reproduced from ref. [33]. 
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2.3.4.3 Electrochemical Performance of High Concentrations of 

NaNO2 in the Negative Potential Range in Human Urine 

Pooled urine from several donors with added concentrations of 

10−400 mg/L NaNO2 was tested. The CV response of pooled urine 1 

contained two well-defined reduction peaks in the negative potential range 

(Figure 2.8 A). The broad peak at around −0.92 V (vs Ag/AgCl) is also 

assigned to dissolved oxygen. In addition, with the increasing 

concentration of NaNO2, the cathodic reduction of dissolved oxygen 

shifted to a positive direction gradually, which corresponds to the behavior 

in D-PBS. Another reduction peak observed at around −1.29 V (vs 

Ag/AgCl) is associated with the reduction of certain endogenous 

substances in urine or their oxidation products.  

Figure 2.8. Detection of NaNO2 in pooled urine. (A) CV measurements of different 

concentrations of NaNO2 in pooled urine 1 at H-terminated BDD electrode. (B) 

Calibration plot of reduction current at −0.5 V (vs Ag/AgCl) and the logarithm of 

NaNO2 concentration. Reproduced from ref. [33]. 
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Most importantly, the cathodic reduction current value of pooled urine 

1 increased with the addition of NaNO2 in the range of −1.5 to −0.3 V (vs 

Ag/AgCl). Here, the calibration curve between the current values observed 

at −0.5 V and the logarithm of the NaNO2 concentration was established 

successfully with a coefficient of determination (R2) of 0.9936. This 

observation greatly enhanced the possibility of NaNO2 detection in human 

pooled urine (Figure 2.8 B). Although this behavior does not satisfy typical 

Bard’s diffusion regulation [43], it could be ascribed to complex 

substances in human urine absorbed on the BDD electrode.  

Figure 2.9. CV performance of high concentration of NaNO2 in different urine 

samples. Cyclic voltammetry measurement of NaNO2 at H-terminated BDD 

electrode in different urine: A pooled urine 2, B individual urine 1, C individual urine 

2, D individual urine 3. Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, initial 

potential: 0 V, initial potential direction: positive. Reproduced from ref. [33]. 
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Note that the NaNO2 concentration dependence of the current values 

was not observed in D-PBS (Figure 2.7) while it was observed in human 

pooled urine (Figure 2.8 A). This inconsistency was ascribed to the 

existence of some components in urine that react with NaNO2, the products 

of which were electrochemically active.  

To investigate the universality of the linear relationship between 

concentration and cathodic reduction current difference in various urine 

samples, another pooled urine and three other individual urine samples 

were also measured by CV (Figure 2.9 A−D). The results showed that a 

regular variation of the reduction current around −0.5 V occurred as the 

added NaNO2 concentration increased in most of the urine samples. This 

phenomenon, which appears in all urine samples but not in D-PBS 

indicates that the detection of nitrite in our system does not depend on its 

direct electrochemical redox. There may be certain common substances in 

human urine that would react with nitrite, and then their product is 

electrochemically active and could be reduced at around −0.5 V (vs 

Ag/AgCl). These results demonstrated that it is possible to detect NaNO2 

in different human urine using a simple electrochemical method without 

adding any other chemicals. However, significant distinctions in the shape 

of the reduction current were observed in the negative range, which was 

attributed to different components and concentrations within the urine 

samples.  
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2.3.4.4 Normalization in Different Urine Samples.  

Figure 2.10 A, B shows the apparent differences among urine samples 

in the cathodic reduction region, especially at −0.5 V (vs Ag/AgCl) in three 

individual urine samples. Due to this variation, it is necessary to find an 

effective method to normalize different urine samples. To further suppress 

the distinct background currents and realize the normalization in various 

urine samples, the value of the “subtraction current” between −0.5 and 0 V 

(vs Ag/AgCl) was chosen due to the absence of a NaNO2 relative reaction 

Faradaic response at 0 V (vs Ag/AgCl), as seen in Figure 2.7. Furthermore, 

linear fittings were successfully performed between the cathodic reduction 

current difference between −0.5 and 0 V (vs Ag/AgCl) and the logarithm 

of NaNO2 concentration in the urine samples. The calibration curves and 

the equations of NaNO2 measurement in different human urine samples are  

 

 

Figure 2.10. Electrochemical response for different urine. A CV measurement of 

different urine samples: pooled urine 1, pooled urine 2, individual urine 1, individual 

urine 2, and individual urine 3 on H-terminated BDD electrode and B expanded version 

of CV results. Reproduced with from ref. [33]. 
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Table 2.3. Fitting equations of different urine samples with spiked NaNO2 from 

10−400 mg/L (140−5800 μmol/L) using the normalization method. Reproduced from 

ref. [33]. 

Urine samples 
Equation y= a logx + b 

Slope: a Intercept: b R2 

Pooled urine 1 −11.54 6.544 0.9556 

Pooled urine 2 −8.504 1.193 0.9849 

Individual urine 1 −4.034 −3.521 0.8786 

Individual urine 2 −9.608 1.911 0.9795 

Individual urine 3 −9.262 1.902 0.9972 

    

shown in Figure 2.11 A and Table 2.3, respectively. It is clearly shown that 

a linear relationship exists in both pooled samples and individual urine. 

The results demonstrated that the NaNO2 concentration measurement 

Figure 2.11. Normalization of different urine samples. A Calibration plot of the 

reduction current difference between −0.5 and 0 V (vs Ag/ AgCl) and the logarithm of 

NaNO2 concentration in different urine samples: pooled urine 1, pooled urine 2, 

individual urine 1, individual urine 2, and individual urine 3 and B the normalization 

of 10−400 mg/L NaNO2 in different urine samples: pooled urine 1, pooled urine 2, 

individual urine 2, individual urine 3, and average of these four urine samples. 

Reproduced from ref. [33].  
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could be fulfilled by a simple electrochemical behavior on the BDD 

electrode surface in different human urine samples.  

Obtaining a uniform standard equation for different urine samples is 

crucial for the general application of NaNO2 determination in different 

human urine samples. It is worth mentioning that with the help of the 

“subtraction current”, four kinds of urine could be converted into the same 

equation with R2 as 0.9936 (Figure 2.11 B). This result exhibits great 

potential for this simple electrochemical strategy for NaNO2 detection 

using a BDD electrode in complex urine matrices. Only individual urine 1 

sample was hard to normalize to the same equation due to the presence of 

ascorbic acid contained in this urine. Ascorbic acid is recognized as a 

common reason for a decline in the accuracy of substance detection in 

urine [44]. In addition, an apparent oxidation current at around 0.25 V (vs. 

Ag/AgCl) could be easily observed in individual urine 1 compared with 

other urine samples (Figure 2.12). Ascorbic acid can be oxidized at a  

Figure 2.12. CV response for different urine samples. CV measurements of different 

urine samples: pooled urine 1, pooled urine 2, individual urine 1, individual urine 2, 

individual urine 3 at H-terminated BDD electrode. Inset: expansion in area 0.2 to 0.3 V 

(vs. Ag/AgCl). Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, initial potential: 0 

V, initial potential direction: positive. Reproduced from ref. [33]. 
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similar potential on the BDD electrode (Figure 2.13). We note that after the 

addition of ascorbic acid directly into pooled urine 1, the oxidation current 

was also enhanced (Figure 2.14). The results revealed that it is possible to  

Figure 2.14. CV performance of added ascorbic acid in pooled urine. CV 

measurements of pooled urine 1 with and without 50 mg/L ascorbic acid at 

H-terminated BDD electrode. Inset: expansion in area 0.2 to 0.3 V (vs. Ag/AgCl). 

Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, initial potential: 0 V, initial 

potential direction: positive. Reproduced with permission from ref. [33]. 

Figure 2.13. CV performance of ascorbic acid in PB. CV measurements of 50 mg/L 

NaNO2 with and without 0.5 g/L ascorbic acid at H-terminated BDD electrode in 0.1 M 

PB. Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, initial potential: 0 V, initial 

potential direction: positive. Reproduced from ref. [33]. 
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directly detect NaNO2 in human urine with an electrochemical oxidation 

step followed by a reduction approach using a bare BDD electrode in a 

negative potential range. However, serious consideration needs to be given 

to the results if an excessive amount of ascorbic acid intake has taken 

place.  

