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A B S T R A C T   

Uric acid is a naturally occurring antioxidant that must be maintained in the human body at 1.49–4.46 mM to 
prevent hyperuricemia, which may lead in the formation of monosodium urate (MSU) and Lesch–Nyhan syn
drome. The objective of this research is to examine molecularly imprinted polymers (MIP)-based non-enzymatic 
electrochemical sensors that simulate the biological mechanism of uricase oxidase. As an affordable working 
electrode, commercial pencil graphite electrode (PGE) was modified with multi-walled carbon nanotubes 
(MWCNTs) and polypyrrole. With a 1:10 uric acid to monomer ratio, 20 cycles of polymerization, 100 mV s− 1 of 
polymerization rate, and 30 cycles of template removal, the optimum MIP was obtained. By employing differ
ential pulse voltammetry (DPV) to detect the presence of uric acid over the range of 0.22–3.5 mM, the limit of 
detection (LOD) was determined to be 0.76 mM, with a sensitivity of 97.459 µA µM− 1 cm− 2. This sensor 
demonstrated good repeatability and reproducibility, with relative standard deviation percentage (%RSD) of 
3.43 % (n = 10) and 5.37 % (n = 3), respectively, which maintains a performance stability of 71 % after 19 days 
of use. This sensor also detected uric acid with good selectivity, even in the presence of interfering molecules 
including K+, Na+, sarcosine, citric acid, ascorbic acid, glucose, and dopamine.   

1. Introduction 

Uric acid (7,9-dihydro-1H-purine-2,6,8(3H)-trione) is a biological 
molecule produced by both endogenous and exogenous purine meta
bolism (Pasalic et al., 2012; Saito et al., 2021; Wang et al., 2022). Its 
synthesis is influenced by the amount of protein that enters the body and 
is produced in the liver, intestine, muscle, kidney, and vascular endo
thelium to form natural antioxidants (Sukanya et al., 2020; Tao et al., 
2022). Uric acid levels in the body range from 240 to 520 μM in serum 
(Tang et al., 2016), 1.49–4.46 mM in urine (Yang et al., 2018), and 
2.6–7.2 mg/dL in blood (Plausinaitis et al., 2020). Abnormal uric acid 
metabolism can alter the acidity of body fluids, causing fluctuations in 
excretion products including urine, serum, saliva, and sweat (Tao et al., 
2022). 

Hyperuricemia is a condition in which the body fluids contain an 
excess of uric acid. Prolonged uric acid accumulation may result in the 
development of monosodium urate (MSU) crystals, which can induce 
joint inflammation (gout) and Lesch–Nyhan disease. Furthermore, uric 
acid has the potential to interfere with cellular processes, thereby 

elevating the risk to various diseases including hematuria, kidney fail
ure, hepatitis, and leukemia (Buledi et al., 2021; Perez-Ruiz et al., 2015; 
Wang et al., 2020). 

Numerous laboratory-based techniques have been utilized to detect 
uric acid, including spectrophotometry (Galbán, 2001; Rocha and 
Rocha, 2010), chemiluminescence (Kong et al., 2021; Vakh et al., 2017), 
calorimetry (Chen et al., 2012), high-performance liquid chromatog
raphy (HPLC) (Ferin et al., 2013; Zuo et al., 2015), and others (Plausi
naitis et al., 2020; Yang et al., 2018). Ever since the initial 
documentation of uric acid detection in 1894, method development has 
been an ongoing endeavor. The oxidation of uric acid results in the 
formation of allantoin and hydrogen peroxide, whereas the reduction of 
phosphotungstic acid yields the tungsten blue chromophore. Although 
this methodology has certain limitations in terms of specificity, it has 
been employed to identify uric acid through the observation of hydrogen 
peroxide, which is the byproduct (Yang et al., 2021). Access to 
specialized reagents and expertise to perform these procedures are both 
necessary, and they may involve significant expenses (Tang et al., 2016). 

A novel approach for periodic health screening involving the rapid 
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detection of uric acid levels in blood samples has been established, 
utilizing a disposable system integrated with a uricase enzyme (Öndeș 
et al., 2023). However, real-time identification is required as a first step 
toward providing measurable information for personalized care and 
preventing treatment delays (Badoei-Dalfard et al., 2019). Real-time 
monitoring of uric acid levels in non-invasive samples (including 
saliva and sweat) has become a feasible objective through the utilization 
of using enzyme-immobilized electrodes and electrochemical detection 
methods. 

Real-time detection is consistently accomplished with enzymatic- 
based electrochemical sensor. By incorporating a particular enzyme 
into the electrode, uric acid concentrations can be determined as the 
molecules undergo a reaction. Certain techniques of uricase enzyme 
immobilization utilize the unique properties of nanomaterials to 
accomplish this, such as boron nitride (BN) nanosheets (Öndeș et al., 
2023) and gold nanoparticle–titanium disulfide (AuNPs-TiS2) (Öndeş 
et al., 2022). 

Some physical adsorption approaches have been developed 
employing a multilayer enzyme matrix (Liu et al., 2022) overlaid with 
kidney cell membranes to improve uric acid selectivity over other an
tioxidants in the body (Kim et al., 2021). However, due to their sensi
tivity to environmental conditions and propensity to detach readily 
during detection, the stability of the enzyme-based bioreceptor con
tinues to be an issue. To achieve extended storage time, improved 
resistance to denaturation, and increased selectivity towards uric acid, 
an alternative solution is to utilize a biosensor equipped with a synthetic 
bioreceptor. 

