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   Ürik asit klinikte gut ve hiperürisemi başta olmak üzere çeşitli hastalıkların belirteci olarak 

kullanılmaktadır. Bu nedenle serum ve gıda örnekleri gibi biyolojik numuneler hassas bir şekilde 

ölçümü oldukça önemlidir. Ürikaz (ürat oksidaz, E.C.1.7.3.3, UOx) vücutta ürik asidin allantoine 

oksidasyonundan sorumlu enzim olup özellikle in vitro ürik asit düzeyeni ölçmede yaygın 

kullanımı mevcuttur. Uygulamada ürik asit tayinine yönelik kolorimetrik, kromotografik, 

spektrofotometrik ve biyosensör temelli yöntemler mevcuttur. Bununla beraber özellikle hızlı 

sonuç veren, seçici ve kolay kullanılabilir sistemlerin oluşturulması ürik asit tayini için hala 

önemli bir ihtiyaçtır.  Bu çalışmada ürik asidin seçici ve hassas bir şekilde belirlenmesi için 

elektroeğirme ile hazırlanan membranlar içeren perde baskılı elektrotların hazırlanması, ürikaz 

enziminin immobilizasyonu ve amperometrik ürik asit biyosensörü olarak kullanılması mevcuttur. 

Bu kapsamda elektroeğirme hazırlanan membranda mekanik mukavemeti nedeniyle 

polikaprolakton (PCL, % 10) ve enzimin immobilizasyonu için amin grubu içeren 

polietilenimin’den (PEI, % 7.5) faydalanılmıştır. İki farklı membran içeren Quantum Dot Screen 

Printed Electrode (QD - SPCE) hazırlanmıştır. Bunlardan biri PCL/PEI /UOx /QD – SPCE, diğeri 

ise metilen mavisi (MB) ile desteklenmiş PCL/PEI/UOx/MB/QD–SPCE şeklindedir. Hazırlanan 

membranlar yapısal olarak FTIR, EDX ve XRD, morfolojik açıdan SEM ve hidrofiliklik açıdan 

sıvı temas açısı ile karakterize edilmiştir. Voltametrik ölçümlerde standardizasyon, PBS pH 7.4'te 

5 ve 52 µM arasında ürik asit (UA) konsantrasyonu için DPV (Diferansiyel Puls Voltametrisi) 

tekniği ile gerçekleştirilmiştir. Sonuçlar UOx/QD–SPCE için LOD:3,9619 ± 0,588 µM (R2 = 

0.9947) iken UOx/MB/QD–SPCE için LOD:1,8598 ± 0,2345 µM ( R2 = 0.9988) olarak tespit 

edilmiştir.  4 haftalık stabilite sonuçları UOx/QD–SPCE ve UOx/MB/QD–SPCE için akımdaki 

değişimi sırasıyla %92 ve %87 olduğunu göstermiştir. Ayrıca interferansları içeren karışım 

çözeltisi kullanıldığında ürik asit için akım oranları UOx/QD–SPCE ve UOx/MB/QD–SPCE 

elektrolar için sırasıyla %95 ve %82 gerçekleşmiştir.  

Sonuç olarak hazırlanmış iki biyosensör sisteminde ürik asit ölçümünde literatürdeki 

sensörler ile karşılaştırılabilir düzeyde ölçüm niteliklerine sahip olduğu tespit edilmiştir.  

 

Anahtar Kelimeler: Urikaz, biyosensor, elektroeğirme, nanofiber membran, polikaprolakton   
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Uric acid (UA) is clinically used as a marker of various diseases, especially gout 

and hyperuricemia. Therefore, precise measurement of biological samples such as serum 

and food samples is crucial. Uricase (urate oxidase, E.C.1.7.3.3, UOx) is the enzyme 

responsible for the oxidation of UA to allantoin in the body, and it is widely used 

especially in measuring UA level in vitro. In practice, there are colorimetric, 

chromatographic, spectrophotometric and biosensor-based methods for UA 

determination. However, a crucial need for determination of UA is exist, especially the 

creation of rapid results, selective and easy-to-use systems. In this study, the preparation 

of screen-printed electrodes containing membranes prepared by electrospinning, 

immobilization of UOx enzyme and its use as an voltammetric UA biosensor for the 

selective and sensitive determination of UA are available. 

In this context, polycaprolactone (PCL, 10%) was used in the membrane prepared 

by electrospinning due to its mechanical strength, and polyethyleneimine containing 

amine group (PEI, 7.5%) was used for the immobilization of the enzyme. Quantum Dot 

Screen Printed Electrode (QD - SPCE) containing two different membranes was prepared. 

One of them is PCL/PEI /UOx /QD – SPCE, the other is PCL/PEI/UOx/MB/QD–SPCE 

supplemented with methylene blue (MB). The prepared membranes were structurally 

characterized by FTIR, EDX and XRD, morphologically by SEM and voltammetric by 

water contact angle. Standardization in was performed by DPV (Differential Pulse 

Voltammetry) technique for UA concentration between 5 and 52 µM in PBS pH 7.4. 

Results were determined as LOD: 3.9619 ± 0.588 µM (R2 = 0.9947) for UOx/QD–SPCE, 

while LOD: 1.8598 ± 0.2345 µM (R2 = 0.9988) for UOx/MB/QD–SPCE. The 4-week 

stability results showed the change in current for UOx/QD–SPCE and UOx/MB/QD–

SPCE to be 92% and 87%, respectively. In addition, in the mixed interference test 

remaining current ratios for UA were 95% and 82% for the UOx/QD–SPCE and 

UOx/MB/QD–SPCE electrodes, respectively. 

As a result, it has been determined that the two prepared biosensor systems have 

comparable measurement qualities with the sensors in the literature in UA measurement. 

Key Words : Uricase, biosensor, electrospinning, nanofiber membrane, 

polycaprolactone,  
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1. INTRODUCTION 

 Certain specific target analyte from biological samples is detectable by biosensor 

with immobilized biological recognition element for example enzyme, nucleic acid, cell 

and antibody. Subsequently specific interaction between target analyte and transducer will 

generate physicochemical signal such as piezoelectric, optical and electrochemical. 

Enzymatic biosensor is constructed by three components: biological recognition element, 

transducer and signal processing system. In particular, enzymatic electrochemical 

biosensor utilizes immobilized enzyme as recognition element which carries out redox 

reaction. Consequently, electrochemical signal is released in transducer surface as output 

for example: current, voltage, resistance and superficial change. Owing to the mechanism, 

biosensor particularly electrochemical based possesses a number of advantages: 

simplicity, rapidity, low cost and sensitivity (Nguyen et al. 2019).  

As a result of purine breakdown in metabolism, uric acid (UA) is generated and 

subsequently flows in blood and urine with normal range from 0.14 to 0.4 mmol dm-3 and 

1.5 to 4.5 mmol dm-3 respectively. A number of factors lead the alteration of UA 

concentration with clinical consequences particularly age and gender. Hyperuricemia, the 

elevation of UA in blood serum leads a number of diseases such as gout, cardiovascular 

disease, Lesch–Nyhan syndrome and type 2 diabetes. In contrast, decreasing UA level 

lead neurodegenerative diseases such as Parkinson and Alzheimer diseases (Mazzara et 

al. 2021).  

 A number of existing UA measurement methods are invasive as it requires blood 

sampling. Moreover, conventional methods are time consuming, complex and is not suit 

the personal use. For example: High-performance liquid chromatography (HPLC), gas 

chromatography (GC), spectrophotometry and fluorimetry. Particularly, HPLC and 

spectrophotometric methods require sample pretreatment and harmful solvent. Hence 

electrochemical techniques has become a current trend in recent decades due to its rapidity 

and reliability. Nevertheless, the weak point of electrochemical method is low selectivity 

to analyze the target molecule. Moreover, uricase (UOx) enzyme has been utilized to 

modify the electrode for improving its selectivity (Fukuda et al. 2020).  

 Apart from enzymatic modification, polymer modification of electrode has been 

applied as both of enzyme immobilization agent and selectivity agent particularly redox 
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polymer. Moreover, mediator is also mixed in polymer composite as electron transfer 

agent. Consequently, efficient wiring of enzyme is achieved as a result of polymer 

deposition. Furthermore, electrospinning application for electrode coating has taken 

recent attention as it improves selectivity by the formation of nanopores between fibers 

(Szczesny et al. 2020). Also, Quantum dot (QD) particularly cadmium selenium (CdSe) 

has been utilized to modify electrode due to its semiconductor properties.  Subsequently, 

interaction between redox species and QD has been relied efficiently as electrochemical 

signal (Ridel et al. 2017 and Martin – Yerga et al. 2017). 

 In this following thesis, we aim to construct and research an electrochemical based 

enzymatic biosensor with UOx enzyme immobilization in PCL – PEI nanofiber and coat 

the QD SPCE to measure UA by voltammetric method.  

  



3 

 

 

2. THEORETICAL INVESTIGATION 

2.1. Electrochemical Biosensor 

Biosensor, a major breakthrough in analytical chemistry has been emerged since 

1960s and continuously developing until today. Owing to IUPAC definition, an analytical 

system is considered as biosensor as long as it incorporates biological sensing system. In 

addition, pre – separation steps and sample processing are not required in assay. 

Biosensors is classified in accordance to biological components and transducers. For 

biological components it is classified as macromolecules (enzyme, DNA and antibody), 

cell fragments (membrane and organelle) and whole cells (tissue and microorganisms). 

Meanwhile for transducers classification it consists of : electrochemical, optical and others 

(piezoelectric and calorimetric) (Monteiro and Almeida 2019).  