2.3.4.5 Electrochemical Performance of Low Concentrations of 

NaNO2 in the Negative Potential Range in Human Urine 

Even a low concentration of NaNO2 in human urine may indicate the 

presence of UTIs in the urinary system. The low concentration NaNO2 

measurement can be accomplished by the following steps: begin with the 

CA (1.5 V, 15 s) for oxidation and then reduction by DPV (potential range, 

0.3 to −1.0 V; increment, 0.03 V; amplitude, 0.2 V; pulse width, 0.05 s; 

pulse period, 0.1 s; sample width, 0.04 s). As shown in Figures 2.15 A and  

Figure 2.15 Low concentrations NaNO2 detection in urine. (A) DPV measurements 

of 0.5−10 mg/L NaNO2 in pooled urine 1 using a H-terminated BDD electrode and (B) 

the normalization of 0.5−10 mg/L NaNO2 in different urine samples: pooled urine 1, 

pooled urine 2, individual urine 4, individual urine 5, individual urine 6, and average of 

these five urine samples. Reproduced with permission from ref. [33]. 
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2.16 A−D, the apparent current variations could be observed in the pooled 

and individual urine samples. Normalization in different urine samples was 

fulfilled using the “subtraction current” between −0.45 and 0 V (vs 

Ag/AgCl) to obtain a better LOD and good linearity of the calibration 

curves. A linear calibration curve between the NaNO2 concentration and 

the average of the subtraction currents in these five kinds of urine was 

achieved with a LOD of 0.82 mg/L and an R2 value of 0.9914 (Figure 2.15 

B).  

The successful measurement of low concentrations of NaNO2 using a 

Figure 2.16. DPV performance of low concentration of NaNO2 in different urine 

samples at H-terminated BDD electrode. A pooled urine 2, B individual urine 4, C 

individual urine5, D individual urine 6. (Potential window 0.3 to −1.0 V, increment, 

0.03 V; amplitude, 0.2 V; pulse width, 0.05 s; pulse period, 0.1 s; sample width, 0.04 s). 

Reproduced from ref. [33]. 
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bare BDD electrode in different urine samples with a simple electrode 

approach could be particularly important for diagnostic applications. The 

linear range of NaNO2 concentration in human urine by this method is 

0.5−10 mg/L and the LOD is 0.82 mg/L. In addition, this method is based 

on a direct measurement of the urine sample and has a wider detection 

range than that of the dipstick method [45]. In our approach, color 

distinguishing with the naked eye is no longer necessary and the 

concentration of NaNO2 in urine can be obtained directly. This is beneficial 

for the long-term monitoring of changes in UTIs and for the resulting 

medication guidance.  

2.3.4.6 Interference Study 

Human urine contains nearly 3000 kinds of compounds. It is 

complicated to confirm all of the species in human urine. Some 

representative compounds in urine, such as urea, glucose, creatinine, and 

uric acid, are added into PB, respectively. As shown in Figures 2.17 and 

2.18, the reduction currents did not change obviously with the addition of 

creatinine, urea and glucose. The reduction currents of different 

concentrations of uric acid at 0 V exhibit regular change (Figure 2.17 D). 

In our experiments, we used the subtraction current between −0.5 (or −0.45) 

and 0 V. This means we can use this subtraction to eliminate or reduce the 

error caused by different uric acid contents in urine samples.  
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2.3.4.7 Possible Mechanism for the Electrochemical NaNO2 Detection 

in Human Urine 

We speculate that both creatinine and Cl− ions in human urine are 

necessary for electrochemical NaNO2 detection. Control experiments in 

PB (absence of Cl−, Figure 2.18) or D-PBS (absence of creatinine, Figure 

2.7) did not show any distinguishable Faradaic response variation at −0.5 

Figure 2.17. CV performance of urea, glucose and uric acid in PB. CV 

measurements of 50 mg/L NaNO2 with and without A 25 g/L urea; B 0.2 g/L glucose; C 

0.35g/L uric acid and D CV measurements of different concentration of uric acid at 

H-terminated BDD electrode in 0.1 M PB. Potential window: −1.5 V to +1.5 V, scan 

rate: 0.1 V/s, initial potential: 0 V, initial potential direction: positive. Reproduced from 

ref. [33]. 
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V with the addition of NaNO2, and a significant linear relationship in urine 

was not observed in these experimental results. On the contrary, NaNO2 

detection with creatinine in D-PBS which contains Cl− was obtained in 

Figure 2.19 A. A small but clear cathodic reduction peak around −0.5 V (vs 

Ag/AgCl) was observed with the addition of NaNO2 concentrations.     

Furthermore, the calculation results have demonstrated a correlation 

between the reduction current difference and the concentration of NaNO2 

in D-PBS containing creatinine (Figure 2.19 B) with an R2 at 0.9875, 

although the linear fitting was not based on the logarithm of the NaNO2 

concentration, which can be ascribed to the intrinsic difference between 

this simulate solution and urine. In addition, the adsorption and diffusion 

of compounds in urine would be different from that in D-PBS. 

    The plausible reaction pathways are shown in Scheme 2.3. The 

solution was first oxidized at 1.5 V (vs Ag/AgCl). The proton is generated 

by water oxidation under this potential and is involved in the subsequent 

diazotization reaction. NaNO2 and Cl– under the acidic condition, would 

react with the primary amine group of creatinine to generate a diazonium 

Figure 2.18. CV properties of creatinine in PB. CV measurements of 50 mg/L NaNO2 

with and without 0.2 g/L creatinine in 0.1 M PB at H-terminated BDD electrode. 

Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, initial potential: 0 V, initial 

potential direction: positive. Reproduced from ref. [33]. 



42 

 

 

Scheme 2.3. Plausible reaction pathways of NaNO2 detection in urine sample. 

Reproduced from ref. [33].  

salt [46]. Then the diazonium salt was electrochemically reduced 

irreversibly to the radical species. Such a reduction process involves no 

hydrogen ions and would exhibit no variation in the potential peak position 

with pH [47]. Therefore, this NaNO2 detection method can be widely used 

in various urine samples with pH values ranging from 6.5 to 7.3, which is 

in the range of normal urine [28]. Furthermore, the reaction mechanism 

demonstrates another advantage of this method as Cl– and creatinine are 

endogenous compounds of human urine, and it is not necessary to add 

Figure 2.19 Detection of NaNO2 under the existence of creatinine in D-PBS. A, CV 

measurements of NaNO2 with 2.0 g/L creatinine at BDD electrode in 0.1 M D-PBS at 

H-terminated BDD electrode. Potential window: −1.5 V to +1.5 V, scan rate: 0.1 V/s, 

initial potential: 0 V, initial potential direction: positive. B, Calibration plot of the 

reduction current difference between −0.5 and 0 V (vs. Ag/AgCl) and the logarithm of 

NaNO2 concentration. Reproduced from ref. [33]. 
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extra chemicals to generate the proposed reaction. 

2.4 Conclusion 

The fast electrochemical detection of NaNO2 in human urine was 

successfully achieved by using CV, CA, and DPV measurements with a 

bare BDD electrode. Cathodic reduction currents were used to decrease the 

influence of different background currents in the urine samples. To realize 

the normalization of different samples in the high concentration range 

(10−400 mg/L), we have developed a urinary NaNO2 sensor that has a 

linear relationship between the cathodic reduction current difference 

between −0.5 and 0 V (vs Ag/ AgCl) and the logarithm of NaNO2 

concentration. Most of the pooled and individual urine samples converted 

well into a uniform standard equation with R2 as 0.9936. Only one 

individual urine sample was hard to normalize into the same equation due 

to the presence of ascorbic acid in that urine sample. In the low 

concentration range (0.5−10 mg/L), the subtraction value of the DPV 

reduction current between −0.45 and 0 V (vs Ag/AgCl) and NaNO2 

concentration was employed to construct a calibration curve with a LOD at 

0.82 mg/L and with R2 at 0.9914. In investigating the reaction mechanism 

for NaNO2 detection, we propose that the in situ generated diazonium salt 

from creatinine and Cl−, which are endogenous substances in the urine, 

plays an essential role in the electrochemical measurement of NaNO2.  