The utilization of nanomaterials to improve the electrocatalytic and 
physical properties of electrodes enables the detection of uric acid in a 
non-enzymatic manner (Aafria et al., 2022). The sensitivity of sensors 
can be enhanced by incorporating carbon or metal-based materials into 
the electrode. This improvement allows for detection of minuscule 
quantities of molecules present in intricate matrices, such as sweat and 
saliva (Chen et al., 2016; Hefnawy et al., 2023). Because of their distinct 
physicochemical properties, synthesized nanomaterials have been 
studied in a variety of fields, including as iron oxide nanoparticles 
(FexOy) (Tang et al., 2022), N,Co-doped porous carbon (CNCo) (Liu 
et al., 2019), porous g-C3N4-multi-walled carbon nanotubes (PCN/ 
MWCNTs) (Lv et al., 2019), molybdenum disulfide (MoS2) (Sha et al., 
2019), thulium phosphate-graphene oxide (TmPO4-GO) (Huang et al., 
2019), poly tetraphenylporphyrin-polypyrrole-graphene oxide (pTPP/ 
PPy/GO) (Dai et al., 2016), and reduced graphene oxide-gold nano
particles (rGO/AuNPs) (Mazzara et al., 2021). 

In addition to nanomaterials, molecularly imprinted polymers (MIP) 
have demonstrated promising results in detecting uric acid, making 
them a viable choice for non-enzymatic detection. The MIP, which is 
integrated onto the surface of an electrode, acts as an artificial bio
receptor by forming a polymer layer (Crapnell et al., 2020). By 
employing uric acid as a template molecule, complementary cavities are 
generated within the MIP layer. These cavities have morphological and 
chemical features similar to the active site of uric acid, allowing them to 
attach to the target molecules in an enzyme-like manner (Zheng et al., 
2018). Uric acid, an electroactive molecule, can be identified in this 
medium since it generates an electrical signal at appropriate potentials. 
However, the MIP nanostructure must be improved (Liu et al., 2023). 

This non-enzymatic detection approach can simulate any natural 
bioreceptor, allowing the identification of a large variety of chemical 
compounds. However, the bulk imprinting technique is still limited by 
the selectivity of the generated MIP and the deposition technique 
applied to the electrode surface (Abdollahi et al., 2020; Aminikhah et al., 
2022). It also allows for large-scale polymerization in a single 
manufacturing batch by reacting the monomer, crosslinker, porogenic 
solvent, and template molecule in a predetermined ratio using various 
polymerization techniques and chemical compounds. This technique 
offers a highly efficient method for polymer synthesis (Daniels et al., 
2021; Diliën et al., 2017; Gestring and Mewes, 2002; Hartmann et al., 

2006; Suda et al., 2017; Villa et al., 2021; Yu et al., 2022). 
Surface imprinting method using electropolymerization may provide 

a simpler polymerization strategy than bulk imprinting. However, this 
technique must be optimized to avoid a thicker MIP layer, which could 
impact the conductivity or selectivity of the electrode surface (Scheller 
et al., 2019). 

In this study, nanomaterial and MIP were combined to improve 
electrocatalytic performance of a uric acid sensor. Polypyrrole is a 
conductive polymer synthesized from pyrrole, an unstable monomer 
that readily oxidizes with repeated exposures to radical cationic ions 
(Tan and Ghandi, 2013). It has high conductivity, which facilitates in the 
development of cavities in transducers (Yang et al., 2014), is non-toxic 
(Qi et al., 2021), and has wide immobilization ability onto micro-sized 
surfaces (Khoder and Korri-Youssoufi, 2020). However, one of the ob
stacles for polypyrrole as a receptor is its weak mechanical stability, 
which prevents attachment to the electrode (Lee et al., 2021). To 
overcome this issue, a nanomaterial should be applied into the electrode 
prior to the polymerization process to enhance the non-covalent 
attachment of polypyrrole to the electrode surface (BelBruno, 2019). 

Multi-walled carbon nanotubes (MWCNTs), which are commonly 
employed in biosensors, improve sensor adsorption by increasing the 
electrode’s surface area (Dai et al., 2022). To achieve hydrophilicity, 
acid functionalization was employed to increase the solubility of 
MWCNTs in water, polymeric resin, and organic solvents while main
taining their essential properties. The addition of carboxylic acid groups 
in MWCNTs is expected to lower toxicity while increasing biocompati
bility (Gupta et al., 2018). 

Commercial pencil graphite electrodes (PGE) are a viable low-cost 
alternative to carbon electrodes, which is the novelty of this research. 
PGE has advantages, such as low noise, high sensitivity, and efficient 
adsorption for detection (Tasić et al., 2021). It is a promising electrode 
with simple electrode preparation and relatively small diameter (2 mm), 
making it ideal for future wearable and miniaturized sensors, with after 
electrocatalytic performance improvement (Torrinha et al., 2018). 
Following the deposition of MWCNTs into the PGE, electro
polymerization approach was employed to generate the MIP polypyrrole 
layer through the surface imprinting method. The resulting non- 
enzymatic biosensor demonstrated stable detection with good repeat
ability and reproducibility, as well as high selectivity and sensitivity. 