Electrochemical biosensor consists of three electrode system : Working (WE), 

Counter (CE) and Reference (RE) Electrode, in which analog principles from 

electroanalytical cells is developed. Moreover, the electron transfer has been widely 

utilized as a ground of electrochemical analysis that involves both of electron transfer into 

the surface of WE as well as continuing current flow into the counter electrode. Apart 

from this, a number of enzyme immobilization has been required and carried out to 

improve its selectivity and reliability. In accordance to the principle of electrode system, 

enzyme is immobilized in working electrode with certain agents (Weltin et al. 2016 and 

Taurino et al. 2016).   
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Figure 1 : General work scheme of electrochemical biosensor with distinguished types 

of molecular recognizing agents (enzyme, antibody or cell) (Campana et al. 2019) 

 

 

2.1.1. Generations of electrochemical biosensor 

Electrochemical biosensor is divided into three generations which is also consist 

of 2.5 generation. For starter, first generation biosensor relies on electron shuttle and H2O2 

as electrochemical signal from enzymatic reaction. Thereafter, second generation 

biosensor relies on oxidation and reduction of mediator for electron transport from 

enzymatic hydrolyzed species. Then, 2.5 generation carries out analysis by quasi – direct 

electron transfer as it uses both of mediators and conductive polymer surface. Meanwhile 

third generation relies on direct electron transfer between catalyzed analyte and electrode 

surface (Suzuki et al. 2020).  
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Figure 2 : Schematic work principle of Glucose oxidase enzymatic biosensor in various 

generation (Suzuki et al. 2020) 

 

 Third generation biosensor has created distinct engineering feature to enable direct 

electron transfer into the electrode surface. Consequently, protein engineering methods is 

implemented to place the active site oppositely electrode surface. Moreover, surface 

engineering is required for example interfacial technologies and carbon based 

nanomaterials. Moreover, dehydrogenase enzyme has been implemented in 3rd generation 

biosensor due to the release of FAD or PQQ. Subsequently, direct electron transfer is 

facilitated (Bollela et al. 2018).  

 One clear example, nitric oxide reductase was utilized to construct 3rd generation 

biosensor for nitric oxide detection by immobilization in multiwall carbon nanotube 

(MWCNT) / 1 – n – butyl – 3 – methylimidazolium tetrafluoroborate (BMIMBF4). 

Consequently, MWCNT and BMIMBF4 roled both as enzyme immobilization agent and 

electron transfer due to its inert properties (Gomes et al. 2019). In addition, Musameh et 

al. (2018) researched the heme silk - MWCNT as modification agent of glassy carbon 

electrode (GCE) for the detection of nitric oxide. Owing to folding properties of heme 

protein, manipulations will drive the regulation which affect the binding and electron 

release. Hence, 3rd generation biosensor is generated.  
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2.2.Enzymatic Biosensor 

In the enzymatic biosensor, it was noted that enzymatic conversion of target 

substrate (analyte) releases the electrochemical signal (Asal et al. (2018) and Campana et 

al. (2019)). Furthermore, this electrochemical signal is forwarded into the transducers; for 

example : electrochemical, optical an calorimetric transducer. Moreover, the signal is 

displayed digitally by specialized software of computer. Apart from this, incorporation of 

enzyme immobilizing materials is required to incorporate the enzyme and electrode; for 

example: carbon nanotubes, nanoparticles, polymers and chitosan for glucose oxidase 

enzyme immobilization into the screen printing electrode. One clear example, 

immobilization of horseradish peroxidase, choline kinase and choline oxidase on the 

acrylic microspheres leads the cascade reaction by releasing the detectible H2O2 as 

electrochemical signal.  

Alteration within the narrow potential window from - 1 to + 1 Volt by the regulated 

reduction oxidation reaction by oxidoreductase enzyme. Hence, electron transfer takes 

place as electrochemical signal which represent the concentration of certain biomolecules 

analytes. Lee et al. (2018) also noted that the surface functionalization within the 

instrumental design also takes a role in both of the enzyme immobilization as well as 

cavity formation to adsorb the target analytes. Apart from this, various number of 

biological molecules that is found in tears, saliva, intestinal fluid and sweat possess its 

own normal range. Hence, enzymatic biosensor is able to calculate the analytes in body 

fluid outside blood as non invasive method (Monteiro and Almeida 2019).  

Apart from this, in the review of Rocchita et al. (2016), application of 

oxidoreductase enzyme is according to the side electroactive catalysis product of 

biomolecules. One clear example, hydrogen peroxide (H2O2) which is subsequently 

cleaved into H+ as electrochemical signal. Moreover this type of enzyme also requires the 

presence of coenzymes; for example : NAD+, NADP+, NADH, NADPH, ATP, FAD, 

FADH, which regenerates the enzyme to allow the subsequent reactions. Moreover, it is 

also distinguished between first, second and third generation in accordance to the 

electrochemical signal and coenzyme. Owing to the H2O2 as redox side product, the first 

generation employs dehydrogenase coenzyme in this following equation: 
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S + E – FAD  E – FAD – S  E – FADH2 + P (1) 

E – FADH2 + O2  E – FAD + H2O2 (2) 

 

Subsequently, due to dehydrogenase reaction the NAD+ and H+ gradient is driven by this 

equation : 

S + E + NAD+ 
 S – E – NAD+ 

 E + P + NADH + H+ (1) 

NADH  NAD+ + H+ + 2e- (2)  

 

In contrast the second generation of enzymatic biosensor relies on oxidation (MOx) and 

reduction (MRed) of mediator which drives the electron flow in this following equation:  

S + E (ox)  P + E (red) (1) 

E (red) + 2 MOx  E (ox) + 2 MRed + 2H+ (2) 

2 MRed  2 MOx + 2e- (3) 

On the other hand, direct electron transfer between enzyme and electrode is driven by 

redox polymer as signal propagation. Hence the third generation has not been 

implemented widely in analysis due to development process by integrating polymer 

science and nanotechnology.  

 

 

 

 

 

 

  

 

 

 

 

 

Figure 3 : Catalase inhibition by mercury (Hg2+) as amperometric detection of Hg 

(Elsebai et al. 2017) 
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Nevertheless, Elsebai et al. (2017) emphasized that enzyme inhibition is also relied 

as principle. One clear example amperometric measurement of mercury concentration was 

constructed by mercury (Hg) inhibition of catalase hydrolysis of hydrogen peroxide 

(H2O2) in glassy carbon electrode. In accordance to the electric current release by H2O2 

presence as well as shrinking enzyme activity due to inhibition, greater concentration of 

mercury will drop the amperometric current. Therefore it was noted as percentage of 

inhibiton by this formula : 

 

𝐼 (%) =  
𝐼0 − 𝐼𝑖

𝐼0
 𝑥 100 % 

 

It is noted that I (%) is percent of inhibition, I0 as initial current and Ii as inhibition current 

in certain Hg concentration.  

Owing to the protein and enzymatic activity, Monteiro and Almeida (2019) 

emphasized the apo- enzyme form is the key of biosensor. Apo – enzyme is protein form 

of enzyme in which the catalytic activity is active. Moreover, the administration of 

prosthetic group as well as electron transfer agent is required to maintain enzymatic 

activity. In contrast, sensitive properties of enzyme particularly against temperature and 

ionic condition leads the denaturation of enzyme in which the bonds are broken. Hence, 

the integration of other methods is required which will results not only improving the 

specificity but also maintaining the enzymatic activity, for example ; nanoparticle and 

electroactive polymer enzyme immobilization.  

Artigues et al. (2017) emphasized the amperometric parameters of enzymatic 

biosensor with glucose oxidase as example. In this system, anodic current alteration is a 

signal that represents the concentration product, which proportional to analyte (substrate) 

concentration stoichiometrically. Furthermore, in amperometric biosensor blocking of 

reductive species is required to prevent contamination of analyte. In short, amperometric 

biosensor requires the several types of immobilization agent for enzyme.  
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Figure 4 : Integration scheme of enzyme modified electrochemical biosensor (Pinyou et 

al. 2019) 

 

Four major integration methods for enzyme immobilization and surface 

modifications are: functionalization, polymer modification, nanomaterials and protein 

engineering. Firstly, the polymer coating provides the cavity or pores as chemical 

interaction between enzyme and substrate as well as enzyme adsorption, notably 

electrospined nanofiber with high absorption efficiency. Secondly, large surface area and 

electrostatic interaction between enzyme and substrate of nanomaterials. Thirdly, 

protection of enzyme from environmental condition and the bond between enzyme, 

substrates and electrodes are generated by protein engineering (Pinyou et al. 2019).  

Cyclic voltammetry (CV) is widely utilized to determine the redox properties of 

analyte as prerequisite of electroanalysis as both of cathodic reduction and anodic 

oxidation potential are detectable. In accordance to the enzymatic reaction, CV is widely 

applied in enzyme inhibition assay as the electroactive species is released during 

enzymatic reaction. In their research, Alpha glucosidase enzyme inhibition detection was 

performed by CV of p – Nitrophenol measurement (Mohiuddin et al. 2016). 

Consequently, voltammgram obtained the plot of the oxidative and reduction plot is 

obtained by voltammogram.  Subsequently in accordance to Liu et al. 2017, the obtained 
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electrical potential from CV is implemented as range in differential pulse voltammetry 

(DPV) to measure the analyte concentration.  

Application of enzyme as biosensor due to its specificity catalytic activity as 

molecular recognition element. Apart from this, enzyme as catalytic protein possesses 

certain binding activity which is regulated by side chain such as lysine (ε – amino group), 

cysteine (thiol group), aspartic and glutamic acid (carboxyl group) as well as the catalytic 

activity which is regulated by charged amino acid for example: arginine, lysine, histidine, 

tyrosine, threonine and serine. Apart from this, the election of oxidoreductase class 

enzyme is applied because this class release H2O2 as the side product of biomolecules 

oxidation. Subsequently this H2O2 emits H+ which drives the electrochemical signal that 

corresponds the analyte concentration.  Apart from this, covalent bonding formation in the 

self – assembled monolayer (SAM) leads strong binding over adsorption of enzyme which 

stabile immobilization. Owing to chemical bond properties of enzyme, a number of 

chemical methods which has been applied to stabilize enzyme by immobilization for 

example : Van der Waals forces, electrostatic and hydrophobic interactions (Nguyen et al. 

2019).   