In summary, an affordable, sensitive, rapid, and simple method for 

measuring NaNO2 in different human urine samples is fulfilled by an 

electrochemical approach using a BDD electrode with an oxidation step, 

followed by reduction without adding any other chemicals. In this process, 

the urinary nitrite concentration could be calculated from the uniform 

equation based on its reduction current. The approach can be user-friendly 
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in terms of self-monitoring the abnormal NaNO2 in urine or the changes 

due to a UTI and would be helpful for family health management in the 

future, especially under resource-limited conditions. Importantly, it also 

presents a significant aid to clinical research for the assessment of the risk 

of UTIs and to provide the appropriate medical guidance. However, the 

intake of foods, fruits, and medicines containing a large amount of ascorbic 

acid will have an impact on the test results, and caution in interpretation is 

required in these conditions. 
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3.1 Introduction 

Creatinine (CRE) is a metabolite from creatine and phosphocreatine 

produced during energy consumption in the muscle and tissue, which is 

filtered by kidneys from blood into urine [1, 2]. The CRE level in 

biological fluids, such as serum, urine, is a significant indicator of the 

body’s renal functions and is vital in evaluating the body’s hydration level, 

thyroidal malfunction and muscular disorders [3, 4]. Therefore, 

monitoring CRE levels in biofluids could provide crucial insights into 

those physiological processes, supporting the health management in 

long-term POCT and realising early diagnosis of acute diseases.  

Traditional analysis of CRE in laboratories relies on the 

colourimetric Jaffé method [5], which is based on the chromogen with a 

characteristic orange-red colour generated from the reaction of alkaline 

picric acid with CRE. However, the low specificity [6], owing to the 

interference of numerous metabolites and drugs found in biological fluids 

such as glucose, ascorbic acid and cephalosporins [7], restricted the 

clinical application of this method. Moreover, factors like pH and 

temperature can affect the method's sensitivity [8], so it is necessary to 

provide more robust approaches to overcome these problems. Although 

enzymatic methods have significantly improved the detection specificity, 

maintaining enzyme stability requires strict conditions, which increases 

cost [9]. Commercial CRE test strips are available for quick POCT but 

are limited by inaccurate colour recognition and no quantitative results. 

Consequently, a simple, low-cost, sensitive and easy-to-operate analytical 

method is still required to quantify CRE for POCT effectively.  

The electrochemical method, featured with sensitivity, rapid analysis 

capabilities, affordability, and ease of operation [10], has emerged as a 

promising alternative for CRE determination. These attributes pose 
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electrochemical detection as a viable technology to advance point-of-care 

diagnostics, addressing current limitations and enhancing healthcare 

accessibility. 

One popular method for CRE electrochemical detection is based on 

the interaction of the analyte of CRE with metallic centres, such as 

copper [6, 9, 11, 12], silver [13], iron [14, 15] and others. Commercial 

electrodes, such as Pt, glassy carbon, carbon plate, and screen-printed 

carbon electrodes, are coated or combined with films or composites 

containing these metallic centres to realise CRE detection. Additionally, 

molecularly imprinted polymers coated electrodes [16, 17] and enzymatic 

sensors [18] are employed for selective detection of CRE. Bare electrodes 

are rarely used for CRE determination for lack of electroactivity [13, 19, 

20]. While, these modifications increase sensitivity, but they require 

complicated electrode fabrication processes. For the realization of 

discrimination of compositions in complex biofluids, such as sweat, urine, 

and serum, a clean electrode is always required. Frequent cleaning of 

electrode contaminants is necessary, leading to increased difficulty and 

extra expenses for analysis.  

Compared to blood, urine collection, handling, and disposal are 

simpler and more accessible [21, 22]. It is easier to facilitate long-term 

and frequent POCT for health management without disturbing patient 

integrity in contrast to repeated needle-taking in blood collection. 

Clinically, CRE-relevant analysis has been established as a crucial 

diagnostic biotic index [23]. Creatinine is an indicator of urine dilution 

which is used in sports competitions for the testing of stimulants and 

illegal drugs [19, 24]. The 24-hour urinary CRE clearance plays a key 

role in evaluating glomerular filtration rate and assessing renal functions 

in routine clinical practice [25], and is regarded as the most popular and 

available approach for optimizing therapy in certain empirical diseases 
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[26-28]. In some research, it also could be used as a marker of muscle 

wasting in patients with heart failure [29]. However, urine contains a 

complex mixture of nearly three thousand compounds [30], which 

presents challenges for the electrochemical detection of CRE in urine 

across various applications. 

In this work, CRE was simply detected on a BDD electrode without 

any modification in an indirect electrochemical redox process by reacting 

with NaNO2 and Cl−. The method involved an oxidation step using 

chronoamperometry (CA) followed by a reduction step using differential 

pulse voltammetry (DPV). Initially, CRE concentrations in the range of 

0−2500 mg/L (0−22 mM) were measured in Dulbecco's 

phosphate-buffered saline (D-PBS) and simulated urine added with 300 

or 600 mg/L NaNO2. Subsequently, 0−25 mg/L (0−0.22 mM) CRE in 

D-PBS were measured with a similar process with added 30 mg/L NaNO2, 

and a calibration curve of CRE concentration and current response at 

−0.15 V (vs. Ag/AgCl) was established. This calibration curve was then 

used to calculate CRE concentrations in 100-fold diluted urine samples. 

The accuracy of this method was validated against the standard 

spectrophotometric method based on Jaffé’s reaction. Finally, interference 

studies were conducted to assess the method's robustness in the presence 

of urea, ascorbic acid, uric acid and glucose which are common urinary 

substances.  

3.2 Experimental 

3.2.1 Chemicals and Materials 

All chemical reagents were used directly without further purification. 

Diamond powder (~1μm) was obtained from Kemet Japan Co., Ltd. 

(Japan). Trimethyl borate (TMB) was purchased from Tokyo Chemical 
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Industry Co., Ltd (Japan). Acetone was supplied by Kanto Chemical Co., 

Inc (Japan). Dulbecco’s phosphate buffered saline (D-PBS), H2SO4 (0.1 

M), HCl (35%~37%), NaCl, KCl, Na2HPO4, NaH2PO4·2H2O, uric acid, 

Na2SO4, MgSO4·7H2O, urea, NH4Cl, CaCl2·2H2O, trisodium citrate, 

NaOH, NaNO2, creatinine, picric acid, ascorbic acid, agar, and D 

(+)-glucose were purchased from Wako Pure Chemical Industries, Ltd. 

(Japan). All the solutions were prepared with PB, D-PBS (using HCl 

change pH to 6.4) and ultrapure water (resistivity of 18.2 MΩ cm at 

25 °C) which was obtained from a water purification system (Direct-Q3 

UV, Merck Millipore Corp., Germany). All the urine samples were 

purchased from Lee BioSolutions, Inc. (USA) and Medix Biochemica Inc. 

(USA), and stored at −30 oC. Two pooled urine (PU1, PU2) and six 

individual urines (IU1−6) were involved in the experiments. The pH of 

each urine sample was detected by a water quality meter (LAQUA, F-74, 

HORIBA Advanced Techno, Co., Ltd., Japan) and is presented in Table 

3.1. Before use, these urine samples were thawed to room temperature 

(25 oC) and were filtered by disposable filter units (Thermo Fisher 

Scientific Inc., USA) with a polyether sulfone microporous membrane 

(pore size: 0.45 μm) to remove precipitated protein and bacteria. The 

urine samples were diluted with D-PBS (pH = 6.4) at 1:100 ratio and 

CRE concentrations in the urine were conducted by the electrochemical 

test with added NaNO2. Fresh CRE solutions (5, 10, 15, 20, 25,100, 500, 

1000, 2000, 2500 mg/L) in D-PBS were prepared on the day of the lab. 

The stock NaNO2 solution (30, 300 g/L) was frozen at −30 °C until use. 

Before electrochemical measurements, the stock NaNO2 was thawed to 

room temperature, and 1 or 2 μL NaNO2 solution was added into 1 mL 

fresh CRE solution, simulated urine, and diluted human urine. 
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Table 3.1. Information of urine samples. 

Urine samples Donors Gender Age pH 

PU1 ≥ 3 donors —— —— 6.511 

PU2 5 donors —— —— 7.127 

IU1 1 Male 39 7.253 

IU2 1 Male 68 5.626 

IU3 1 Male 65 7.443 

IU4 1 Female 30 7.018 

IU5 1 Male 23 5.970 

IU6 1 Male 36 6.441 

3.2.2 Preparation of the BDD Electrode  

The fabrication of the BDD electrode followed our group’s previous 

works [31, 32] and is the same as that in 2.2.2.  