2. Materials and methods 

2.1. Reagents and apparatus 

Uric acid (≥99 %, crystalline), potassium chloride (KCl), multi- 
walled carbon nanotubes (MWCNTs), sarcosine (98 %), dopamine hy
drochloride, pyrrole (98 %), Nafion® 117 solution (5 %), were pur
chased from Sigma-Aldrich, Singapore. Sodium dihydrogen phosphate 
monohydrate (NaH2PO4), di-sodium hydrogen phosphate dihydrate 
(Na2HPO4), potassium chloride (KCl), sodium chloride (NaCl), and D- 
glucose monohydrate, and ethanol were purchased from Merck, 
Singapore. Potassium ferrocyanide (K4[Fe(CN)6], 98 %) and potassium 
ferricyanide (K3[Fe(CN)6], 99 %) were purchased from Loba Chemie, 
India. L-ascorbic acid was purchased from HiMedia Laboratories, India. 
Citric acid monohydrate was purchased from Chem-Supply Chemicals, 
Australia. All reagents used for the preparation, modification, and 
measurement of electrodes were of analytical grade. 

All electrochemical measurements were performed in a three- 
electrode system: PGE (2B; Stabilo; 2 mm diameter) as the working 
electrode, a silver/silver chloride electrode (Ag/AgCl) with 3 M satu
rated sodium chloride (NaCl) as the reference electrode, and a platinum 
electrode (Pt) as the counter electrode. PGE was purchased from the 
local stationery store, the Ag/AgCl and Pt electrodes were purchased 
from BASi Instruments, USA. All the electrochemical measurements 
were conducted using the PalmSens EmStat4s (PalmSens BV, 
Netherlands) and PSTrace 5.9 software (PalmSens BV, Netherlands). 
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2.2. Electrode preparation 

PGE electrodes were prepared by washing with distilled water and 
sonicating in an ultrasonic bath for 1 min. After washing, PGE was oven 
dried at 30℃ for 30 min. To modify the electrodes, 2 mg of function
alized MWCNTs were mixed with 1 ml of 0.5 % Nafion® solution in 
absolute ethanol and sonicated in an ultrasonic bath for 30 min. Drop- 
casting was utilized to deposit 9.0 µL of functionalized MWCNTs solu
tion over PGE (Wayu et al., 2016). The PGE/MWCNTs electrodes were 
air-dried for 24 h at room temperature before use. 

2.3. PGE/MWCNTs/PPy fabrication 

MIP production consists of three steps: pre-polymerization, poly
merization, and template removal. In the pre-polymerization stage, uric 
acid and pyrrole were dissolved in 0.5 M KCl and combined at a 1:10 
ratio in the electrochemical chamber. Electropolymerization was per
formed using three-electrode systems consisting of a PGE, Ag/AgCl 
electrode, and a Pt electrode. Cyclic voltammetry (CV) was performed 
using an EmStat4s potentiostat with PSTrace 5.9, as shown in Fig. 1. 
Electropolymerization was executed with a potential range of – 0.6 to +
0.9 V, 20 cycles of polymerization, and a scan rate of 100 mV s− 1. 

The template removal procedure was used to detach uric acid mol
ecules from the resulting MIP surface by subjecting them to numerous 
oxidations in a solution that contained no template molecules. This 
technique, known as overoxidation, allows the release of uric acid from 
the MIP surface to the surrounding media (Holze, 2022). As the template 
molecules were removed, the complimentary cavities were imprinted. 
Throughout this procedure, CV was utilized within a potential range of 
− 0.7 to + 1.0 V and a scan rate of 100 mV s− 1 for 30 cycles, determined 
by the optimization results displayed in Fig. 2. 

To determine the binding capacity of the MIP, a non-imprinted 
polymer (NIP) was synthesized utilizing the identical material and 
technique, but the template molecules were not included. NIP is the 
polymer generated on the transducer that lacks template molecules and 
contains no cavities. The imprinting factor (IF) is used to evaluate the 
binding capacity of the MIP. 

The PGE/MWCNTs/MIP and PGE/MWCNTs/NIP samples were dried 

at room temperature for 5 min, then dried in an oven at 30 ◦C for 15 min 
before uric acid detection. 

2.4. PGE/MWCNTs/MIP optimization 

The objective of the optimization procedure was to identify the 
optimal electropolymerization parameters for the formation of uric acid 
MIP. During electropolymerization, the formation of MIP layer is 
influenced by the ratio of uric acid to monomer, the number of scan 
cycles, the scan rate, and the number of template removal cycles. The 
ratios of uric acid to monomer tested were 1:5, 1:10, and 1:15. The scan 
cycles were examined at 5, 10, 15, 20, 25, and 30 cycles. The scan rates 
were tested at 25, 50, 75, 100, and 125 mV s–l. The number of template 
removal cycles were tested at 10, 20, 30, and 40 cycles. 

Following the preparation process, CV was performed on the PGE in 
redox probe solution over a potential range of – 0.4 to + 1.0 V. The redox 
probe solution was prepared by dissolving 5 mM of [Fe(CN)6]3–/4– in 
0.5 M KCl. To observe the phenomenon occurring during the modifi
cation process, a redox probe performance was executed following each 
step of electropolymerization. By comparing the anodic peak current of 
MIP during template removal and detection using redox probe solution, 
the optimized parameters were determined. Once the parameters have 
been determined, each MIP fabrication step must be conducted in 
accordance with the obtained parameters, as shown in Fig. 3. 