 

2.2.1. Immobilization system  

Owing to degradability and risks of enzyme against environmental factors such as: 

temperature, pH, ion concentration and denaturation; enzyme immobilization is required 

to maintain the stability and reliability. A number of goals of enzyme immobilization are: 

facilitate biocatalyst recovery, modulating selectivity – specificity and improve resistance 

against inhibitor. As a result of industrial and lab demand as well as environmental public 

policy, various materials has been employed as enzyme immobilization carrier 

particularly polymers, nanoparticles (metal or non-metal) and metal organic frameworks. 

A broad range of principle within physical and chemical has been employed as principle 

in enzyme immobilization for instance: covalent attachment, cross-linking, adsorption, 

encapsulation and entrapment. Meanwhile a number of protein properties are elected for 

immobilization design for example: conformational flexibility, isoelectric point, surface 

functional groups, glycosylation, immobilization stability, hydrophobic – hydrophilic 

regions and additives (Liu et al. 2021).  



11 

 

Apart from this entrapment method relies on capture of enzyme by a matrix cross 

– linked network. Consequently, substrate is also capable to penetrate the matrix for 

subsequent enzymatic reaction without enzyme release to outside environment. A crucial 

criteria of enzyme entrapment matrix is the capability of water absorption and swelling 

due to its hydrophilicity. One clear example, hydrogel styrylpyridine gelan gum for 

immobilization of catalase. (Monier et al. 2020). In addition, chitosan is also capable to 

conduct entrapment because of its hydrophilicity of amine groups. Hence chitosan is 

utilized to immobilized glucose oxidase (GOx) for Au – Ti electrode (Lipinska et al. 

2021).  

Covalent immobilization relies on covalent bond between enzyme carrier and non-

active site amino group of enzymes as well as it regulates accessibility of active center 

and uniform distribution. Consequently, enzyme release from its carrier is prevented as 

the presence of hydrophobic and Van der Waals interaction is nullified. Moreover, enzyme 

degradation by environmental factors is diminished (Wang et al. 2020).  

Moreover, cross – linker like glutaraldehyde is also utilized in covalent attachment 

enzyme immobilization such as trypsin into non-woven chitosan (Kim and Lee 2019). 

Owing to covalent bond, cross linker forms reversible Schiff base between amino and 

aldehyde group. A number of factors are influential in covalent immobilization of enzyme 

for example: buffer solution, pH, and incubation time and trypsin concentration. In 

addition, temperature is also influential in storage and activity stability.   

In accordance to various physico – chemical low force interactions, for example 

hydrogen bonding, ionic or mixed adsorption enzyme immobilization has been developed. 

The advantage of this method are low cost and retention of catalytic activity. In contrast, 

the major weaknesses are rapid decrease of catalytic properties, alteration of enzyme and 

weak interaction between enzyme and carrier. A number of functional groups are relied 

for adsorption immobilization notably: hydroxyl, amine and carbonyl. One clear example 

PCL–chitosan composite was researched for adsorptive tyrosinase immobilization for 

bisphenol – A degradation (Zdarta et al. 2020).  

In recent times, enzyme immobilization has been implemented in electrochemical 

biosensor to improve its selectivity and specificity. Owing to specific reaction and 

oxidoreductase property, hydrolysis of certain substrate with an enzyme will generate the 
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electron. Subsequently this electron flow will emerge as electrical current. Hence, enzyme 

immobilization into electrode is applicable by employing suitable matrix to prevent leak 

(Sharma et al. 2017). 

 

2.3. Uricase (UOx) Enzyme Based Biosensor 

 Glassy carbon electrode (GCE) was used for UOx based electrochemical 

biosensor. In the research of Omar et al. (2016), graphene oxide (GO) was applied to 

modify GCE both of improves its selectivity and surface area as well as for UOx 

immobilization agent. Hence, the LoD achieved 3.45 uM in amperometric measurement. 

Meanwhile in the research of Yan et al. (2020), nanocube cuprous oxide – ferrocene was 

utilized to modify GCE as both of UOx immobilization agent and electron mediator – 

selectivity. Hence it achieved LoD 0.0596 μM.   

Indium tin oxide (ITO) was constructed as UOx electrochemical enzymatic 

biosensor in the research of Verma et al. (2019) which also modified with Au – rGO (gold 

– reduced Graphene Oxide) nanocomposites. In this system, ITO was firstly coated with 

Au – rGO nanocomposite before covalent immobilization of UA with EDC – NHS 

crosslinker. It was also noted that nanocomposites coating acted to elevate surface area 

and enzyme immobilization agent. In addition, the LoD was 7.32 μM.  

 Apart from this, flow system in electrode was researched by Tvorynska et al. 

(2021) as UOx MCM41 mini reactor electrode. In this system, sample which contains UA 

was flowed to glass cell. Hence, sample was flowed firstly to enzymatic reactor than 

detection took place in tubular detector. Owing to 3 electrode system, tubular detector 

roled as working electrode while both of counter and reference electrode was placed in 

the edge. Subsequently, analysis was terminated by flowing the waste from the system. In 

this system, LoD was 18.5 μM.  

 

2.3.1. Uricase (UOx) enzyme 

Uricase (UOx) is oxidoreductase enzyme class which catalyzes UA into hydrogen 

peroxide and 5-hydroxyurate which subsequently transforms into allantoin. In accordance 

to enzyme nomenclature UOx is noted as 1.7.3.3 which notes as oxidoreductase (1), reacts 

with other nitrogenous compound (1.7), utilize oxygen as acceptor (1.7.3) and urate 



13 

 

hydroxylase independent factor (1.7.3.3) (Kim et al. 2016). Owing to UA as oxidation 

product of purine, UOx enzyme has been found in a number of microorganisms notably : 

Candida sp. and Aspergillus niger for  fungi and Arthrobacter globiformis , Bacillus 

fastidiosus  and Comamonas sp. for bacteria. As a result of broad range of source, a 

number of enzyme optimization parameters for UOx is different for example optimal pH, 

isoelectric point (pI), enzymatic activity, molecular mass and stability (Tvorynska et al. 

2021).  

 

 

Figure 5 : Schematic UA oxidation by UOx enzyme (Mirzaeinia et al. 2020)  

 

One clear example, UOx from Candida sp. is widely used in various experiment 

as it does not require any cofactor in enzymatic oxidation. Moreover, it shares significant 

amino acid sequences similarity with other organism UOx for example : Aspergillus flavus 

49 % , mammalian UOx 33 % , Bacillus sp. UOx 22 % and Glycine max UOx 33 %. 

Meanwhile optimum pH is 8.5 with optimum temperature 40oC (Liu et al. 2011). In 

addition, isoelectric point (pI) of Candida sp. UOx is 5.6 with stability at Borate buffer 

pH 8.5 to 9.5. Meanwhile Candida sp. UOx is strongly inhibited by Hg2+, Cu2+, Ba2+ and 

Fe3+ (Liu et al. 1994).     

Apart from this UOx enzyme is also found in vertebrates. One clear example 

Zebrafish (Danio rerio) UOx represents the evolutionary of uricolytic pathway in 

hominoids as inactivation. Owing to genomic and proteomic comparison between 

zebrafish and Macaca fascicularis, space slice mutation of phenylalanine to serine drives 

the inactivation of urate degradation pathway in hominoids. Consequently, this mutation 

drives shrinkage of catalytic efficiency that triggers further elevation of in vivo UA 
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concentration. In contrast, urotelic vertebrates particularly birds and reptiles conserves 

UOx genes by the absence of inactivating mutations (Marchetti et al. 2016). 

 

2.3.2. SPCE based UOx biosensor  

Owing to analytical reliability which is focused to electro analytical chemistry, 

miniaturization of system is required to support its reliability. One clear example, screen 

printed electrode is a current emerging analytical system which resemble the general 

electrode principle consists of working electrode (WE), counter electrode (CE) and 

reference electrode (RE). Firstly for WE it requires conductive inert carbonaceous 

materials for example : carbon black, carbon nanotube and graphene. Meanwhile RE 

requires fixed stable potential such as Ag and AgCl. In addition, CE roles to close the 

current circuit of electrochemical system by employing inert materials notable Pt or Au 

(Cinti et al. 2017, Antuna – Jimenez et al. 2020 and Gonzalez – Sanchez et al. 2018).    

 

 

 

 

 

 

 

 

 

 

 

Figure 6 : Schematic of Screen Printed Carbon Electrode (Krampa et al. 2017) 

 

A broad range of carbon graphite derived materials has been utilized as working 

electrode (WE) which is classified by its texture and structures for example : adsorptive 

carbon, carbon nanotube and graphene oxide. In accordance to sp2 hybridization and 

presence of hexagonal layers in carbon atoms, the subsequent formation of intercalated 

covalent and pore form which leads to higher specific surface area. Owing to Freundlich 
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and Langmuir adsorption isomer against 2,4-D herbicide, it was noted from highest to 

lowest was carbon nanotube, adsorptive carbon and graphene oxide. Apart from this the 

consecutive order from highest to lowest was also exhibited for current intensity of 2,4-D 

herbicide DPV analysis (Kusmierek et al. 2021).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 : Metal modification of screen printed carbon electrode (Antuna – Jimenez et 

al. 2020) 

 

In the review of Antuna – Jimenez et al. (2020), it was emphasized that SPCE is 

modifiable by metal to improve its conductivity.  Four major methods in metal 

modifications of working electrode are : electrodeposition, ink mixing – printing, metal 

nanoparticle modification and dropcasting. A number of common metals for 

modifications for example : copper, nickel, gold, silver, platinum and bismuth. Ink mixing 

– printing process is initiated by the mixture of conductive carbonous material ink with 
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metal nanoparticles notably : gold, silver, platinum and iridium. Subsequently metal 

modified carbon working electrode exhibits higher analytical reliability by 

interconnection of metal – carbon particles, higher electron transfer and lower resistance. 

Drop casting method is the easiest as it only requires the optimization of final dropcasted 

concentration into WE by relying on metal nanoparticle concentration in dispersion and 

drop size. In contrast, agglomeration is the only major weakness as metal nanoparticle 

aggregates in drying with microparticulated appearance. Consequently, catalytic 

performance and subsequent conductivity is improved by the metal – carbon center 

improvement of electroactive area. One of the most advanced methods is electrodeposition 

of metal nanoparticles which relies on reduction of oxidized species that tailor – made 

metal nanoparticles is obtained by fixed potential or current. A number of usual salts for 

example : AgNO3 (silver nanoparticle), HAuCl4 and AuCl3 (gold nanoparticle) and CoCl2 

(cobalt nanoparticle).  