3.2.3 Electrochemical Analysis  

Electrochemical measurements of samples were conducted using a 

three-electrode system with an ALS CH Instruments Electrochemical 

Analyzer (Model 852Cs, CH Instruments Corp., USA). Two 1% BDD 

plates were used as working (0.363 cm2) and counter electrodes (0.363 

cm2), and a saturated Ag/AgCl electrode (3 M KCl, Agar) was used as the 

reference electrode. Before electrochemical measurements, the BDD and 

cell were cleaned in ultrapure water using an ultrasonic cleaner for 5 min, 

three times. Additionally, the BDD electrode surface was cleaned using a 

cyclic voltammetry (CV) protocol in 0.1 M H2SO4, ranging from −3.0 to 

+3.0 V (vs. Ag/AgCl) with 40 cycles at 1 V/s using another potentiostat 
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(Versa STAT4, AMETEK, Inc. USA). Before each sample detection, 

cathodic reduction by chronoamperometry (CA) in a 0.1 M H2SO4 

aqueous solution at −3.0 V (vs. Ag/AgCl) for 5 min was processed on the 

BDD electrode to obtain the H-termination surface. Then, the subsequent 

electrochemical protocol for samples detection involved oxidation by CA 

at +1.5 V (vs. Ag/AgCl) for 30 s, followed by reduction using differential 

pulse voltammetry (DPV) with potential range from 0.3 to −1.0 V; 

increment of 0.005 V; amplitude of 0.4 V; pulse width of 0.05 s; pulse 

period of 0.1 s. The electrochemical protocol of samples measurements is 

shown in Scheme 3.1. 

3.2.4 Spectrophotometric Analysis    

In the Jaffé reaction approach, CRE was determined using a UV-Vis 

spectrophotometer (V-560, JASCO Corp., Japan). The quartz cuvette with 

an optical path length of 10 mm is used. 10 mM picric acid in a strongly 

basic media (250 mM NaOH) was totally mixed and reacted with 0−25 

mg/L CRE (standard) or 100-fold diluted urine (H2O, samples) for 60 min 

in dark, and measured by the spectrophotometer. The calibration curve 

between CRE concentration and absorbance at 520 nm from the standard 

was used to calculate the CRE in urine samples.  

Scheme 3.1 Electrochemical procedure of detection 
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3.2.5 Simulated Urine 

The list of components and concentrations of simulated urine with 

different CRE is shown in Tabel 3.2 [30]. NaOH was used to change the 

pH from 5.9 to 6.4. The final pH of simulated urine 1 and 2 are 5.934 and 

6.452, respectively, which are in the physiological range of healthy 

people’s urine matrix.  

Table 3.2 Composition of simulated urine. 

Chemical 
Concentration (g/L) 

simulated urine 1 simulated urine 2 

Urea 15.00 15.00 

Uric Acid 0.2500 0.2500 

Trisodium Citrate 0.6320 0.6320 

NaCl 1.756 1.756 

KCl 2.308 2.308 

NH4Cl 1.266 1.266 

CaCl2·2H2O 0.2450 0.2450 

MgSO4.7H2O 1.082 1.082 

Na2SO4 1.700 1.700 

NaH2PO4.2H2O 2.912 2.912 

Na2HPO4 0.6630 0.6630 

Creatinine 0.1000~2.500 0.1000 ~ 2.500 

NaOH ------ ~ 0.0270 

3.2.6 Data Analysis 

Origin and Excel were used to analyse the obtained data from 

UV-Vis spectra and electrochemical measurements. The CRE limit of 

detection (LOD) value in D-PBS is calculated and described in the 

following equation (2)  
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    LOD = 3 SD / | Slope |                              (2) 

SD is the standard deviation of the current at −0.15 V of the blank. The 

slope is obtained from the calibration curve in Figure 3.9 C. 

3.3 Results and Discussion 

3.3.1 Electrochemical Measurement of CRE in D-PBS  

 Due to the CRE is not electroactive [19, 20], no direct oxidation or 

reduction response could be observed on the bare electrode [13]. Indirect 

determination of CRE is necessary. It was found that urinary CRE would 

be involved in the reaction for NaNO2 detection under continuous 

electrochemical oxidation and reduction approach [33]. Therefore, 

NaNO2 was added for CRE indirect determination in a similar 

electrochemical redox approach.  

Firstly, the detection of CRE was conducted without NaNO2 in 

D-PBS using a bare BDD electrode. As illustrated in Figure 3.1, after 

being electrochemically oxidised at 1.5 V (vs. Ag/AgCl) for 30 s, the 

DPV performance only exhibited a well-defined reduction peak at around 

Figure 3.1. Electrochemical performance of CRE in D-PBS. DPV measurements of 

0 and 2500 mg/L CRE without NaNO2 in D-PBS (pH = 6.4) at the BDD electrode.  
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−0.6 V (vs. Ag/AgCl), which is mainly attributed to the reduction of 

dissolved oxygen, not CRE, supporting by the noticeable decrease after 

15 min N2 bubbling in D-PBS (Figure 3.2). No reduction peak was found 

with CRE addition (Figure 3.1, 0 and 2500 mg/L), highlighting the 

difficulty of directly detecting CRE on a bare BDD electrode. 

The determination of 0−2500 mg/L CRE was performed in D-PBS 

Figure 3.2. N2 bubbling effect of D-PBS. DPV measurements of D-PBS (pH=7.4) 

before (blue) and after (purple) N2 bubbling for 15 min. 

Figure 3.3. Electrochemical performance of CRE in D-PBS. A, DPV measurements 

of 0−2500 mg/L CRE with 300 mg/L in D-PBS (pH = 6.4) at a BDD electrode; B, 

Calibration plot of DPV reduction current at −0.04 V (vs. Ag/AgCl) and CRE 

concentrations. 
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with added 300 mg/L NaNO2 on a bare BDD electrode (Figure 3.3). As 

shown in Figure 3.3 A, after being oxidised at 1.5 V (vs. Ag/AgCl) for 30 

seconds, the DPV reduction current in the range of 0.1 to −0.25 V (vs. 

Ag/AgCl) exhibited a typical reduction peak at around −0.04 V (vs. 

Ag/AgCl), which decreased regularly as CRE concentrations increasing 

in D-PBS, differing significantly from the results obtained from CRE 

without NaNO2 (Figure 3.1). Although no apparent reduction peak was 

observed for the low concentration range (0−100 mg/L), a noticeable 

current decrease compared to the blank could be found (Figure 3.3 A) 

When the concentration of CRE increased to 500 mg/L, a broad and 

shallow peak gradually emerged at around −0.04 V (vs. Ag/AgCl), 

becoming more characteristic with higher concentrations. This peak 

shifted from −0.04 V to −0.08 V (vs. Ag/AgCl) due to the "disruption of 

diffusion" caused by the concentration increase. Given the difficulty in 

identifying the peak position at a low concentration of CRE, a calibration 

curve between reduction current values at −0.04 V (vs. Ag/AgCl) and 

Figure 3.4. DPV measurements of CRE under different electrochemical 

procedures. Differential pulse voltammograms of 2500 mg/L CRE with 300 mg/L 

NaNO2 in D-PBS (pH= 6.4) at the BDD electrode with (yellow) and without (purple) 

CA oxidation before DPV measurement.  
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CRE concentration was successfully established (Figure 3.3 B) with a 

coefficient of determination (R2) as 0.9590. These results extremely 

demonstrate the feasibility of CRE determination on a bare BDD 

electrode by this method.  

The successful electrochemical detection of CRE in D-PBS may be 

ascribed to the electrochemical redox reaction among CRE, Cl− and 

NaNO2 (Scheme 2.3). Unless the existence of an oxidation process, a 

reduction peak could not be observed in D-PBS (Figure 3.4), indicating 

the indirect determination of CRE. Consequently, the electrochemical 

strategy of utilizing oxidation followed by reduction is necessary. In the 

initial electrochemical step, the mixture was oxidised at 1.5 V (vs. 

Ag/AgCl) for 30 s, in which diazonium reaction would progress among 

NaNO2, Cl− and CRE under the proton surrounding generated from water 

oxidation (Reaction (i) in Scheme 2.3). In the next step, the generated 

diazonium salt would be reduced quickly, contributing to the reduction 

peak at around −0.04 V (vs. Ag/AgCl) [34-37]. It should be noted that no 

Figure 3.5. Electrochemical performances of CRE with spiked NaNO2. DPV 

measurements of 2500 mg/L CRE with 0 (blue), 150 (green) and 300 (yellow) mg/L 

NaNO2 in D-PBS (pH= 6.4) at the BDD electrode.  
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visible reduction peak at around −0.04 V (vs. Ag/AgCl) could be 

observed in DPV of CRE in D-PBS without NaNO2 (Figure 3.5, blue line) 

and PB (Figure 3.6, dark blue line) without Cl−, indicating NaNO2 and 

Cl− are vital in the indirect determination of CRE. 