2.5. Characterization 

The material characterization of the formed MIP was performed 
using scanning electron microscopy (SEM) using Zeiss EVO 10 and 
Raman spectroscopy using Horiba Scientific LabRam HR laser wave
length of 532 nm. For electrochemical characterization, CV was per
formed to detect 3.56 mM uric acid in PBS solution (pH 7.4) to assess 
repeatability, reproducibility, and stability of the MIP. The limit of 
detection (LOD) was determined based on the uric acid concentrations 
of 0.22, 0.34, 0.54, 0.86, 1.36, 2.14, 3.38 and 3.5 mM. For the selectivity 
test, DPV was conducted to detect 2 mM uric acid, dopamine, L-ascorbic 
acid, citric acid, NaCl, KCl, sarcosine, and 20 mM glucose. 

Fig. 1. Illustration of electropolymerization using CV technique.  
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3. Results and discussion 

3.1. Electrode preparation 

Following rinsing and ultrasonication procedures, PGE was modified 
by the deposition of MWCNTs. CV measurements were conducted in a 
redox probe solution with a potential range of − 0.4 to + 1.0 V to 
observe the peak current response of the PGE following the drop-casting 
method. The increase in peak current response achieved by the PGE/ 
MWCNTs indicates that depositing nanomaterials, particularly 
MWCNTs, improves conductivity over bare PGE. 

Fig 4 shows a rise in anodic current peak response between PGE/ 
MWCNTs and bare PGE, indicating that bare PGE had less surface area, 
and electron transfer from the redox probe to the micro- and mesopores 
resulted in increased electrode capacitance (Venâncio et al., 2022). PGE 
was chosen due to its abundant availability, cost-effectiveness, high 
sensitivity, adsorption capability, low noise and straightforward prep
aration method (Tasić et al., 2021). In general, a Type 2B pencil com
prises 79 % graphite and 21 % clay by mass, which is a significantly 

greater proportion than a Type HB pencil, which comprises merely 68 % 
graphite, 26 % clay, and 5 % wax by mass (Torrinha et al., 2018). Given 
its cost-effectiveness and dependable electrochemical characteristics, 
type 2B PGE provides a viable alternative electrode option in biomedical 
research. 

Although a PGE is considered a semiconducting material with poorer 
conductivity than other carbon electrodes, electrode modification may 
improve its electrochemical properties (Torrinha et al., 2018). Due to 
the vast number of micropores, PGE can be immobilized with certain 
sensing compounds, depending on the chemical and its interaction with 
graphite or the binding agent associated with the PGE. Depositing 
particular nanomaterials onto the PGE improves its microstructure and 
mass transfer, leading to enhanced electrochemical performance during 
detection (Mushtaq et al., 2023; Zhao et al., 2020). 

Pristine MWCNTs have a hydrophobic nature that makes it difficult 
to dissolve into solvents. Covalent functionalization was accomplished 
to increase MWCNTs solubility and decrease toxicity utilizing nitric acid 
and sulfuric acid oxidation processes (Gupta et al., 2018). Functional
ized MWCNTs can increase surface area and sensitivity, enabling label- 

Fig. 2. Illustration of the overoxidation technique using CV to remove template molecules for cavity formation.  

Fig. 3. The complete process of PGE/MWCNTs/MIP formation.  
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free detection in a broad range of biomedical applications. 

3.2. PGE/MWCNTs/MIP optimization 

The MIP was optimized by adjusting some important parameters that 
affect the formation process. These include optimizing the uric acid to 
monomer ratio, scan cycles, scan rate, and template removal cycles. 

3.2.1. Ratio of uric acid to monomer 
The uric acid to monomer ratio has a substantial impact on the 

growth of the MIP layer. The ratio in this investigation ranged between 
1:5, 1:10, and 1:15, based on the prior reference ratios (Manickam et al., 
2017). In the pre-polymerization solution, MIP optimization was con
ducted with 0.5 M KCl as a solvent and supporting electrolyte. 

The voltammogram curve, as shown in Fig. 5A, demonstrated that 
the most suitable uric acid to monomer ratio for this sensor was 1:10, 
according to the greater findings of peak current difference (ΔIP) 
compared to the higher or lower ratio. Monomer concentrations must be 
regulated to prevent monomer residues from remaining in the solution 
surrounding the MIP surface throughout the CV procedure. Excessive 
monomers in the MIP layer can lower the ΔIP by hindering template 
removal process and uric acid detection. By utilizing a decreased 
monomer ratio, uric acid does not bind to the low monomer concen
trations, resulting in the creation of MIP with low uric acid attachment. 
This also has a strong relationship with pH values, as various studies 
have shown that the best electropolymerization of pyrrole occurs at 

Fig. 4. CV curve response to adding MWCNTs to the PGE surface.  

Fig. 5. CV curve response to varying (A) ratio of template molecule to monomer, (B) polymerization cycles, (C) polymerization rate, and (D) template 
removal cycles. 
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neutral pH (Mathieu-Scheers et al., 2019), whilst the most conductive 
MIP is generated around pH 6.0 (Duan et al., 2022). However, further 
research is required to evaluate uric acid solubility, solvent concentra
tion selection, and their effects on MIP formulation optimization. 

3.2.2. Polymerization cycles 
The number of polymerization cycles must be examined to achieve a 

MIP thickness that is neither too thin nor too thick. The purpose of this 
experiment was to determine which scan cycles of 5, 10, 15, 20, 25, and 
30 cycles were most appropriate for this sensor. Fig. 5B demonstrates 
that the desired number of polymerization cycles in this investigation 
was 20 cycles, with a significant decrease in the ΔIP at 25 and 30 cycles. 
It produced the highest ΔIP readings in 20 cycles, implying that this 
number of cycles is ideal for constructing the following MIP layer. Since 
just a small fraction of the active surface of uric acid is imprinted, a thin 
MIP layer may generate unstable cavities that are prone to cross-react 
with interference molecules. Excessive cycling thickens the MIP layer, 
trapping template molecules beneath it and making them difficult to 
remove. As a result, a thick MIP possesses qualities similar to an NIP 
lacking cavities (Manickam et al., 2017). Previous research has indi
cated that the ideal MIP thickness for successful signal detection is be
tween 10 and 100 nm, manufactured in 1–40 cycles (Ratautaite et al., 
2021). 