In correlation to carbon microporosity as current approach in electrochemical 

analytical reliability, it is crucial as the less than 1 nm diameter enables selectivity of tiny 

analytes particularly protons in broad infra. Consequently, a number of advanced carbon 

has been developed to improve its microporosity for example : tailored microporous 

carbon, nano dot carbon, pyrolytically produced carbon and heterocarbon. Owing to pH 

and ionic alteration in electrochemical analysis, capacitive switching is enabled by 

microporous nanocarbon. Subsequently voltammetric impedance pH response is also 

developed as current signal output. (Hernandez et al. 2017).  

 Screen – printed carbon electrode (SPCE) enables miniaturization of 

electrochemical biosensing in various analyte such as UA. Subsequently, this SPCE with 

graphite carbon is proper to be integrated with polymer such as 4 – amino – salicylic acid 

(4 – ASA) as both of coating and UOx immobilization agent as well as Prussian blue 

mediator. Consequently, mediator will improve the sensitivity. Hence the selectivity is 

elevated to analyze UA with LoD 3.5 μM for UA detection in urine (da Cruz et al. 2017).  

 In addition, cationic polymer is also applicable for SPCE coating to improve 

selectivity of enzymatic UA detection. One clear example: PVA – SbQ (poly (vinyl 

alcohol) N – methyl – 4(4’-formylstyryl) pyridinium methosulfate acetal) was 

implemented by RoyChoudhury et al. (2018) to modify SPCE. Moreover, cationic 
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polymer was also capable to entrap the electron mediator such as Ferrocene carboxylic 

acid (Fca). Hence UOx was immobilized in this polymer and the electrochemical system 

was capable to detect UA from sweat and wound band by CV. Subsequently, the LoD was 

12 μM with sample recovery 104 – 107 %.  

 Apart from this, SPCE was also applicable for enzyme immobilization with the 

absent of polymer while mediator presence. In the research of Piermarini et al. (2013), 

UOx enzyme was immobilized directly into SPCE by the assist of glutaraldehyde as 

crosslinker. Moreover, Prussian blue was applied as mediator. Hence, it achieved LoD as 

10 μM for blood serum UA detection.  

Owing to practical application and manufacturing, Jirakunakorn et al. (2020) 

fabricated the UOx biosensor as homemade SPCE. Subsequently, SPCE was coated with 

Prussian Blue and modified with chitosan - graphene composite cryogel for UOx enzyme 

immobilization. Hence, it achieved LoD as 2.5 μM in the Flow Injection Amperometry 

analysis.  

 

2.4. Electrospinning 

Electrospinning the recent growing manufacturing method of polymer 

nanocomposite has taken broad attention as its capability to accommodate certain crucial 

properties such as: fibrous structure, mechanical properties, biocompatibility and 

biodegradation. Owing to the principle, electrospinning employs four major parts: syringe 

containing polymer solution, metallic needle, power supply and metallic collector. As a 

result of electrical flow into polymer by passing through metallic needle, subsequent 

instability of polymer solution by induction alteration is happened. Simultaneously, 

surface tension opposing force is also generated which subsequently drives the reciprocal 

repulsion and polymer flow in the electric field direction. Furthermore, deformation of 

spherical droplet is led by conical shape generates the subsequent ultrafine nanofiber in 

metallic collector. Finally, nanofiber is generated by cohesive forces with whipping 

motion which enables sliding and stretching of each polymer chains (Haider et al. 2018).  
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Figure 8 : Work scheme of electrospinning (Hussain et al. 2021) 

 

Manipulation of a number crucial parameters such as: alternating current, applied 

voltage, alternating current and incorporation of porous materials will modify the fiber 

homogeneity, diameter, morphology and porosity. Moreover, size and morphology of 

electrospin fibers is also controlled by electrospinning setup parameters, polymer solution 

properties, and ambient conditions. Also, tiny diameter fiber which is less than 1 um to 

nanometers is fabricated efficiently by the variation of polymer concentration, feeding 

rate and applied voltage. In contrast, low viscosity polymer mixture will generate fiber 

with beads with non-uniform length (Hussain et al. 2021).  

Major crucial parameters in electrospinning are divided into 3 groups: solution, 

processing and ambient parameters. Firstly, solution parameters consist of solvent 

volatility, polymer concentration, viscosity and molecular – weight branching. It is widely 

noted that higher polymer concentration with higher viscosity leads increase of fiber 

diameter and electrospinability. In addition, solvent volatility determines wet or dry 

electrospinning as well as linear polymer facilitates entanglement. Secondly processing 

parameters for example: collector type, spinning distance, applied voltage and flow rate 
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determines the fiber alignment as well as beading and continuity of fiber. Thirdly ambient 

parameters for instance: humidity, temperature and air flow which lead solvent 

evaporation rate with subsequent stability of polymer fiber. (Angel et al. 2022). 

In accordance to solvent in polymer electrospinning, miscibility is important factor 

in polymer and its solvent mixture election. It is widely noted that the blend with the 

absence of separation phase enables the mixture for further electrospinning. In contrast, 

similar viscosity with polymer immiscibility in solvents generate subsequent 

electrospinned inner core and outer sheath layer of nanofiber (Voniatis et al. 2021). 

  

2.5. PCL – PEI  

 

 

 

Figure 9 : Chemical structure of PCL (Das et al. 2020) 

  

Owing to the existence of carboxyl and alkyl group of polyester notably PCL, 

biocompatibility, biodegradability as well as sufficient mechanical strength are exhibited. 

Moreover, the oxygen electron of PCL carboxyl group is capable to form hydrogen bond 

with another polar polymer such as: N-H and O-H. Subsequently, ester bonds of PCL are 

breakable by the addition of formic acid during electrospinning in mixing with other polar 

polymers (Das et al. 2020).  

In the research of Wei et al. (2020) it was emphasized that PCL is reliable as 

nanofibers and nanoparticle carriers by relying its hydrophobic core as core of micelle 

environment. Apart from this, Baker et al. (2016) carried out Atomic Force Microscopy 

analysis which confirmed a number of distinct mechanical properties of PCL notably 

elasticity and mechanical strength.  Furthermore, electrospin PCL exhibited strong 

anchoring capacity with fiber diameter 440 to 1040 nm. In addition, the molecular weight 

of PCL is MW = 120,000 – 300,000 gram/ mol with consecutive maximum strain values 
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40 %, 100 % and 200 % for 10 wt %, 12 wt % and 14 wt % of PCL. Additionally, 

incremental stress – strain curves showed total tensile modus 62 MPa and elastic tensile 

modus 53 MPa.  

Owing to PCL degradability, Nguyen et al. (2022) reported that PCL based 

nanofiber prosthesis drives the fibronectin alteration as Atomic Force Microscopy (AFM) 

result. In terms of mechanical and thermal properties alteration during PCL degradation 

in fibronectin tissue, Mn and Mw decreased while Tm increased. Moreover, this 

degradation process is in accordance to semi crystalline biodegradable polymers at less 

amorphous zone level with greater crystallinity. Furthermore, in physiological conditions 

PCL degradation took place by the generation of –COOH and –OH group as a result of 

macromolecular chains scission.   

A number of study reported the hydrophobicity of PCL which requires the 

alteration and improvement of hydrophilicity by the addition of other polar polymers. One 

clear example is ionic pH responsive polymer names Polyacrylic Acid (PAA) that 

functioned as ion donor. Apart from these polar polymers which possesses hydrogen bond 

has been also utilized to modify PCL and upgrades its hydrophilicity for example: 

Polyvinyl alcohol (PVA), polyethylene glycol (PEG) and polylactic acid (PLA) (Huang 

et al. 2021).   

Meanwhile, PCL is also capable to be integrated as polymer mixture with protein 

or nitrogenous charged polymer in electrospinning to improve its hydrophilicity. One clear 

example, collagen is electrospinned as biocompatibility scaffold in artemisinin delivery 

by Huo et al. (2021). Also, Bigham et al. (2021) reported the use of silk fibroin as 

composite with PCL for bone tissue regeneration. Another example, Wang et al. (2019) 

reported that the improvement of nanocarrier capacity was achieved by the construction 

of PCL – PEI nanocomposite as PEI drove the higher hydrophilicity.  
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Figure 10 : The Structure of PEI (Miyazaki et al. 2017) 

 

PEI is polymerized by its ethylene imine monomer which consist of ethylene and 

imine group. Owing to the polarity of imine group, interlayer electrostatic interaction is 

indicated by the existence of several following dissociation constants (pKa): pKa1: 9.0 

(primary amine), pKa2 : 8.0 (secondary amine) , pKa3 : 6 – 7 (tertiary amine). 

Subsequently, most of the amine groups are protonated at pH between 5 and 6. In addition 

PEI is capable to form hydrogen bonding by using its imine group (Miyazaki et al. 2017).     

As a polyelectrolyte, PEI exhibits distinct properties as charge is bear along the 

backbone unlike other polyelectrolytes which bears in side chain. Consequently, 

protonation of all amines drives the diminishing of Bjerrum length as well as Coulombic 

potential which consequently increase its protonation level. Meanwhile, protonated 

fraction α alters from 0.2 in pH > 7 to 0.9 in pH below 3. Owing to solubility, PEI dissolves 

difficultly in alkali solution while unprotonated PEI has slight application (Gallops et al. 

2019). 

Previously Argaman et al. (2021) researched the PEI as stabilizing compound in 

Aldehyde Dehydrogenase (ALDH) immobilization into clay. Owing to branched positive 

charge of PEI, it was elected to create bridge between negative charged clay and protein. 