3.3.2 Electrochemical Measurement of CRE in Simulated Urine 

The determination of CRE in simulated urine was conducted to 

evaluate the feasibility of CRE determination in urine samples. Various 

cations (K+, Na+, NH4+, Mg2+, Ca2+), anions (Cl−, SO4
2−, H2PO4

−, 

HPO4
2−), and some organic compounds such as uric acid, urea, and 

trisodium citrate, which are co-existed in human urine, were used to 

create a basic composition for simulated urine. CRE determination in 

simulated urine 1 was conducted using the same procedure as that in 

D-PBS. As shown in Figure 3.7 A, a characteristic reduction peak at 

around −0.04 V (vs. Ag/AgCl) was observed. With the increase of CRE 

concentration from 500 to 2000 mg/L, the peak potentials shifted 

negatively, and apparent variations on reduction currents were observed. 

Figure 3.6. Electrochemical performances of CRE in D-PBS and PB. DPV 

measurements of 2500 mg/L CRE with 300 mg/L NaNO2 in D-PBS (pH= 6.4, yellow) 

and PB (pH= 6.4, dark blue) at the BDD electrode.  
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Similar results were also obtained in D-PBS (Figure 3.3A). However, it is 

challenging to distinguish low-concentration CRE from 0 to 100 mg/L 

and high-concentration CRE from 2000 to 2500 mg/L by the same 

approach. Moreover, the reduction currents were smaller than those with 

the same CRE level in D-PBS, indicating some components in simulated 

urine would suppress the reduction response of diazonium salt mentioned 

in Scheme 2.3. The concentration dependence between CRE 

concentrations (0−2000 mg/L) and the reduction current at −0.04 V was 

established with a R2 value of 0.9521 (Figure 3.7 B). The slope and 

intercept values of the calibration curve in simulated urine 1 were smaller 

than that in D-PBS (Figure 3.3 B), indicating the matrix effect of 

rotational (different slope) and translational (different intercept) effect in 

simulated urine [38], which is deserving careful consideration when 

determining CRE in real urine samples.  

The reduction response of 0−100 mg/L, and 2000−2500 mg/L CRE 

at around −0.04 V (vs. Ag/AgCl) could be distinguished from each other 

with the addition of 600 mg/L NaNO2 (Figure 3.8 A). This indicates that 

Figure 3.7. High concentrations CRE detection in simulated urine 1. A, DPV 

measurements of 0−2500 mg/L CRE with 300 mg/L NaNO2 in simulate urine 1 at the 

BDD electrode; B, Calibration plot of DPV reduction current at −0.04 V (vs. Ag/AgCl) 

and CRE concentration (0-2000 mg/L).  
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the appropriate NaNO2 would be helpful for the detection of CRE in 

simulated urine with multiple components. A corresponding calibration 

plot with a R2 value of 0.9838 (Figure 3.8 B) was obtained based on CRE 

concentrations and the reduction current at −0.04 V (vs. Ag/AgCl). This 

linearity illustrates that it is possible to discriminate and quantify CRE in 

the complex biofluids on a bare BDD electrode with a simple 

electrochemical redox process. However, the slope and intercept are still 

smaller than that in D-PBS (Figure 3.3 B), which indicates the matrix 

effect still exists and cannot be eliminated by the addition of more NaNO2. 

This suggests an efficient method is necessary for CRE determination in 

complex substances, especially urine samples with large individual 

differences. 

3.3.3 CRE Determination in Real Urine  

Based on the results of CRE detection in D-PBS and simulated urine, 

Figure 3.8. High concentrations CRE determination in simulated urine 2. A, DPV 

measurements of 0−2500 mg/L CRE with 600 mg/L NaNO2 in simulate urine 2 using 

a BDD electrode; B, Calibration plot of reduction current at −0.04 V (vs. Ag/AgCl) 

and CRE concentration. 
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compared with complex electrode modification to enhance the selectivity, 

sensitivity and other methods such as standard addition, and dilution of 

complex urine samples is the preferred and simple method to overcome 

the matrix effect, no matter rotational and translational effect [38]. In 

application, dilution is easy to be accomplished by simple techniques or 

tools without specific training. For electrochemical detection, the lower 

concentration caused by dilution also requires higher sensitivity of the 

electrode. Comparing other bare electrodes, BDD electrodes can provide 

a lower detection range for many substances’ determination [31, 33, 

39-41].  

In the determination of urinary CRE, urine samples were diluted 

100-fold with D-PBS (pH = 6.4). Correspondingly, 0−25 mg/L (1%) CRE 

need to be tested first. Considering that an appropriate amount of NaNO2 

would be helpful for CRE detection, 30 mg/L NaNO2 was added into 

D-PBS for 0−25 mg/L CRE determination using the same 

electrochemical redox protocol. 

Figure 3.9 presents the detection of 0−25 mg/L CRE in D-PBS. Two 

reduction peaks at −0.5 V and −0.15 V (vs. Ag/AgCl) are evident in 

Figure 3.9 A. The left and typical reduction peak is due to the reduction 

of dissolved oxygen and is irrelative to CRE concentration. Another 

Figure 3.9. Low concentrations CRE detection in D-PBS. A, DPV measurements of 

0−25 mg/L CRE with 30 mg/L NaNO2 in D-PBS (pH = 6.4) using a BDD electrode; B, 

Enlarge version of DPV in area of −0.3 to 0 V (vs. Ag/AgCl); C, Calibration plot of 

DPV reduction current at −0.15 V (vs. Ag/AgCl) and CRE concentrations. 
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shallower and broader reduction peak at around −0.15 V (vs. Ag/AgCl) 

was found, which was likely due to the limited CRE concentrations. This 

peak was more negative compared to that of 0−2500 mg/L CRE in 

D-PBS, possibly due to the difference in the NaNO2 amounts (Figure 3.5). 

A linear relationship between CRE concentrations and DPV reduction 

currents at −0.15 V (vs. Ag/AgCl) was established (Figure 3.9 C) with a 

R2 of 0.9973 and a LOD of 0.3766 mg/L (3.3 μM), which is lower than 

the urinary CRE level in healthy people (4.4−18 mM) [3]. This also 

illustrates the high sensitivity of bare BDD electrodes for CRE 

determination using this method. 

Two pooled urine and six individual urine samples were involved in 

the following experiments. These samples were diluted 100-fold with 

D-PBS, and 30 mg/L NaNO2 was added to the diluted urine samples for 

measurements. The same electrochemical redox procedure was then 

applied. As shown in Figure 3.10 A, only a characteristic reduction peak 

Figure 3.10. Electrochemical determination of CRE in different diluted urine 

samples. A, DPV measurements of 100-fold diluted pooled urine 1−2 (D-PU1 D-PU2), 

and diluted individual urine 1−6 (D-IU1, D-IU2, D-IU3, D-IU4, D-IU5, D-IU6) with 

spiked 30 mg/L NaNO2; B, Enlarge version of DPV in area of −0.3 to 0 V (vs. 

Ag/AgCl). 
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at around −0.5 V (vs. Ag/AgCl) related to dissolved oxygen was observed, 

with no visible reduction peak around −0.15 V (vs. Ag/AgCl) for CRE 

determination, which is mainly attributed to the complex components of 

urine samples. Although dilution was performed, the matrix effects 

cannot be completely eliminated. However, it is note-worthy from Figure 

3.10 B that the currents at −0.15 V (vs. Ag/AgCl) of these diluted urine 

samples with added NaNO2 are different from each other. These 

inconsistencies provide the potential for CRE determination by using the 

reduction current here. Consequently, the CRE concentration in diluted 

urine were calculated using reduction currents at −0.15 V (vs. Ag/AgCl) 

based on the calibration curve of 0−25 mg/L CRE determination in 

D-PBS (Figure 3.9 C). The results are shown in Table 3.3. 

 

The CRE concentrations in urine were confirmed by the 

conventional Jaffé method, and the results are shown in Figure 3.11 and 

Table 3.3. For this study, the same urine samples were employed in the 

measurements. Figure 3.12 shows the agreement between the 

Table 3.3. CRE concentrations in real urine obtained from our method and 

UV-Vis spectrometric method. 

Samples 

Calculated Concentration in Urine Samples (mg/L) 

Electrochemical Method by 

BDD Sensor 

UV-Vis Spectrometric 

Method 

PU1 489.5 500.7 

PU2 437.6 454.3 

IU1 377.5 335.3 

IU2 1042 961.7 

IU3 572.5 505.4 

IU4 1098 1129 

IU5 1988 2136 

IU6 1664 1673 
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electrochemical and the Jaffé method. As shown in Figure 3.12 A, the 

CRE concentrations determined using the bare BDD sensor were 

Figure 3.11. UV-Vis spectrophotometric detection of CRE. A, UV-Vis absorption 

spectra of 0−25 mg/L CRE with alkaline picric acid; B, Plot of light absorption at 520 

nm and CRE concentration. 