3.2.3. Polymerization rate 
The polymerization rate optimization refers to the rate at which the 

MIP layer is produced at an obtained monomer ratio during several 
polymerization cycles. This study investigated the best polymerization 
rate between 25, 50, 75, 100, and 125 mV s− 1. Fig. 5.C indicates that ΔIP 
increased from 25 to 100 mV s− 1 and significantly decreased at 125 mV 
s− 1. 

Previous studies have demonstrated that utilizing polymerization 
rates in the range of 50–150 mV s− 1 into specific ratios and solvents may 
result in template molecule attachment, as low polymerization rates 
may cause limited diffusion of uric acid molecules into the electrode 
surface (Anantha-Iyengar et al., 2019; Yeasmin et al., 2022). Both the 
highest and lowest scan rates will interfere with the detection ability of 
the MIP due to the resulting irregular cavities shape. A faster polymer
ization rate will affect the orientation of the cavities printed on the MIP 
layer once the template molecule is removed. The resulting cavities will 
be irregular due to the faster scan rate, making the binding direction of 
the uric acid molecules inhomogeneous (Yulianti et al., 2022). The 
polymerization rate of 100 mV s− 1 was chosen as the optimized 
parameter, as this rate can generate the highest ΔIP, resulting in a rapid 
MIP formation process while maintaining the orientation of the uric acid 
molecules bound to the MIP layer. 

3.2.4. Template removal cycle 
The template removal method utilizing the overoxidation technique 

involves constantly exposing a polymer to a particular potential without 
introducing monomers or template molecules to the supporting elec
trolyte. As a result of this reaction, carboxyl (–COOH), carbonyl (–C =
O), and hydroxyl (–OH) groups are formed on the surface of the MIP. 
The synthesis of these groups decreases the MIP’s electrochemical 
characteristics, causing the template molecules and MIP to release their 
non-covalent bond (Dykstra et al., 2022). 

Fig. 5.D indicates a rapid increase in ΔIP from 10 to 30 cycles, with no 
significant changes in ΔIP between 30 and 40 cycles. Therefore, 30 
overoxidation cycles were chosen in this study to reduce the multiple 
potentials exposure in the MIP. Determining the appropriate number of 
cycles is critical for maintaining the stability of the MIP and preventing 
cavities erosion caused by excessive cycles. 

All the bonds formed during the MIP-forming sequence are non- 
covalent or weak. Bonds are frequently formed between the oxygen 
atom of uric acid’s carboxylic ketone group and the hydrogen atom of 
the N–H polypyrrole group, as well as between the oxygen atom of uric 

acid’s hydroxyl group and the nitrogen atom of the N–H polypyrrole 
group (Gillan & Jansson, 2022). The template removal process releases 
the complete hydrogen chain, making it reversible and capable of 
rebinding to MIP cavities during detection. This binding is adequate for 
effective detection and extraction of the target molecule. Template 
removal utilizing the overoxidation technique is performed to prevent 
the MIP layer from swelling and thus retain detection selectivity rather 
than organic solvent washing. 

3.3. PGE/MWCNTs/MIP fabrication 

After obtaining the best conditions for MIP formation, the electro
polymerization process was performed. Pre-polymerization was con
ducted using a solution of 3.56 mM uric acid and 35.6 mM polypyrrole in 
0.5 M KCl. The polymerization procedure was subsequently executed 
utilizing the CV technique, which involved 20 cycles, a scan rate of 100 
mV s− 1, and potential parameters ranging from − 0.6 to + 0.9 V, a scan 
rate of 100 mV s− 1, and 20 cycles. The electropolymerization was con
ducted at ambient temperature. The uric acid molecules that had been 
deposited were eliminated through the overoxidation process utilizing 
the CV method using 0.5 M KCl with potential parameters ranging from 
− 0.7 to + 1.0 V, a scan rate of 100 mV s− 1, and 30 overoxidation cycles. 

To observe the phenomena occurring during each modification, all 
modifications that occurred in this investigation were measured in redox 
probe solution with a potential range of − 0.7 to + 1.0 V. During the 
detection procedure after producing PGE/MWCNTs/MIP, a peak current 
of + 0.34 V potential was discovered, indicating that the uric acid 
molecules were detected. Fig. 6.A shows that uric acid successfully 
attached to the MIP and was imprinted during polymerization. Fig. 6.B 
illustrates how the peak current for each cycle decreased during the 
overoxidation process. This decrease suggests that some uric acid was 
released from the MIP cavities, leaving the cavities complimenting the 
uric acid geometry and chemical structure. 

As a control, NIP was synthesized without the addition of uric acid 
molecules using the same manner as MIP formation. The CV curve 
response revealed no peak during the polymerization and overoxidation 
process of NIP as shown in Fig. 6.C and Fig. 6.D, indicating that cavities 
were not generated during these processes and just polymer was formed. 

The detection technique was conducted using a 3.56 mM uric acid in 
0.1 PBS (pH 5.8) that was drop casted over the surface of the MIP and 
incubated for 30 min at room temperature. The interaction of MIP and 
NIP with the uric acid solution was studied in a redox probe solution, 
demonstrating how the conductivity varies with each modification 
based on anodic peak current change. 