Furthermore, it is capable to maintain enzymatic activity during immobilization as a result 

of electrostatic interaction between PEI and protein which creates water – saturated 

casing. Consequently, PEI has been employed in various biotechnology methods for 

example: protein precipitation, immobilization agent, delivering vector of 

oligonucleotides and plasmids, thermal stabilizer of solution on solid surfaces.  
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Galliani et al. (2019) emphasized that pure PEI exhibit positive charge by its zeta 

potential was + 42.7 mV with hydrodynamic diameter 279 nm. Subsequently, positive 

value of zeta potential was retained by PEI during further immobilization of superoxide 

dismutase (SOD) enzyme which zeta potential was + 38 mV and encapsulation efficiency 

was 63 % and activity yield was 29 %. Moreover, addition of bovine serum albumin (BSA) 

also elevated PEI zeta potential to + 48 mV. Hence, cationic polymer delivery of SOD 

was created by relying on the principle of proton sponge capability which lead endocytosis 

– endosomal escape.  

 

2.6. Aim of Thesis 

UA is crucial molecule to detect uricemia either hyperuricemia or hypouricemia 

diseases. Hence it is important to conduct research for the development of UA biosensor 

system. In practice, there are colorimetric, chromatographic, spectrophotometric and 

biosensor-based methods for UA determination. However, there is still an important need 

for the determination of UA, especially selective and easy-to-use systems. In this thesis, 

the preparation of screen-printed electrodes containing membranes prepared by 

electrospinning, the immobilization of UOx enzyme and its use as a voltammetric UA 

biosensor for the selective and sensitive determination of UA are available. 
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3. MATERIALS AND METHODS 

3.1. Materials Used in Thesis 

In the content of this study, materials used in research were given Table 3.1. 

Table 3.1 : Materials used in research  

Material  Properties Manufacturer 

Uric Acid (UA) >99 % Acros Organics 

Uricase (UOx) Enzyme >99 % Sigma Aldrich 

Polycaprolactone (PCL) Mn 80,000 Aldrich 

Polyethylene Imine (PEI) Mw 10,000 99 % Alfa Aesar 

Dimetheyl Formamide (DMF) >99 % IsoLab 

Chloroform (CHCl3) >99 % IsoLab 

Methylene Blue (MB) >99% Carlo Erba 

Glutaraldehyde (GA) 25 % in aqueous Sigma Aldrich 

Dopamine >99 % Alfa Aesar 

Glucose >99 % Merck 

Lactic Acid >99 % Sigma Aldrich 

Urea >99% Merck 

Ascorbic Acid >99 % Sigma Aldrich 

CdSe QD SPCE WE : Carbon – QD CdSe 

CE : Platinum (Pt) 

RE : Silver (Ag) 

Dropsens 

 

3.2. Instruments Used in Thesis 

 

In the content of this study, instruments used in research were given Table 3.2. 

Table 3.2 : Instruments used in research  

Instrument (Manufacturer) Institution / Organization 

Iviumstat Electrochemical Device (Ivium) Inonu University, Lab Biochemistry – 

Biomaterials, Department of Chemistry, Faculty of 

Science and Literature 

Electrospinning Device (NS1 Nanospinner) Inonu University, Lab Biochemistry – 

Biomaterials, Department of Chemistry, Faculty of 

Science and Literature 
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UV – Vis Spectrophotometer (Shimadzu) Inonu University, Lab Biochemistry – 

Biomaterials, Department of Chemistry, Faculty of 

Science and Literature 

Water Bath (Wise Bath) Inonu University, Lab Biochemistry – 

Biomaterials, Department of Chemistry, Faculty of 

Science and Literature 

Electronic Balance (Sartorius) Inonu University, Lab Biochemistry – 

Biomaterials, Department of Chemistry, Faculty of 

Science and Literature 

FTIR (Perkin Elmer) Inonu University, Lab Physical Chemistry, 

Department of Chemistry, Faculty of Science and 

Literature 

Contact Angle Inonu University, Lab Physical Chemistry, 

Department of Chemistry, Faculty of Science and 

Literature 

XRD Inonu University, Integrated Laboratory IBTAM 

EDX Inonu University, Integrated Laboratory IBTAM 

SEM Inonu University, Integrated Laboratory IBTAM 

 

3.3.Methods Applied in Thesis 

 

3.3.1 PCL – PEI Electrospinning 

PCL 10 % and PEI 7.5 % was mixed in Dimethylformamide (DMF) and Chloroform 

(CHCl3) 1:3 for overnight mixture. Subsequently electrospinning was carried out for this 

mixture with following parameters: Applied voltage 15 kV, Flow rate 1 mL per hour, 

distance 15 cm and spinning time 10 minutes. Electrospinned PCL – PEI nanofiber was 

divided into two groups: without and with methylene blue 0.05 mM (Wang et al. 2019 

with modification).  

 

3.3.2. Enzyme Immobilization 

Electrospinned PCL 10% - PEI 7.5% was cut 1 x 1 cm for treatment with 0.1 % 

Glutaraldehyde (GA) in 37oC for 1 hour. Subsequently the cut membrane was washed 

with 0.05 M PBS pH 7.4 to remove the excess GA before incubation overnight with 4 U 

/ mL UOx enzyme (Zaak et al. 2017 and Zdarta et al. 2020).  
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3.3.3. Enzyme Assay  

UOx activity was tested by UV Vis spectrophotometry in 293 nm in accordance to the UA 

absorbance with substrate incubation at 10 minutes in 40oC (Mirzaeinia et al. 2020).  

 

3.3.4. Polymer Characterization 

Polymer, before and after immobilization were scanned by FTIR in spectral range 4000 – 

400 cm-1 at 4 cm-1 spectral resolution. Thereafter, spectra were recorded (Kowalczuk and 

Pitucha 2019).  

SEM was carried out in accordance to the method of (Ding et al. 2021), by applying 

magnifications 5000 and 20.000 times with 20 kV potential. Polymer fiber both of before 

and after immobilization are scanned. Samples were also coated with gold and palladium 

nanoparticle. 

EDX was carried out with 3 mA , 20 kV applied voltage with 125 eV Bruker detector in 

400 μm  analysis area (Hernandez – Ibanez et al. 2022). 

XRD analysis was carried out in CuKα radiation source with 2 θ range from 10 to 90o , 

kV , wavelength 1.54 Å  and scan speed 2o per minute (Degorska et al. 2021).  

 

3.3.4.a. Contact Angle 

Contact angle measurement was carried out with method of Dufay et al. (2021) which 

utilized PCL based nanofiber. Firstly, polymer film was dropped by 3 μL and incubated 

30 seconds to measure the contact angle optically and digitally by image processing. 

Measurements were carried out in 25oC with triplicate.  

 

3.3.4.b. Swelling  

Swelling behavior was tested in accordance to the method of Le et al. (2022). Firstly, 

polymer with size 1 x 1 cm was soaked at PBS buffer pH 7.4 in 37oC for 15 minutes in 

one hour. Thereafter excess water was absorbed by tissue and soaked polymer is weighed. 

Finally, it was calculated with equation below, Wo is initial weight while Wt is weight 

after soaking.  
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𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =  
𝑊𝑡 − 𝑊𝑜

𝑊𝑜
 𝑥 100 % 

 

3.3.5. Voltammetric Method 

 

3.3.5.a. CV of K3[Fe(CN)6] 

CV of QD SPCE (CdSe) was performed in 5 mM K3[Fe(CN)6] for both of Bare QD 

SPCE, PCL/PEI/ UOx/QD SPCE and PCL/PEI/MB/UOx/QD SPCE with scan rate 10 to 

100 mV per s. Thereafter linearity relationship was plotted between square root of scan 

rate (x) and peak current (y) which consisted of Cathode peak current and Anode peak 

current separately. By employing this method, the usability of electrode was examined 

(Aoun 2017). Furthermore, Randles – Sevcik equation was utilized to obtain 

electroactive area (A) and Ipa/Ipc (Peak current anode and cathode ratio) from the peak 

(Kanso et al. 2017).  

 

3.3.5.b. DPV Standardization of UA  

Both of PCL/PEI/ UOx/QD SPCE and PCL/PEI/MB/UOx/QD SPCE were utilized for 

DPV of UOx solution in 0.05 M PBS pH 7.4 between 5 and 52 μM concentration with 

standard addition. DPV was carried out with baseline subtraction, which employed 

parameters : E start : - 0.1 V, E end = 0.8 V , Pulse time 50 ms , pulse amplitude 30 mV, 

E step 10 mV and scan rate 50 mV per s. Also, pretreatment was carried out for 3 minutes 

due to enzymatic reaction. Meanwhile, linear for DPV curve relationship was plotted as I 

peak current (in μA) for y and analyte concentration (in μM) as x (Merlos Rodrigo et al. 

2017 and Gonzalez – Costas et al. 2020).   

 

3.3.5.c. Storage Stability Test 

Storage stability test was carried out in accordance to the method of Topsoy et al. (2022) 

and Marquitan et al. (2020) with modification by utilizing 30 µM UA (median 

concentration) in DPV measurement once a week in a month.  
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3.3.5.d. Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) was carried out in accordance to the 

method of Castano – Guerrero et al. (2021) and Riedel et al. (2017) which involved 

frequency range 0.01 Hz – 100 kHz ; value per decade 10 , number of frequency 50, 

amplitude 10 mV and constant potential start at 0.2 Volt.  

 

3. 3.5.e. Interference Test 

Interference test was carried out in accordance to the method of Wang et al. (2021) with 

modification. UA 30 µM was measured simultaneously with the mixture of interference 

which consisted of Lactic Acid 250 µM, Glucose 1 mM, Ascorbic Acid (AA) 250 µM, 

Dopamine 10 µM and urea 250 µM.  
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4. RESULTS 

4.1. Characterization of PCL/PEI nanofibers  

4.1.1 Surface morphology 

The surface morphology and diameter of the PCL/PEI nanofibers was confirmed 

by SEM analysis before and after the enzyme immobilization process. The nanofibers 

were prepared at 10%, 7.5% and 5% PEI by weight of PCL concentration. From the results 

obtained, it was found that the PCL/5%PEI solution did not produce a uniform nanofiber 

without beads. In contrast, PCL/10%PEI showed bead structure nanofibers, owing to the 

cationic property of PEI that drives solution conductivity. As seen, PCL/7.5%PEI 

nanofibers were found that the nanofibers had almost the same diameter, positioned 

randomly, smooth and bead-free. Therefore, PCL/7.5%PEI nanofibers were chosen for 

UOx immobilization (Figure 4.1A ). Also, the diameter of the PCL/7.5%PEI nanofibers 

was in the range of 150–400 nm. SEM images of UOx immobilized PCL/PEI nanofibers 

were given in Figure 4.1B. After immobilization, the structures of the nanofibers did not 

change and the average diameters were around 400–600 nm. The reason for the increase 

in diameter of nanofibers after immobilization can be explained by the amount of 

immobilized enzyme on the surface (Mirzaei et al. 2020). 