Figure 3.12. Quantification of CRE concentration in human urine. A, Comparison 

of the CRE concentration in the urine obtained from electrochemical and UV-Vis 

measurements. The solid line represents Deming regression fitted to the data 

(slope = 1.075, R = 0.9964) and the dashed line represents y = x equivalence. B, 

Bland–Altman analysis of the difference between the electrochemical and UV-Vis 

measurements (subtraction of the former from the latter) plotted as a function of the 

mean of these values. The solid grey line indicates the value of bias (that is, the mean 

difference, −3.287), whereas the dashed lines represent the 95% confidence limit (that 

is, the range of 1.96 SD; −143.8 to 137.3 mg/L). 
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equivalent to the results obtained from UV-Vis spectrometry, with a 

coefficient of correlation (R) as 0.9964. The Bland−Altman analysis 

(Figure 3.12 B) indicates a slight bias of −3.287 ± 71.71 mg/L (the 

average difference between the values obtained by two methods ± SD). 

Almost all data points fell within a 95% confidence interval of −143.8 to 

137.3 mg/L, indicating little systematic differences between these two 

methods. Although the result for individual urine 5 (IU5) fells on the edge 

of 95% confidence interval, the coefficients of variation (CV) using 

UV-Vis spectra result as the mean and electrochemical calibration data (n 

= 3) as individual data points is 8.1 % (< 15%), which is accepted as a 

standard precision level for bioanalytical assays [42]. The strong 

agreement between these two methods indicates the feasibility of using an 

easy electrochemical redox approach on a bare BDD electrode for urinary 

CRE quantification, providing a reliable and accessible electrochemical 

technique for urinary CRE POCT and healthcare accessibility.  

3.3.4 Interference Study and Limitation 

    Given the matrix effect, the influence of metabolites commonly 

found in urine also needs attention. Adding certain substances commonly 

present in urine samples to the urine can visually reveal their effects on 

the determination of urinary CRE. Therefore, 2500 mg/L (41.6 mM) urea, 

144 mg/L (0.8 mM) glucose, 100 mg/L (0.6 mM) uric acid and 88 mg/L 

(0.5 mM) ascorbic acid were directly added to PU1 for measurements, 

and the results are shown in Figure 3.13. As observed in Figure 3.13 A, 

the addition of urea, glucose, and uric acid does not influence the DPV 

response of PU1 together with 300 mg/L NaNO2. However, the current 

value of PU1 with the addition of ascorbic acid shows a decrease. Due to 

the appearance of characteristic reduction peaks at around −0.04 V (vs. 
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Ag/AgCl) in the high concentrations of CRE in D-PBS and simulated 

urine, the reduction current here of PU1 without dilution was used to 

evaluate the influence of ascorbic acid. The reduction current value at 

−0.04 V (vs. Ag/AgCl) of the sample with added ascorbic acid shows an 

approximately 21.8 % decrease (Figure 3.13 B), which is non-negligible. 

It is recommended that people who take amounts of ascorbic acid or fruits 

with high Vitamin C in a short time should be cautious, as the urinary 

CRE amount results determined by this method may be underestimated. 

The limitation of this method is summarized in Table 3.4. 

In addition, the urine of urinary tract infection (UTI) patients has a 

high potential containing NaNO2 . The NaNO2 detection range in patients’ 

urine is around 0.6−1 mg/L [45]. In our case, the urine samples were 

diluted 100 times, and 30 mg/L NaNO2 was added for CRE detection. 

There won’t be a big difference among diluted UTI patients’ urine with 

NaNO2 less than 0.03% NaNO2. 

 

Figure 3.13. Interference study of urea, glucose, uric acid (UA), and ascorbic acid 

(AA) in pooled urine 1. A, The DPV reduction current of PU1 with 300 mg/L NaNO2 

(blank) and added with 2500 mg/L urea, 144 mg/L glucose, 100 mg/L uric acid (UA) 

and 88 mg/L ascorbic acid (AA); B, Current change at −0.04 V after added with 

interference. 
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3.4 Conclusion 

In this work, an easy, rapid, accurate and non-enzymatic 

electrochemical method for the indirect and determination of CRE in 

human urine was proposed using a BDD electrode. The electrode could 

be directly used without any modification. The detection is based on CRE 

electrochemical redox reaction with NaNO2 and Cl−. Samples were 

measured with a continuous redox approach with oxidation by CA at 1.5 

V (vs. Ag/AgCl) followed by reduction by DPV. Linear concentration 

dependence was successfully established between the cathodic reduction 

currents of DPV measurements and CRE concentrations, with the LOD 

lower than the human healthy urinary CRE level. The CRE 

concentrations in different urine, calculated from the calibration curve 

built in D-PBS, exhibit good agreement with the results obtained from the 

standard spectrophotometric method based on the Jaffé reaction. This 

method could be used to quickly monitor urinary CRE concentrations, 

Table 3.4 Summary of the limitations of different methods for CRE detection 

Method Advantages Disadvantages 
LOD 

(mg/L) 
Ref 

Colorimetry 

Sensitive, easy, 

low-cost, rapid 

(15-30 min) 

Low specificity, toxic 

and explosive 

chemical 

4.0 [46] 

HPLC 
Sensitive, low 

detection limit 

High cost, 

time-consuming 

(several hours), 

sample pretreatments, 

trained personal 

0.50 [47] 

Raman 

spectrometry 

Rapid (few minutes), 

trace-level detection 

Low specificity and 

sensitivity in complex 

biological samples 

1.4 [5] 

Electro- 

chemistry 

Sensitive, fast (in 1 

min), low-cost, easy, 

bare electrode 

Interference of 

ascorbic acid 
0.38 This work 

HPLC: High-performance liquid chromatography 
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providing insights into renal functions and human physiological processes 

and supporting future health management in POCT and early diagnosis of 

diseases. However, it is worth being cautious about the high intake of 

ascorbic acid or foods containing Vitamin C in a short time before 

detection.  
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Chapter 4 Electrochemical Detection of 

Edoxaban in Human Plasma Samples Using 

a Bare BDD Electrode 
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4.1 Introduction 

Coagulation, or blood clotting, is a vital physiological response to 

internal or external injuries. However, disruptions in this process, such as 

hypercoagulation, can result in excessive blood clots, leading to vascular 

blockages and thrombosis [1, 2]. Clinically, this condition manifests 

primarily as myocardial infarction [3], stroke [4], or venous 

thromboembolism [5]. 

Anticoagulant medications are widely used to prevent or slow blood 

clot formation. They play a critical role in the prevention of thrombosis 

associated with atrial fibrillation [6], heart valve diseases [7], post-cardiac 

surgery [8], or artificial heart valve replacement. Additionally, 

anticoagulants are essential for preventing and treating deep vein 

thrombosis [9] and pulmonary embolism [10].  

Since their introduction in 2010, direct oral anticoagulants (DOAC), 

characterized by oral administration and rapid onset of action, have 

largely replaced vitamin K antagonists (VKAs) in clinical practice [11]. 

DOACs are small molecules that inhibit clotting factor Xa or thrombin by 

occupying their catalytic sites, thereby preventing substrate activation 

[12]. This mode of action provides a broader therapeutic window, reduces 

the need for stringent monitoring, and lowers the risk of drug-drug 

interactions [9, 11].  

Edoxaban (EDX) is a kind of DOACs, developed by Daiichi Sankyo 

(Japan) in 2011. It is a highly selective and direct inhibitor of clotting 

factor Xa [13, 14].  It achieves peak plasma concentration within 1–2 

hours of administration and exhibits low protein binding [15]. Unlike 

VKAs, DOACs, such as EDX, rivaroxaban, and apixaban do not require 

routine laboratory monitoring of anticoagulant activity [16]. However, 

assessing EDX plasma levels may be necessary for specific clinical 
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scenarios, including trauma, urgent or emergent surgery, thrombolytic 

therapy for recent strokes, or in patients with unique conditions such as 

extreme body weight, altered renal function, gastrointestinal 

malabsorption, suspected drug interactions, or overdose [14]. And the 

concern has emerged that the measurement of drug concentration might 

be needed to assess proper drug concentration which would prevent 

increased bleeding risk, blood clot and recurrence. 