According to Fig. 7, MIP formation considerably raises anodic peak 
current, whereas template removal decreases anodic peak current by 
removing uric acid from the cavities. The presence of uric acid in the 
MIP layer during detection increased the anodic peak current, permit
ting electron transfer in the redox probe solution, as illustrated in Fig. 7. 
A. This occurrence proved MIP’s ability to detect uric acid molecules, as 
uric acid has an electroactive property that increases the anodic peak 
current response in its presence. 

Fig. 7.B shows that NIP exhibited a peak current response that was 
comparable to MIP during polymerization and template removal. 
However, during uric acid detection, the rise in peak current response of 
NIP from template removal was not substantial and was significantly 
lower than uric acid detection in MIP, indicating that the polypyrrole 
generated in the NIP layer is not proportional for uric acid detection. 

The imprinting factor is an indicator used to demonstrate that the 
generated cavities are capable of identifying uric acid, indicating that 
MIP has a strong binding affinity for template molecules (Daniels et al., 
2021). The IF for this sensor design was determined to be 6.24 by 
comparing the ΔIP between MIP and NIP. This data reveals that MIP has 
a higher binding capacity than NIP, allowing uric acid to bind selectively 
to MIP while NIP is unable to bind to uric acid. 
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Fig. 6. CV curve response to the (A) MIP polymerization and (B) MIP template removal, (C) NIP polymerization, and (D) NIP template removal for each cycle.  

Fig. 7. CV curve response to each PGE/MWCNTs/MIP modification.  
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3.4. Material characterization 

3.4.1. Scanning electron microscopy (SEM) 
Scanning electron microscopy was employed to evaluate the surface 

morphology of each change. According to the SEM images, MWCNTs 
were successfully deposited on the PGE surface using the described 
approach, with the deposits equally dispersed across the whole surface, 
as shown in Figs. 8.A and 8.B. Before the deposition of MWCNTs, the 
PGE surface was striated, dense, and finely structured. MWCNTs depo
sition on PGE enhances surface porosity, as indicated by the mesh visible 
in the cross-section. This is consistent with the features of MWCNTs, 
which have a large surface area since they are nanoparticles, which 
increases the surface area of electrodes modified with them (Dai et al., 
2022). 

Fig. 8.C depicts an equally dispersed rough surface, as opposed to 
Fig. 8.D, which has irregular shapes. Following the electro
polymerization procedure and the removal of the template molecule, 
cavities with the shape and size of uric acid molecules were created 
(Sooraj et al., 2020). The incorporation of uric acid into MIP production 
resulted in a more organized appearance than bare PGE and PGE/ 
MWCNTs, as demonstrated by morphological characterizations. In 
contrast to MIP, the NIP has a thicker and uneven polymer layer because 
the electropolymerization process happens without uric acid and only 
forms around the MWCNTs surface. 

Even if the NIP generated on the surface of MWCNTs, which have a 
wide surface area and might boost the responsiveness of target mole
cules during detection, covering MWCNTs with NIP may diminish their 
sensitivity to target molecules. As opposed to MIP, NIP generates cav
ities that are more substantial in size, indicating that the deposition of 
NIP results in non-selective cavities. 

3.4.2. Raman spectroscopy 
The Raman spectra show significant differences in the intensities of 

the D- and G- bands. The D- and G-band intensities indicate the suc
cessful characterization of the carbon material using the Raman shift. 
The D-band of the carbon electrodes is located between 2443 and 2445 
cm− 1, indicating the presence of hybridization in the carbon, and the G- 
band is located between and 1600 cm− 1, indicating the vibration of the 
C = C carbon molecule (Madhu et al., 2020). Since the Raman spectra in 

Fig. 8. SEM images of (A) bare PGE, (B) PGE/MWCNTs, (C) PGE/MWCNTs/MIP, and (D) PGE/MWCNTs/NIP.  

Fig. 9. Raman spectra of the three-electrode modifications.  
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Fig. 9 shows the strongest peak around 2443 to 2446 cm− 1 and 2717 to 
2720 cm− 1, it may be due to the second–third order peak (Zhang et al., 
2002). This also shows similar peak locations for the D- and G-bands, 
indicating that each modification affects the active cavities formed in 
the PGE surface. 

To determine the intensity ratio of the D- and G-bands, a comparative 
calculation is required. The ID/IG ratio indicates the ratio of D-band (ID) 
and G-band intensities (IG), which shows the number of surface defects 
and active sites formed by the formation of graphite structures as a result 
of each modification, which will increase the conductivity of the 
modified electrode (Sekar et al., 2019; Wei et al., 2021). 

The ID/IG ratios of MWCNTs, PGE/MWCNTs and PGE/MWCNTs/MIP 
were evaluated. Table 1 displays the ID/IG ratios, revealing a consider
able decrease in the ratio of PGE/MWCNTs/MIP compared to PGE/ 
MWCNTs that previously achieved higher intensities than bare PGE. The 
higher intensity of PGE/MWCNTs indicates that MWCNTs were suc
cessfully deposited by the drop-casting method. MWCNTs are nano
particles that could increase the active cavities of bare PGE to make 
them more accessible for molecular detection. 