In addition, the SEM images in Figure 4.2A-B show that the PCL/PEI/MB 

nanofibers have a fibrous structure with a fiber diameter between 300-500 nm, and the 

fibers are long, thin and smooth surfaced. On the other hand, PCL/PEI/MB/UOx 

nanofibers exhibited a bead-free, randomly oriented, continuous and rougher structure 

with a diameter of about 500-600 nm (Figure 4.2.C, D). The above-mentioned results 

indicate that UOx was successfully immobilized on the whole PCL/PEI/MB surface. 
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Figure 4.1 : SEM images of (A) PCL/PEI, and (B) PCL/PEI/UOx nanofibers  
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Figure 4.2 : SEM images of (A, B) PCL/PEI/MB, and (C, D) PCL/PEI/MB/UOx 

nanofibers at different magnifications. 

 

4.1.2. FTIR analysis 

FTIR spectra of pure PCL, pure PEI, PCL/PEI nanofibers, PCL/PEI/UOx 

nanofibers is displayed in Figure 4.3. The FTIR spectrum of pure PCL shows 2945 cm-1 

(asymmetric –CH2 stretch), 2886 cm-1 (symmetric –CH2 stretch), 1724 cm-1 (carbonyl 

stretch), 1293 cm-1 (C–O and C–C stretching) and 1162 cm-1 (symmetric C–O–C   

stretching) bands. Pure PEI exhibits wideband N–H stretching vibrations at 3500 cm-1 and 

2803–2930 cm-1 which represented aliphatic C–H vibrations. In addition, N–H vibrations 

of primary and secondary amino groups is indicated by two strong bands at 1594 cm-1 and 

1448 cm-1, respectively. Meanwhile, the peaks at 1306 cm-1 and 1047–1120 cm-1 are 

associated with C–N peak stretching (Decarpigny  et al. 2021). For the PCL/PEI 
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nanofibers, the characteristic peaks are observed in corresponding to the C–H stretching 

vibrations at 2942 and 2866 cm−1, C=O stretching at 1723 cm−1, C–O and C–C stretching 

at 1293 cm−1, asymmetric C–O–C stretching at 1239 cm−1, symmetric C–O–C stretching 

at 1165 cm−1, and the N–H vibrations at 1576 cm–1, and 1461 cm–1. These characteristic 

peaks remained significantly unchanged, implying that immobilization of UOx did not 

destroy the structural integrity of PCL/PEI nanofibers. However, C=O stretch vibrations 

of peptide linkages produced by amide I protein are appeared at 1640 cm−1 after 

immobilization of UOx. These results indicated that the successful binding of UOx onto 

PCL/PEI nanofibers. 

 

Figure 4.3 : FTIR spectra of pure PCL, PEI, pure PCL/PEI nanofibers and PCL/PEI/UOx 

nanofibers. 

 

Moreover, the FTIR spectra of pure MB, PCL/PEI/MB nanofibers and PCL/PEI/MB/UOx 

nanofibers are shown in Figure 4.4. The FTIR spectrum of PCL/PEI/MB nanofibers 

showed the main characteristic bands of PCL/PEI and MB as aforementioned reported. 

The absorption bands at 3059, 2923 and 2846 cm–1 (CH3 stretching vibrations of 
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dimethylamino groups), 1593 cm−1 (C=N and C=C vibrations), 1490 cm−1 (C–N 

vibrations), 1390 cm−1 (C=S+ stretching vibrations) and 1332 cm−1 (C–N stretching 

vibrations) are assigned to MB. By comparing with the spectrum of PCL/PEI/MB 

nanofibers, it was found that in PCL/PEI/MB/UOx nanofibers, higher absorption at 3367 

cm−1 was observed because of immobilization of UOx. In addition, the typical vibration 

absorption peaks of N–H shifted to 1641 cm−1 from 1657 cm−1. These changes confirmed 

that UOx was successfully immobilized on surfaces of PCL/PEI/MB nanofibers. 

 

Figure 4.4 : FTIR spectra of pure MB, PCL/PEI/MB and PCL/PEI/MB/UOx nanofibers. 

 

4.1.3. EDX analysis  

  The chemical composition of the PCL/PEI, and (B) PCL/PEI/UOx nanofibers was 

determined by EDX, as shown in Figure 4.5. The EDX pattern of PCL/PEI is mainly 

composed of only carbon (C), nitrogen (N) and oxygen (O) elements (Figure 4.5A). In 

addition, no new peaks related to other elements were detected after immobilization, 

however, the increased intensity of C and N content confirmed the successful 
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immobilization of UOx (Figure 4.5B). Moreover, the chemical composition of the 

PCL/PEI/MB, and PCL/PEI/MB/UOx nanofibers was further confirmed by EDX analysis 

(Figure 4.6). Figure 4.6A indicated the presence of elements C, N, O, sulfur (S) and 

chlorine (Cl) for EDX pattern of PCL/PEI/MB nanofibers. The presence of S, and Cl was 

due to using MB. Similarly, intensity of C, N and O content increased because of protein 

backbone after UOx immobilization (Figure 4.6.B). Therefore, it can be assumed that UOx 

was immobilized onto the surface of the PCL/PEI, and PCL/PEI/MB nanofibers. 

 

Figure 4.5 : EDX spectra of (A) PCL/PEI, and (B) PCL/PEI/UOx nanofibers.  
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Figure 4.6 : EDX spectra of (A) PCL/PEI/MB, and (B) PCL/PEI/MB/UOx nanofibers.  

 

 

4.1.4. XRD analysis 

 

Figure 4.7 shows the XRD patterns of the PCL/PEI, PCL/PEI/UOx and 

PCL/PEI/MB/UOx nanofibers. The intensities of diffraction peaks at 2θ = 21.52° and 

2θ = 23.86° assigned to the semi-crystalline structure of PCL/PEI. However, the 

immobilization of UOx led to a reduction in the intensity of all characteristic peaks that 

could result from the interaction of the PCL/PEI nanofibers with the enzyme, which is 

similar to that reported previously (Ates et al. 2018 and Monier et al. 2018).  
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Figure 4.7 : XRD patterns of PCL/PEI, PCL/PEI/UOx and PCL/PEI/MB/UOx 

nanofibers. 

 

4.1.5. Swelling ratio and water uptake 

The equilibrium swelling ratio and water uptake results of the PCL, PCL/PEI and 

PCL/PEI/MB nanofibers are shown in Figure 4.8A. As expected, the addition of PEI 

increased the swelling ratio of the nanofibers from 41.7% to 322.8%. Because PEI is more 

hydrophilic than PCL, which is hydrophobic, blending these two polymers increased 

wettability. The swelling ratio (~763%) of PCL/PEI/MB nanofibers was higher than that 

of PCL/PEI nanofibers. This is because the presence of MB increases the spacing between 

the chains, which improves the penetration of water molecules into the nanofiber mesh, 

and as a result, the swelling rate increases. A similar scenario was observed for water 

uptake measurements. The water uptake abilities of the PCL, PCL/PEI and PCL/PEI/MB 

nanofibers are shown in Figure 4.8B. The nanofibers of PCL/PEI and PCL/PEI/MB 

absorbed water molecules up to ~75 and ~88%, respectively, which indicated addition of 

PEI and MB could improve water uptake behavior of nanofibers. Increased water uptake 
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of nanofibers could be due to hydrogen bonding among polymeric chains and water 

molecules (Le et al. 2022 and Mezhuev et al. 2021). The results obtained were confirmed 

by water contact angle measurements. 

 

Figure 4.8 : Swelling ratio and water uptake of PCL, PCL/PEI and PCL/PEI/MB 

nanofibers. 

 

4.1.6. Water contact angle (Wettability) 

Wettability was determined by water contact angle measurement of the PCL, 

PCL/PEI and PCL/PEI/MB nanofibers. (Figure 4.9). As a result of PCL hydrophobicity, 

it exhibited contact angle 101.12 ±10.10o. However, the water contact angle of the 

PCL/PEI nanofibers decreased to 38.68 ± 4.94◦, due to the hydrophilic nature of the PEI. 

Similarly, with the addition of MB to PCL/PEI nanofibers, the contact angle was greatly 

reduced to 19.07 ± 0.76◦. This result shows that the addition of MB leads to an increase 

in surface wettability for electrospin nanofibers. 
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Figure 4.9 : Water contact angles of the PCL, PCL/PEI and PCL/PEI/MB nanofibers. 

 

4.2.Enzyme Immobilization 

4.2.1. Glutaraldehyde concentration  

Glutaraldehyde as a crosslinking agent is generally used in intramolecular and 

intermolecular crosslinking reactions. However, excessive cross-linking can cause 

aggregation, precipitation, loss of activity and disruption of the internal dimensional 

structure of the enzyme structure. Therefore, optimization of glutaraldehyde concentration 

is an important parameter for enzyme immobilization. The effects of glutaraldehyde 

concentration on the activity of UOx were investigated at 0%–5% (Figure 4.10). As a 

result of the binding between the amine groups of PEI and UOx, the highest enzyme 

activity was obtained when the glutaraldehyde concentration reached 0.25%. A significant 

decrease in the activity of immobilized UOx above 0.25% glutaraldehyde was observed. 

This reduction is probably due to excess glutaraldehyde, which can cause unavoidable 

chemical modification and denaturation effects (Shui et al. 2020 and Arana – Pena et al. 