Several laboratory methods have been developed to determine EDX 

plasma levels [17-21]. Liquid chromatography/tandem mass spectrometry 

(LC-MS/MS) methods have been developed to determine EDX plasma 

levels [15]. However, its high instrument complexity, lab-intensive 

procedures, and extended processing times hinder utility in emergencies 

and home healthcare settings [22]. Thus, alternative clinical and 

point-of-care testing strategies are needed to enhance anticoagulation 

management.  

The electrochemical method features rapid, accurate, and 

cost-effective analysis and is a promising alternative. Nonetheless, 

modified electrode surfaces designed to improve sensitivity, selectivity, 

and stability are often complex or impractical [2]. In contrast, bare 

electrodes present an economical and environmentally friendly solution 

for EDX determination. 

This study focuses on developing a simple and sensitive 

electrochemical method for determining EDX in plasma using a bare 

BDD electrode. EDX was analyzed through sequential electrochemical 

oxidation and reduction processes. Initially, 1000 nM EDX was detected 

using cyclic voltammetry (CV) across two cycles in the range of –1.0 to 

+1.5 V (vs. Ag/AgCl) with varying initial scan directions to validate the 

detection procedure. Subsequently, concentrations of 10–500 nM EDX 

were measured in phosphate-buffered saline (PBS) via electrochemical 
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oxidation using chronoamperometry (CA), followed by reduction using 

square wave voltammetry (SWV). A concentration-dependent 

relationship between the reduction current and EDX concentration was 

established. Finally, the same procedure was applied to detect 10–500 nM 

EDX spiked into plasma samples. 

4.2 Experimental  

4.2.1 Chemicals and Materials 

All chemical reagents were used directly without further purification. 

Diamond powder (~1μm) was obtained from Kemet Japan Co., Ltd. 

(Japan). Trimethyl borate (TMB) was purchased from Tokyo Chemical 

Industry Co., Ltd (Japan). Acetone was supplied by Kanto Chemical Co., 

Inc. (Japan). Phosphate buffered saline (PBS), H2SO4 (1 M), NaOH, and 

dimethyl sulfoxide (DMSO) were purchased from FUJIFILM Wako Pure 

Chemical Industries, Ltd. (Japan). Edoxaban tosylate (≥98%, HPLC) 

was purchased from Sigma Aldrich. Co. Ltd, and was dissolved in 

dimethyl sulfoxide (DMSO) for long-term storage without any 

purification. The stock solution (10, 30, 100, 300, 500, 1000 µM) was 

frozen at −30 °C until use. Before use, they were thawed to room 

temperature, and 1 μL stock solution was added into 1 mL PBS or human 

plasma for the electrochemistry measurement. Pooled human plasma was 

purchased from COSMO Bio Co., Ltd and stored at −30 °C. Before use, it 

was thawed to room temperature. 

4.2.2 Preparation of the BDD Electrode  

The fabrication of the BDD electrode followed our group’s previous 

works [23, 24] and is the same as that in 2.2.2.  
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4.2.3 Electrochemical Analysis  

Electrochemical measurements of samples were conducted using a 

three-electrode system with an ALS CH Instruments Electrochemical 

Analyzer (Model 852Cs, CH Instruments Corp., USA). Two 1% BDD 

plates were used as working and counter electrodes (0.363 cm2), and a 

saturated Ag/AgCl electrode (3 M KCl, Agar) was used as the reference 

electrode. Before measurements, the BDD and cell were cleaned in 

ultrapure water using an ultrasonic cleaner for 5 min, three times. 

Additionally, the BDD electrode surface was cleaned using a CV protocol 

in PBS, ranging from −1.5 to +1.5 V (vs. Ag/AgCl) with 40 cycles in a 

scan rate of 1V/s. EDX in PBS was measured using two-cycle CV 

measurements in the range of −1.0 to 1.5 V, with an initial potential of 0 

V (vs. Ag/AgCl), the initial direction of positive and negative, 

respectively, and the scan rate was 0.1 V/s. Before sample detection, 

anodic oxidation and cathodic reduction by CA in 1M KOH aqueous 

solution at +3.0 V (vs. Ag/AgCl) and 0.5 M H2SO4 at −3.0 V (vs. 

Ag/AgCl) for 1 min was processed on the BDD electrode to obtain the 

O/H-termination surface. EDX in PBS was detected by using CV 

measurement in the range of −1.0 to 1.5 V, with an initial potential of 0 V 

(vs. Ag/AgCl), the initial direction of positive on O/H terminated BDD, 

and the scan rate of 0.1 V/s. Then, the subsequent electrochemical 

protocol for sample detection on O-terminated BDD involved oxidation 

by CA at +1.4 V (vs. Ag/AgCl) for 30 s, followed by reduction using 

square wave voltammetry (SWV) with the potential range from 0.4 to 

−1.0 V, increment of 0.01 V, amplitude of 0.05 V, frequent of 10 Hz. The 

protocol is shown in Scheme 4.1. 
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4.2.4 Data Analysis 

Origin and Excel were used to analyze the obtained data from 

electrochemical measurements. The CRE limit of detection (LOD) value 

in PBS is calculated and described in the following equation (3)  

         LOD = 3 SD / | Slope |                         (3) 

SD is the standard deviation of the current at −0.8 V of the blank. The 

slope is obtained from the calibration curve in Figure 4.4 B. 

4.3 Results and Discussion  

4.3.1 EDX Detection in PBS   

Firstly, a two-cycle CV protocol in the range of -1.0 to +1.5 V was 

performed in 1000 nM EDX in PBS. Figure 4.1 shows different redox 

states of EDX on the electrochemical reaction. In the left panels, the 

applied potential was scanned from 0 to -1.0 V for reducing EDX directly, 

and then the potential was shifted to the positive range to +1.5 V. On the 

contrary, in the right panels, EDX was been oxidized followed by 

reduction. The cyclic voltammetry analysis of EDX was carried out twice 

(red and blue curves). For control data, PBS alone was tested (black 

Scheme 4.1 Electrochemical procedure of detection. 
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Figure 4.1 Different redox states of EDX on the electrochemical reaction. CV 

protocols of 1000 nM EDX in PBS on a BDD electrode with different initial scan 

directions: A, negative; B, positive; CV performance of 1000 nM EDX in PBS with 

different initial scan directions: C, negative; D, positive; E, F, enlarged version of C and 

D in the range of –0.8 to 0 V, respectively. Conditions: CV, potential range, –1 to +1.5 

V, initial potential, 0 V; two cycles, scan rate, 0.1 V/s.  
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curve). CV protocols with different initial scan directions of negative and 

positive were shown in Figure 4.1 A and B, respectively. As shown in 

Figure 4.1 C and D, the CV performances of either positive or negative 

initial scan did not show a response in the positive range compared with 

PBS. However, in the negative range, a peak at around –0.69 V (vs. 

Ag/AgCl) could be easily observed. The difference is that in the CV with 

a positive initial scan, the peak would be observed in both the first and 

second cycles (Figure 4.1 F). Otherwise, the peak only shows in the 

second cycle in the CV performance with a negative initial scan (Figure 

4.1 E). The results indicate that the reaction of EDX reduction requires 

the oxidised form of the compound.  

Surface termination is a popular way to modify the termination 

bonds at BDD electrodes altering their electrochemical and 

physicochemical properties. Cathodic reduction and anodic oxidation are 

used to obtain the H- and O-termination. As shown in Figures 4.2 A and B, 

in the reduction range, the CV performances of EDX on H-terminated 

Figure 4.2 CV performance of 1000 EDX in PBS on BDD electrode with different 

termination. A, H-terminated BDD; B, O-terminated BDD. Conditions: CV, potential 

range, –1 to +1.5, initial potential, 0 V; initial scan direction, positive; one cycle, scan 

rate, 0.1 V/s.  
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BDD show higher responses than those of O-terminated BDD electrodes. 

Although H-terminated BDD often exhibits higher electrical conductivity, 

the peak here may be overlaid by the reduction of dissolved oxygen. As 

could be seen in Figure 4.3, the SWV of EDX showed an apparent 

decreased peak with N2 bubbling. The results indicate the H-terminated 

BDD would be affected by the dissolved oxygen, which would increase 

the experiment error. O-terminated BDD was used for the following 

experiments to obtain a simple detection procedure for application. 

SWV offers higher sensitivity and a broad dynamic range for the 

measurement of analysts than CV. Therefore, 0-500 nM EDX were 

measured by continued oxidation of CA followed by the reduction of 

SWV. Initially, the blank with DMSO in PBS was examined (black line). 