The intensity ratio of PGE/MWCNTs/MIP significantly decreased 
after the previous modification was observed, indicating the formation 
of more specific gaps and active sites corresponding to the uric acid 
morphology (Yu et al., 2022). These characterizations show that PGE/ 
MWCNTs/MIP formation successfully created more specific cavities and 
enhanced electrode detection performance compared to the MWCNTs, 
which have more general cavities that can bind to any molecule (Huang 
et al., 2021). 

3.5. Electrochemical characterization 

3.5.1. Effects of pH value and scan rate in uric acid detection 
The impacts of pH value were studied using cyclic voltammetry to 

dissolve uric acid in PBS solution with a pH range of 5.8 to 7.9. Ac
cording to Fig. 10, inset number (1), PBS with a pH of 7.4 produces the 
highest peak current response. Consequently, the PBS solution with a pH 
of 7.4 was selected as the solvent for detecting uric acid. In Fig. 10 inset 
number (2), the peak potential switched to fewer positive values as the 
pH values increased, allowing proton participating in the oxidation 
process (Li et al., 2020a), with the equation of EP = – 0.1001 pH +
1.0845 (R = 0.8155). 

The effect of scan rate on uric acid detection via CV response was 
studied using Laviron’s approach. This method was used to analyze the 
quantity of electrons transferred and verify that the electro-oxidation of 
uric acid was diffusion regulated by monitoring the resulting peak cur
rent response of varied scan rates (Fotouhi et al., 2013; Gowda and 
Nandibewoor, 2014; Li et al., 2020a). 

Fig. 11 shows the peak current response (IP) of CV increased linearly 
with the increasing of scan rate (0.05 to 0.4 V s− 1). Therefore, the linear 
relationship of EP and log v can be expressed as EP (V) = 0.0949 log v (V 
s− 1) + 0.513 (R = 0.9543) for uric acid MIP. Moreover, the calculation 
was determined using the following equation (1), 

Ep = E0 +

(
2.303RT

αnF

)

log
(

RTk0

αnF

)

+

(
2.303RT

αnF

)

logv (1)  

where α is transfer coefficient, k0 the standard heterogeneous rate 
constant of the reaction, n the number of electrons transferred, v the scan 

rate, and E0 is the formal standard potential. The value k0 was obtained 
from the intercept of EP vs. v curve by extrapolating the y axis at v = 0 
mV s− 1 as shown in Fig. 11 inset number (1) (Gowda and Nandibewoor, 
2014). The k0 value was obtained from the intercept of EP vs. log v as 
shown in Fig. 11 inset number (2). By substituting the T with 298 K, R 
with 8.314 J K− 1 mol− 1, and F with 98,480 C mol− 1, with assuming the α 
as 0.5 since it is an irreversible electrode process, the calculation for n 
was obtained to be 1.26. 

3.5.2. Limit of detection (LOD) 
In the uric acid detection method, three sets of electrodes are 

required, just as they were utilized in the polymerization process. This 
study used PGE/MWCNTs/MIP as the working electrode, Ag/AgCl as the 
reference electrode, and Pt wire as the counter electrode. The uric acid 
solution concentrations employed for the LOD tests of PGE/MWCNTs/ 
MIP were 0.22, 0.34, 0.54, 0.86, 1.36, 2.14, 3.38, and 3.5 mM in 0.1 M 

Table 1 
Comparison of D- and G-band intensities for each electrode modification.  

Modification D-band 
(cm¡1) 

G-band 
(cm¡1) 

ID IG ID/IG 

PGE  2445.99  2719.93  29.2137  388.902  0.075 
PGE/MWCNTs  2444.14  2717.44  32.2695  399.211  0.081 
PGE/MWCNTs/ 

MIP  
2443.75  2719.22  29.8586  382.439  0.078  

Fig. 10. CV curve response of 3.56 mM uric acid in 0.1 M PBS obtained at PGE/ 
MWCNTs/MIP with different pH values. Inset (1): the plot of peak current (IP) 
versus pH values, inset (2) the plot of peak potential (EP) versus log of 
pH values. 

Fig. 11. CV curve response of 3.56 mM uric acid in 0.1 M PBS (pH 7.4) ob
tained at PGE/MWCNTs/MIP with different scan rates. Inset (1): the plot of 
peak potential (EP) versus scan rate (v), inset (2) the plot of peak potential (EP) 
versus log of scan rate (v). 
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PBS at pH 5.8. This solvent was chosen to increase uric acid solubility 
and prevent the production of uric acid residue, which happened in 0.1 
M PBS solvent at pH 7.4. Following each detection, the MIP was rinsed 
with 0.5 M KCl and 0.1 M PBS (pH 7.4) to eliminate any leftover uric 
acid from the previous detection. 

According to Fig. 12, the PGE/MWCNTs/MIP cannot detect low 
concentrations because the pre-polymerization and polymerization 
processes are still in contact with oxygen, which should be avoided. 
Oxygen is an oxidizing agent for pyrrole compounds, which might result 
in early polymer formation. The sensor’s selectivity may be reduced 
during initial polymerization since the pyrrole is deposited for several 
cycles before the uric acid is imprinted on the transducer. This resulted 
in a low LOD value of 0.76 mM when comparing the slope of calibration 
curve to the standard deviation of the blank sample (n = 10). In contrast 
to prior discoveries, this value was relatively high. However, given that 
the typical concentration of uric acid in the human body varies between 
1.49 and 4.46 mM, further development of this LOD is required. 