2020).  
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Figure 4.10 : The effect of glutaraldehyde ratio on the immobilization of UOx. 

 

4.2.2. Enzyme concentration  

In immobilization studies, it is essential to find the necessary enzyme concentration to 

immobilize. Figure 4.11 shows the effect of enzyme concentration on immobilization of 

UOx. Maximum activity was attained at 4 U of UOx/mL. However, further increasing the 

UOx concentration above the optimum level led to an increase in diffusion limitation and 

steric hindrance, resulting in a decrease in enzymatic activity. Similar observations were 

reported by several authors (Santiago – Acros et al. 2021 and Zdarta et al. 2020). 
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Figure 4.11 : The effect of UOx concentration on the immobilization of UOx. 



39 

 

4.3.Voltammetric Analysis  

4.3.1. Cyclic Voltammetry (CV) 

In the CV of 5 mM K3[Fe(CN)6] of Bare QD SPCE (blue), PCL/PEI/ UOx/QD 

SPCE (green) and PCL/PEI/MB/UOx/QD SPCE (red) indicated that polymer and enzyme 

modification improved reliability as R2 were elevated especially for anodes. In 

comparison the bare QD SPCE regression value was the lowest as R2 was 0.9966 for 

cathode and 0.9707 for anode (Table 4.1 and Figure 4.12).   

 

Table 4.1 : CV result of bare QD SPCE, PCL/PEI/UOx/QD SPCE and 

PCL/PEI/MB/UOx/QD SPCE  

Electrode  Cathode Equation  Cathode R2 

Bare QD SPCE Ipc = {(6.9852 ± 0.230244) v1/2} + (2.00487 ± 

1.0128) 

(0.9970 ± 0.000644)  

PCL/PEI/UOx/QD 

SPCE  

Ipc = { (6.29673 ± 0.08162) (v1/2) } + (4.4535 ± 

0.52982)   

(0.9987 ± 0.00024)  

PCL/PEI/MB/UOx/QD 

SPCE 

Ipc = {(4.7981 ± 0.05791) (v1/2)} + (7.4987 ± 0.3979) (0.9982 ± 0.00022) 

Electrode Anode Equation Anode R2 

Bare QD SPCE Ipa = {-(9.8624 ± 0.55617) (v1/2)} + (14.032 ± 2.446) (0.9760 ± 0.00367) 

PCL/PEI/UOx/QD 

SPCE  

Ipa = { (-6.1932 ± 0.06875) (v1/2) } - (3.3385 ± 

0.63507)   

(0.99903±0.000244) 

 

PCL/PEI/MB/UOx/QD 

SPCE 

Ipa = {(-4.6926±0.04718) (v1/2)} - (6.4812 ± 

0.40844) 

(0.9984± 0.000311) 
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Figure 4.12 : CV graph of 5 mM K3[Fe(CN)6] between bare QD SPCE (blue), 

PCL/PEI/UOx/QD SPCE (green) and PCL/PEI/MB/UOx/QD SPCE (red). 

 

4.3.2. Ratio between peak anode and cathode (Ipa / Ipc) 

As a result of CV in K3[Fe(CN)6] of electrodes with ratio calculation of cathodic 

and anodic peak current (Ipc/Ipa), it was found that the PCL/PEI/MB/UOx/QD SPCE 

reached the highest Ipc/Ipa ratio as 1.04603 ± 0.00611. Meanwhile PCL/PEI/UOx/QD 

SPCE was the second as Ipc/Ipa 1.0417 ± 0.00807. In contrast bare QD SPCE was the 

lowest as 0.9591 ± 0.08553 (Figure 4.13 and 4.14). 
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Figure 4.13 : Ratio between peak anode (Ipa) and peak cathode (Ipc) of electrodes in 

CV 5 mM K3[Fe(CN)6]. 
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Figure 4.14 : Ratio between peak anode (Ipc) and peak cathode (Ipa) of electrodes in CV 

5 mM K3[Fe(CN)6]. 
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4.3.3. Electroactive area of bare and modified QD SPCE 

Apart from this the depletion of electroactive area was occurred on both of 

modified electrodes in which the PCL/PEI/MB/UOx/QD SPCE was the lowest by (1.5774 

± 0.1704) cm2. Also PCL/PEI/UOx/QD SPCE was lower as (1.8504 ± 0.017903) cm2 than 

its highest bare QD SPCE counterpart (2.0226 ± 0.03804) cm2 (Figure 4.15).  
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Figure 4.15 : Electroactive areas of bare QD SPCE, PCL/PEI/UOx/QD SPCE and 

PCL/PEI/MB/UOx/QD SPCE. 

 

4.3.4. DPV measurements 

DPV measurements were carried out for PCL/PEI/UOx/QD SPCE (non MB) and 

PCL/PEI/MB-UOx-QD SPCE (MB modified) with UA concentration between 5 and 52 

µM (Figure 4.16). It was obtained that modification with polymer and enzyme improves 

reliability as both group exhibited regression value (R2) greater than 0.99. Notably the 
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methylene blue (MB) modified and unmodified non MB R2 was 0.9988 and 0.9947 

respectively (Table 4.2 and Figure 4.17).   
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Figure 4.16 : DPV peaks of three minutes enzymatic reaction (a) PCL/PEI/UOx/QD 

SPCE and (b) PCL/PEI/ MB/UOx/QD SPCE. 
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Table 4.2 : Regression equation of DPV and LoD of PCL/PEI/UOx/QD SPCE and 

PCL/PEI/ MB/UOx/QD SPCE. 

 

Electrode Regression Equation R2 LoD (µM)  

PCL/PEI/UOx/QD 

SPCE  

Ip = {(0.0078 ± 0.000067)[UA]} - (0.0075 ± 

0.00131) 

0.9947 3.9619 ± 0.588 

PCL/PEI/MB/UOx/QD 

SPCE 

Ip = {(0.005 ± 0.000067)[UA]} + (0.0262 ± 

0.0068) 

0.9988 1.8598± 0.2345 

 

0 10 20 30 40 50 60

0.0

0.1

0.2

0.3

0.4

0.5

[UA] µM

I 
p

e
a
k
 (

µ
A

)

PCL/PEI/MB/UOx/ QD SPCE

PCL/PEI/UOx/ QD SPCE

Ip = {(0.005 ± 0.000067)[UA]} + (0.0262 ± 0.0068)}

R2 = 0.9988

Ip = {(0.0078 ± 0.000067)[UA]} - (0.0075 ± 0.00131)

R2 = 0.9947

 

Figure 4.17 : DPV result of PCL/PEI/UOx/QD SPCE and PCL/PEI/ MB/UOx/QD SPCE. 

 

Sensitivity value is obtained in accordance to the slope of DPV calibration curve of each 

modified electrodes. The value was 0.0078 ± 0.000067 and 0.005 ± 0.000067 μA μM-1 for 

PCL/PEI/UOx QD SPCE and PCL/PEI/MB/UOx/QD SPCE respectively (Table 4.3).   
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Table 4.3 : Sensitivity of PCL/PEI/UOx/QD SPCE, and PCL/PEI/MB/UOx/QD SPCE.  

 

Electrode Sensitivity (µA µM-1 ) 

PCL/PEI/UOx/QD SPCE 0.0078 ± 0.000067 

PCL/PEI/MB/UOx/QD SPCE 0.005 ± 0.000067 

 

 

4.3.4. UOx kinetic parameters from DPV  

Owing to Lineweaver – Burk fitting, both electrode showed the linear correlation between 

1/[C] and 1/Ipeak. Meanwhile the Km values of PCL/PEI/UOx/QD SPCE, and 

PCL/PEI/MB/UOx/QD SPCE were 212.6354 ± 49.6824, and 34.8489 ± 1.10132 µM, 

respectively (Table 4.4 and Figure 4.18).  

 

Table 4.4 : KmApp values of PCL/PEI/UOx/QD SPCE, and PCL/PEI/MB/UOx/QD 

SPCE. 

Electrode KmApp (µM) R2 

PCL/PEI/UOx/QD SPCE 212.6354 ± 49.6824 0.9996 

PCL/PEI/MB/UOx/QD SPCE 34.8489 ±  1.10132 0.9961 
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Figure 4.18 : Lineweaver-Burk plots of UOx enzyme in PCL/PEI/MB/UOx/QD SPCE 

and PCL/PEI/UOx/QD SPCE. 

 

4.3.5. Storage stability 

The result of stability test indicated the steady decrease of peak within four weeks in 

both electrodes (Figure 4.19). In addition, the MB modified electrode dropped from 

(99.0723 ± 0.3544) % to (92.4272 ± 2.3622) % remaining current. In contrast non MB 

electrode decreased from (97.2503 ± 1.1037)   to (87.6289 ± 3.5407) %  
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Figure 4.19 : Stability test of PCL/PEI/UOx/QD SPCE (black), and 

PCL/PEI/MB/UOx/QD SPCE (blue). 

 

4.3.6. EIS measurements  

EIS measurements were carried out in 5 mM K3[Fe(CN)6] for bare QD SPCE 

(black dot line), PCL-PEI/MB/UOx/QD SPCE (green dot line) and PCL-PEI/UOx/QD 

SPCE (red dot line). Bare QD SPCE did not exhibit any semicircle while 

PCL/PEI/UOx/QD SPCE (5.3381 x 104 ± 4.2444 Ω) exhibited broader semicircle than 

PCL/PEI/MB/UOx/QD SPCE (1.8768 x 104 ± 1.7778 Ω).  
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Figure 4.20 : EIS curves of for bare QD SPCE (black dot line), PCL-PEI/MB/UOx/QD 

SPCE (green dot line), and PCL-PEI/UOx/QD SPCE (red dot line) in 5 mM 

K3[Fe(CN)6]. 

 

4. Interference Test 

Interference test was conducted by DPV of UA (30 µM) within mixed interference which 

consisted of glucose (1 mM), Lactic Acid (0.25 mM), Ascorbic Acid (0.25 mM), 

dopamine (10 µM) and urea (0.25 mM). It was obtained that the remaining current was 

95.00945 % for MB UOx and 82.063 % for non MB UOx respectively (Figure 4.21). 