As could be seen in Figure 4.4 A, without EDX, the DMSO and PBS 

don’t show any reduction peak in the range of −0.6 to −1.0 V (vs. 

Ag/AgCl). The reduction currents value at around −0.8 V (vs. Ag/AgCl) 

increased as the EDX concentration increased from 10 to 500 nM. Until 

the EDX concentration increases to 100 nM, a reduction peak around here 

gradually becomes obvious. A calibration curve was obtained between the 

Figure 4.3 SWV performance of EDX with N2 bubbling. SWV performance of 1000 

nM EDX in PBS on a BDD electrode after 0, 3, 6 min N2 bubbling.  
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reduction current at −0.8 V (vs. Ag/AgCl) and EDX concentration (Figure 

4.4 B) with a R2 value of 0.9930 and a LOD value of as 23 nM. The LOD 

of different techniques for EDX determination are summarized in Table 

4.1. As could be seen, compared with other techniques and electrodes, 

BDD electrode could provide more sensitive detection of EDX. These 

results extremely demonstrate the feasibility of EDX determination on a 

bare BDD electrode by this method. 

Table 4.1 Comparison of LOD obtained through analytical techniques for EDX 

determination. 

Techniques Linear range LOD Reference 

HPLC 9.1 μM – 0.36 mM 0.37 μM [25] 

Capillary Electrophoresis 46 μM – 0.23 mM 5.8 μM [21] 

Potentiometry 6 μM – 1 mM 4.2 μM [20] 

SWV, GCE 3.68 μM – 14.7 μM 0.57 μM [22] 

SWV, CPE 1.2 μM – 12 μM 0.26 μM [26] 

SWV, BDD 10 nM – 500 nM 23 nM This Work 

HPLC: High-performance liquid chromatography; SWV: square wave voltammetry; 

GCE: glassy carbon electrode; CPE: carbon paste electrode 

Figure 4.4 EDX detection in PBS. A, SWV performance of 10-500 nM EDX in PBS. 

B, Calibration plot of SWV reduction current at −0.8 V (vs. Ag/AgCl) and EDX 

concentration. 
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4.3.2 EDX Detection in Plasma 

A commercial pooled human plasma with 20 donors was used 

directly after thawing. 10-500 nM EDX was added to the sample and 

tested by the same electrochemical procedure. As shown in Figure 4.5 A, 

although no characteristic reduction peak appears, the reduction current 

value of EDX in plasma increases regularly with the addition of EDX. 

This indicates that even in complex biofluids like human plasma, BDD 

electrode is sensitive for detection, owing to BDD electrode has good 

resistance to non-specific adsorption. A calibration curve between the 

currents at –0.8 V and EDX concentration is shown in Figure 4.5 B. The 

concentration dependence indicated this method has the feasibility of 

EDX determination on a bare BDD electrode.  

4.4. Conclusion 

This work demonstrated a simple and sensitive electrochemical 

method for the determination of EDX by using a bare and reusable BDD 

Figure 4.5 EDX detection in human pooled plasma. A, SWV performance of 10-500 

nM EDX in plasma. B, Calibration plot of SWV reduction current at −0.8 V (vs. 

Ag/AgCl) and EDX concentration. 
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electrode. The BDD electrode was used directly after fabrication without 

any modification. EDX was measured in PBS only by a continuous 

electrochemical redox procedure without other reagents added. The LOD 

is 23 nM, which is smaller than other electrodes and techniques. The 

spiked EDX in human plasma were measured by the same procedure, and 

the concentration dependence indicates this method has the feasibility of 

EDX determination on bare BDD.This sustainable and low-cost method 

of plasma EDX measurement could provide reliable and constant 

monitoring of emergent anticoagulants in clinic and home health 

management. This simple electrochemical of drug detection could also 

offer a wide scope of simple and accurate monitoring of other biomarkers 

in human biofluids.  
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5.1 Summary 

This thesis aims to develop sustainable biosensing techniques using 

the electrochemical redox method for simple measurement of metabolites 

and drugs, decrease the complex modification, and reuse the electrode. In 

particular, based on boron-doped diamond (BDD) with excellent 

sensitivity, durability, and resistance to non-specific adsorption, 

target-selective determination methods have been developed.   

In Chapter 2, the study of urinary NaNO2 selective determination is 

performed without adding any other species, such as enzymes, and using 

a simple electrochemical approach with an oxidation step followed by 

reduction. In this work, we focus on the reduction potential range for the 

measurement, which is different from many previous literature reports on 

the oxidation reaction. The determination of added sodium nitrite based 

on cyclic voltammetry or differential pulse voltammetry is employed for 

two pooled and three individual urine samples. From this, the linear 

response ranges for sodium nitrite detection are 0.5−10 mg/L and 10−400 

mg/L. The results from these urine samples convert well to the calibration 

curve, with the LOD being clinically relevant. 

In Chapter 3, with a similar strategy, urinary creatinine (CRE) was 

determined on a bare BDD electrode. This measurement consists of 

continuous electrochemical oxidation and reduction of CRE with added 

reagents of Cl− and NaNO2. CRE in the range of 100−2500 mg/L and 

5−25 mg/L were detected by a similar method with added NaNO2 into 

D-PBS. This approach detected two pooled and six individual urine 

samples diluted with D-PBS and added 30 mg/L NaNO2. The calculated 

CRE results have good agreement with that obtained from the Jaffé 

method. This strategy may potentially detect urinary creatinine, which 

might be clinically valuable. 
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In Chapter 4, by using a similar oxidation followed by a reduction 

strategy, edoxaban (EDX) was determined without other reagents on a 

bare BDD electrode. The study discussed the different electrochemical 

redox states of EDX on the BDD electrode. The reduction peak for the 

determination of EDX can be observed only after the electrochemical 

oxidation process. In PBS, EDX showed a good linearity with LOD 

smaller than other electrodes and techniques. This indicates the BDD 

electrode could provide more sensitive detection. EDX in human plasma 

was measured by the same procedure, the concentration dependence 

indicates this method has the feasibility of EDX determination on bare 

BDD.  

5.2 Future Perspective 

The excellent properties of BDD have been widely explored for 

wide application. In this thesis, we successfully developed a simple 

oxidation followed by a reduction procedure by using a BDD electrode 

for metabolites and drug sensors. Certain non-electroactive chemicals 

could also be detected indirectly. This thesis takes advantage of BDD 

characteristics of providing a wide potential window, low background 

current, and good resistance for non-specific adsorption, targets in 

complex biofluids, such as human urine and plasma could also be 

selectively detected. 

5.2.1 Machine Learning Prediction 

Artificial intelligence (AI) has been successfully applied in many 

fields such as disease classification and diagnosis, treatment 

recommendation, and drug dosage determination. Physicians can use AI 

methods to analyze, model, and understand complex clinical data across a 
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variety of medical practice areas. The application of this technology in 

clinical testing and POCT offers unprecedented opportunities to expand 

access to high-quality healthcare. It is worth noting that high-quality data 

sets can provide enough training materials for the model to help the 

model better understand and learn features, thus improving the training 

quality and prediction accuracy of the model. Realizing this potential will 

require addressing several challenges, including the wider availability of 

mobile telecommunications devices connected to accurate data sources 

and sensors. 

5.2.2 Sensing on Bare BDD 

Under limited conditions, bare BDD can provide sensitive and stable 

measurements. Compared with other electrodes, BDD has good 

anti-nonspecific adsorption properties and is suitable for the measurement 

of sweat, saliva, urine, plasma, serum, and other complex substrates and 

biological fluids or high-concentration targets. In addition, for some 

non-electroactive targets, BDD electrodes with wider potential windows 

and lower background current can also be used to directly or indirectly 

measure targets. There is also a need for a clearer understanding of the 

detection mechanism. In addition to sufficient experimental validation, 

theoretical studies such as the modeling process of density functional 

theory (DFT) would be an effective method of theoretical interpretation. 

5.2.3 Point-of-care Devices   

While laboratory-level experiments and designs can work well to 

measure targets, small, wearable, or portable instruments are more likely 

to be preferred in practical applications. In addition, due to the use of 

untrained or unsupervised personnel, the simplified use process, 
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especially in pre-analysis (patient preparation, sample collection, 

identification of invalid samples) and post-analysis (documentation, data 

protection), is also an area of concern. Especially in areas far from 

laboratories, such as developing countries and economically 

underdeveloped areas, POCT analysis is clear and concise, which can 

meet medical requirements, and also has an important role in laboratory 

medicine and even overall health management in the future. 
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