3.5.3. Sensitivity 
By comparing the standard deviation of the MIP with blank sample 

(n = 10) with the surface area of the electrode detection, the sensitivity 
of the PGE/MWCNTs/MIP was calculated to be 97.459 µA µM− 1 cm− 2. 
Compared to various earlier research that established a MIP for uric 
acid, PGE/MWCNTs/MIP has a comparatively high sensitivity, as shown 
in Table 2. However, degradation of MWCNTs nanomaterials and 
thickening of MIP cavity sides induced by repetitive template removal 
must be avoided since they are likely to decrease sensitivity (Gillan and 
Jansson, 2022). 

3.5.4. Selectivity 
The selectivity of PGE/MWCNTs/MIP was determined by testing the 

sensor in a solution containing interference molecules. To conduct the 
selectivity test, 2 mM uric acid (UA), dopamine (DA), L-ascorbic acid 
(AA), citric acid (CA), NaCl (Na + ), KCl (K + ), sarcosine (SA), and 20 
mM glucose (GA) in 0.1 M PBS (pH 7.4) were prepared. The DPV 
approach was applied to each solution with a potential ranging from −
0.4 to + 1.0 V. In each measurement, the MIP was washed with 0.5 M 
KCl and 0.1 M PBS (pH 7.4) prior to performing DPV on another solu
tion. The ΔIP was calculated by comparing the IP of MIP and NIP for each 
detection. 

Fig. 13 shows that the DPV response to uric acid is greater than that 
to other interference molecules, with the exception of dopamine. This 
indicates that the assigned MIP showed weak dopamine selectivity but 

strong uric acid selectivity. Dopamine is a chemical that coexists in the 
extracellular fluid with uric acid and ascorbic acid (Elugoke et al., 
2021). The EP for uric acid was identified at a potential of 0.39 V, while 
dopamine was found at 0.29 V. This issue needs to be investigated 
further, particularly in MIP optimization, which includes monomer and 
solvent selection. Selectivity of uric acid towards interference mole
cules, particularly for the construction of multi-template MIP for 
detecting uric acid, ascorbic acid, and dopamine with similar chemical 
structures (Wang et al., 2022). 

3.5.5. Stability 
A 19-day stability test was conducted to evaluate the MIP’s dura

bility to environmental conditions and repeated use. This was done to 
calculate the stability current percentage, which must be addressed 
while developing portable sensors as they are anticipated to be stored 
and utilized for extended periods. 

The stability of PGE/MWCNTs/MIP was sustained for a duration of 
19 days during the detecting process. Prior to measurement, each 
detection procedure was subjected to washing with a solution of 0.5 M 
KCl and 0.1 M PBS (pH 7.4). The test solution contained 3.56 mM uric 
acid in 0.1 M PBS at (pH 7.4). During the 19-day detection period, the 
sensor’s performance gradually decreased to 71 %, as illustrated in Fig 
14. 

Since MIP is an artificial bioreceptor system meant for repeated 
binding, stability is an important consideration when deciding if a 
sensor is suitable for use. The addition of Nafion® to the MWCNTs so
lution had a considerable impact on the electrode modification’s sta
bility. After being deposited on the surface of the PGE, the Nafion® 
produced a conductive coating that stabilized the MWCNTs solution. 
After the ethanol solvent evaporated, the stability of the MWCNTs 
improved, ensuring that they would not fall out or degrade during 
detection (Hou et al., 2023). 

3.5.6. Repeatability and reproducibility 
One of the most significant features for evaluating MIP performance 

is repeatability, which is measured by detecting template molecules for 
at least ten times consecutively. The MIP was rinsed with 0.5 M KCl and 
0.1 M PBS (pH 7.4) prior to each measurement. The relative standard 
deviation (RSD%) for repeatability in this sensor design was 3.43 %, 
which must be kept below 5 % to assure the performance of the pro
duced MIP. 

For reproducibility, the measurement was performed on freshly 
created PGE/MWCNTs/MIP (n = 3) that were prepared using the same 
approach to detect uric acid at the same time (Rezaei et al., 2022). The 
RSD% for reproducibility was found to be 5.37 %, which is slightly 
higher than 5 % but still significant enough for future mass production 
development. 

4. Conclusion 

MIP was created by combining polypyrrole and PGE-modified 
MWCNTs for uric acid detection. The obtained MIP creation parame
ters, including template molecule to monomer ratio, number of poly
merization cycles, polymerization rate, and template removal cycles, 
were 1:10, 10, 100 mV s− 1, and 30, respectively. The resultant MIP was 
characterized morphologically and electrochemically, demonstrating 
excellent deposition of MWCNTs and MIP on the electrode. The MIP also 
exhibited superior electrical conductivity, facilitating efficient electron 
transfer. PGE/MWCNTs/MIP was measured in a uric acid solution using 
DPV, yielding a linear range of 0.22–3.5 mM and a detection limit of 
0.76 mM. PGE/MWCNTs/MIP demonstrates a sensitivity of 97.459 µA 
µM− 1 cm− 2 and electrode stability of 71 % after 19 days of use. 

PGE/MWCNTs/MIP also showed high selectivity for uric acid against 
interfering compounds, alongside reproducibility and repeatability of 
5.37 % and 3.43 %, respectively. Future studies should include elec
trochemical tests with natural sweat to assess the MIP’s accuracy against 

Fig. 12. CV curve response for uric acid detection in the concentration range of 
0.22–3.5 mM. Inset (1): the overall CV curve response on each concentration. 
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more complex interfering chemicals. If the selectivity of PGE/MWCNTs/ 
MIP for uric acid over the interfering molecule in real sweat samples is 
good, the MIP can be constructed and integrated into a tiny electrical 
circuit to make a wearable sensor. 
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