50 

 

0

20

40

60

80

100
%

 R
e

m
a

in
in

g
 C

u
rr

e
n

t

PCL/PEI/UOx/QD SPCE

PCL/PEI/MB/UOx/QD SPCE

 

Figure 4.21 : Percentage of remained peak current after interference test. 
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5. DISCUSSION 

Electrospinning stability and homogeneity is exhibited by both PCL/PEI/ UOx and 

PCL/PEI/ MB/UOx nanofiber in result of SEM as the fiber is beadles and Taylor cone 

appeared (van de Voorde et al.2022). In correlation to solvent mixture, homogeneity is 

correlated to solvent as it influences conductivity and electrospinnability which 

subsequently emerging the nanofibrous interconnection (Asadian et al. 2019). In agreement 

of our result which diameter is 100 and 400 nm, diameter change which is found during 

SEM analysis, solvent system is influential as homogeneity formation is led by solubility. 

As a result of PCL high solubility in organic solvent, homogeneity is generated by the 

absence of beads and droplets in fiber. (Radisavljevic et al. 2018 and Garrudo et al. 2021). 

In this study, glutaraldehyde was used crosslinker for bounding of UOx on the nanofiber 

membrane. All steps were characterized with FTIR, SEM, EDX and XRD.  

Immobilized enzyme unit affects the activity in which certain unit will drive the 

highest or lowest activity. Owing to definition of activity, one unit is the amount of 

enzyme which capable to convert 1 μmol substrate in one minute at specific assay 

condition. In addition, immobilized activity is theoretical activity of bounded enzyme to 

the carrier while recovered activity is the real activity which catalyze the substrate after 

immobilization. Meanwhile recovered activity is strongly affected by the hydrophobicity 

of carrier.  (Santiago – Arcos et al. 2021). Consequently, in this study, saturation was 

reached after maximum activity of 4 U/mL enzyme unit on the covered QD SPCE. 

As a result of polymer covering of electrode surface, CV peak of polymer coated 

electrode was lower than its bare counterpart. In accordance to redox reaction between 

[Fe(CN)6]
3- and [Fe(CN)6]

4- ligand exchange is available. Reversibility in both modified 

electrode is showed as R2 is greater than 0.99 and Ipa/Ipc is around 1. In contrast, the bare 

counterpart did not exhibit reversibility as R2 anode is 0.975 and higher absorption of 

reduced species as Ipa/Ipc ratio 1.067 (Nagar et al. 2019, Kanso et al. 2017 and Frenzel 

et al. 2017). In addition, depletion of electroactive area in PCL/PEI UOx electrode took 

place because of coating and porosity of ionomer (Eguilaz et al. 2014).  

Owing to DPV principle with Randles – Sevcik equation (25oC), it is noted that 

peak current is proportional with concentration by the equation : 

𝐼𝑝 = 2.69 𝑥 105𝑥(𝑛3/2)𝑥𝐴𝑥𝐶𝑥(𝐷𝑜)1/2𝑥𝑣1/2 



52 

 

Ip is anodic peak current, n for electron transfer number, A for electrode surface 

area, C for concentration, D for coefficient diffusion and v for scan rate. Meanwhile for 

CV, peak is proportional with square root of scan rate. Hence for DPV linear regression 

plot the correlation between I peak (Y) and Concentration (X) while for CV it plots v1/2 

(x) and I peak (y) (Lorenzetti et al. 2020). In both of CV and DPV, peak current of PCL/ 

PEI coated electrode was lower than its bare counterpart due to cationic polymer of PEI 

block the electrostatic interaction. Consequently, analyte diffusion of coated electrode is 

diminished (Kim et al. 2020 and Hernandez – Aldave et al. 2018).  

 Modification with MB improves the reliability as it reached R2 0.9988 with LoD 

and sensitivity 1.8598 ± 0.2345 µM and 0.005 ± 0.000067 µA/µM. In contrast, without 

MB exhibited lower reliability as R2 0.9947 with LoD and sensitivity 3.9619 ± 0.588 µM 

and 0.0078 ± 0.000067 µA/ µM. Hence, methylene blue addition improves sensitivity by 

facilitating electron transfer between hydrolyzed analyte and electrode surface. 

Subsequently, MB mediator also carries out redox after exposed to enzymatic product. 

Also, MB is pH sensitive redox reporter which shows redox potential alteration with 

solution pH. Thereafter, electrochemical signal as current is released (Wang et al. 2021, 

Gonzalez – Fernandez et al. 2022). Meanwhile, subsequent data processing of DPV 

utilized baseline subtracting to prevent error from shifting due to pH alteration (Marin et 

al. 2020 and Merlos Rodrigo et al. 2017).  

 

1

𝐼
= [

𝐾𝑚𝐴𝑝𝑝

𝐼𝑚𝑎𝑥
(

1

[𝑈𝐴]
)] +

1

𝐼𝑚𝑎𝑥
 

 

Inverse substrate and inverse current was plotted into x and y axis respectively to 

represent the Lineweaver – Burk result. Meanwhile Michaelis – Menten constant (Km) 

corresponds to the intercept to x axis (Aigner et al. 2017). The obtained KM
App for 

PCL/PEI/UOx/QD SPCE  and PCL/PEI/MB/UOx/QD SPCE was 212.6354 ± 49.6824 

and 34.8489 ± 1.10132  µM respectively. In comparison to Quintero–Jaime et al. 

(2021), low Km value corresponds to high affinity between enzyme and substrate.  
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Table 5 : Comparison of performance with other UA enzymatic electrochemical 

biosensors 

Electrode - Modifier Method Range (µM) LoD (µM) References 

UOx/Chi – Gr/PB/ SPCE FIA 2.5 - 400 2.5 Jirakunakorn et al. 

(2020) 

CNT-CMC/Au/ UOx CA 20 - 2700 2.8 Fukuda et al. 2020 

UOx /CNT/Au/HRP/SPCE CV 50 – 650 9.91 
Bhusan et al. 

(2019) 

GO/GCE/ UOx Amperometric 20 – 490 3.45 Omar et al. 2016 

UOx /SPCE-PB CA 30 - 300 10 
Piermarini et al. 

2013 

Au-rGO/ITO/ UOx DPV 50 – 800  7.32 Verma et al. 2019 

4-ASA/PB/GCE / UOx Amperometry 10 – 200  3.0  Da Cruz et al. 2017 

PVA–SbQ/SPCE/ UOx  CV 12 – 100  12 
RoyChoudhury et 

al. 2018 

MCM@41– UOx –TD-AgSA 

Transducer 
Amperometry 50 - 800 18.5 

Tvorynska et al. 

2021 

 

PCL/PEI/UOx/QD SPCE 
DPV 4.97 - 52 3.9619 This Work 

 

PCL/PEI/MB/ UOx /QD SPCE 
DPV 4.97 - 52 1.895 This Work 

 

After four week storage, DPV peak current was remained 99 to 92 % for 

PCL/PEI/MB/UOX/QD SPCE and 97 to 82 % for and PCL/PEI/UOx/QD SPCE 

respectively. In correlation to the stability principle, remaining current is indicator of 

electrode functionality after storage (Bocanegra – Rodriguez et al. 2021 and Marquitan et 

al. 2020). Moreover, 4 weeks is required as polymer modified electrode is influenced by 

layer thickness and enzyme loading capacity (Calitri et al. 2020).  In correlation to the 

role of mediator particularly methylene blue (MB), faster electron transfer by methylene 

blue retains the remaining peak current which consequently lead the higher stability 

(Tahar et al. 2019 and Kuznowicz et al. 2021).  
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Apart from this EIS result exhibited semicircle resistance radius (Ret) from lowest 

to highest consecutively: Bare QD SPCE, PCL/PEI/MB/UOX/QD SPCE and 

PCL/PEI/UOx/QD SPCE. In comparison to Castano – Guerrero et al. (2021), binding of 

mediator decrease the charge transfer resistance which consequently dropped the 

semicircle diameter. Furthermore, it is regulated by redox properties of methylene blue as 

redox shuttle which is negatively charged. Subsequently structure is modified and 

resistance is dropped (Ortega et al. 2018). Meanwhile, 0.2 Volt was elected as starting 

potential as it was the peak potential of K3[Fe(CN)6] during CV (Riedel et al. 2017). In 

addition, RC elements in ECM (Equivalent Circuit Model) of EIS was elected as easily 

transformed to time domain as temporal current – voltage behavior (Dierikx et al. 2020). 

Owing to resistance, EIS employs three resistance : C (Capacitance multi phase), R 

(charge transfer resistance) and W (Impedance for water vapor diffusion) which is 

displayed as semicircle by intercepting -Z’ and Z” as imaginary component at low 

frequencies (Cruz – Manzo and Greenwood 2021).   

 In interference test reliability was still achieved by PCL/PEI/MB/UOX/QD SPCE 

and PCL/PEI/UOx/QD SPCE with DPV remaining current was 97.633 and 90.145 % 

respectively. The mixed interference test was carried out with simultaneous analysis of 

UOx 30 µM as analyte and involved mixture: ascorbic acid 0.25 mM, glucose 1 mM, 

Lactic acid 0.25 mM, dopamine 0.01 mM and urea 0.25 mM which aimed to resemble the 

blood serum chemical composition (Wang et al. 2021). Owing to the peak, ascorbic acid 

was located between potential 0.0 and 0.1 Volt while UA is between 0.1 and 0.2 Volt 

(Alba et al. 2022).  

As a result of, in this research, it was concluded that modification of QD SPCE by 

using PCL/PEI nanofiber membrane with UOx immobilization improved its reliability. 

Firstly, reliability was reflected by the reversibility in Ipa/Ipc ratio of CV. Secondly, DPV 

of UOx immobilized coated electrode improved reliability by limit of detection 1.85 and 

3.96 µM for PCL/PEI/MB/UOX/QD SPCE and PCL/PEI/UOx/QD SPCE, respectively. 

In addition, MB modified exhibited higher stability as the remaining current was 92 % 

after 4th week storage as well as 95 % remaining current was detected after exposure to 

the mixed interference.  
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