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Abstract

Point of care (PoC) biofluid diagnostics is hindered by the fundamental limitations of 

traditional electrochemical platforms, namely their complex fabrication, prohibitive cost, and 

reliance on benchtop instruments. To address these challenges, a simple additive 

manufacturing based sensor fabrication strategy was employed to develop a miniaturized 

platform to make it compatible with portable electrochemical devices, creating an advanced 

diagnostic system capable of detecting the hyperuricemia biomarker in serum samples. In this 

work, a rapid and ultrasensitive diagnostic device utilizing a 3D printed carbon conductive 

electrode with a carboxylic group mediated enzymatic platform was developed to detect uric 

acid. This study introduces a highly sensitive 3D printed microelectrode integrated with a 

wireless potentiostat for the rapid detection of uric acid (UA). The developed portable 

platform exhibits excellent analytical performance in the concentration range of 10–500 µM, 

with an ultralow detection limit of 7.95 µM achieved by chronoamperometry (CA) 

techniques. The device demonstrates improved selectivity, high sensitivity, and 28-day 

stability without interference. The real sample study was carried out using CA in serum 

sample and the recovery percentage found as 97%. The results also illustrate seamless 

integration with miniaturized electrochemical platform acquired from a portable potentiostat 

detection system, and user-friendly operation. Overall, this platform enables scalable and 

customizable fabrication of miniaturized biosensors, paving the way for decentralized clinical 
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diagnostics, point of care testing, wearable health monitoring, and field deployable biosensing 

applications.

Keywords: Additive manufacturing; Miniaturized Biosensor; Point of care detection; Uric 

acid; Electrochemical; Hyperuricemia; Chronic Kidney Disease

1. Introduction

Uric acid (UA) is a key clinical biomarker for the detection of gout, hyperuricemia, and 

chronic kidney disease. It is the final product of purine nucleotide metabolism, primarily 

excreted by the kidneys [1][2]. The clinical range of the UA, concentration range in the 

healthy body typically ranges from 130 to 460 µmol (3.5–7.2 mg/dL) in males, and in females 

from 240 to 510 µmol/L (2.7-7.3 mg/dL). These ranges can vary depending on factors such 

as diet, age, gender, and genetics [3]. Abnormal UA levels indicate several associated 

pathological conditions. Hyperuricemia, defined as UA levels exceeding 420 µmol/L in males 

and 360 µmol/L in females, is a significant risk factor that can lead to gout, kidney stones, 

hypertension, cardiovascular disease, chronic kidney disease, and metabolic syndrome 

[4][1][2][5]. Hypouricemia is very rare, but it may indicate an underlying metabolic or genetic 

disorder such as Wilson's disease or Fanconi syndrome [6]. This critical clinical measure 

enables accurate and timely disease detection in patients, facilitating prognosis, diagnosis, 

management, and therapeutic monitoring [3]. Additive manufacturing, also known as three 

dimensional printing (3D), has emerged as a critical fabrication technology for the 

development of biosensors and other diagnostic devices[7] [8,9][10][11]. The potential of 

these materials is driving research into biosensors by its excellent mechanical strength and 

necessary electrical conductivity, promising the creation of low-cost, portable platforms for 

point-of-care testing (POCT)[12]. A few groups have successfully implemented this 

technology for the detection of clinical biomarkers such as hydrogen peroxide (H2O2), glucose 

(Glu), creatinine (Cre), heavy metals, caffeine, and dopamine[13][14][15][16][17]. In the past 

years, a few studies had also been conducted using the 3D printing technology for uric acid 

detection[18–20]. These studies exhibit limitations like miniaturization of the devices, labor-

intensive processes, and high operational costs. Thus, extending the 3D printed sensing 

platform to integrate with portable devices is necessary for a significant research direction to 

offer higher sensitivity, rapid response, low cost, portability, and real-time response over other 

conventional technologies [21–23]. 
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Several studies suggest that increasing the surface area of the device and utilizing various 

nanomaterials for sensor signal amplification can enhance electrochemical signals[24–26]. 

Among those, the use of gold nanoparticles[27], graphene oxide[28,29], and metal oxide 

nanomaterials such as CuO, MnO₂, TiO₂, and Ce₃O₄[30][31][32] has increased the selectivity 

and sensitivity of the non-enzymatic biosensing applications[16,33–35]. Despite these 

advanced techniques, conventional UA sensors based on enzymatic and non-enzymatic 

methods still face difficulties, such as a low detection limit, limited portability, high sample 

volume requirements, poor stability, and reduced reproducibility, with restricted application 

for point of care testing [12,17,36]. 

Herein, miniaturized 3D CPE electrochemical devices have been fabricated for uric acid 

detection. The fabricated devices were modified with DMF to increase porosity, followed by 

carboxylate multiwalled carbon nanotubes (MWCNTs) to enhance conductivity and 

electrocatalytic activity for uric acid detection. The material modification was confirmed by 

the SEM, EDAX, and FTIR characterization techniques. The enzymatic approach was 

employed to detect using the uricase enzyme with the specific linker. The electrochemical 

optimization and characterization, including electrocatalytic activity, pH effect, 

concentration, interference, repeatability, and reproducibility of the developed 

microelectrode, were carried out, and it was integrated with a portable potentiostat. 

Importantly, its performance was also validated using a human serum sample, achieving 

significant recovery values (97%), within the clinically acceptable range, thereby confirming 

its suitability for real sample analysis and point of care application in diagnostic testing.

2. Materials and methods

2.1 Materials

All chemicals were of analytical grade. Uric acid (UA), L-Ascorbic acid (AA), potassium 

chloride (KCl), potassium ferricyanide [K₃Fe(CN)₆], Uricase enzyme from Candida sp. (250 

U) from Sigma Aldrich, India, sodium phosphate monobasic (NaH₂PO₄·H₂O), L-tryptophan 

(LP), sodium phosphate dibasic (Na₂HPO₄·H₂O), glucose, sodium chloride (NaCl), and 

creatinine (Cr), all with a purity of approximately 99.9%, were used and purchased from Sigma 

Aldrich, India. Multiwalled carbon nanotubes (MWCNTs) were procured from TCI India. 

Dimethylformamide (DMF) [HCON(CH₃)₂] was used as an organic solvent for electrode-

surface activation. EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-
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hydroxysuccinimide) were obtained from Sigma-Aldrich, India. All solutions were prepared 

using deionized water with a resistivity of 18.2 MΩ·cm.

2.2 Instruments

Various instruments were utilized for device fabrication and electrode characterization. The 

electrochemical device characterization was carried out using the potentiostat, model SP-150 

potentiostat and portable Sensit BT potentiostat were purchased from BioLogic Science 

Instruments (France) and Sensit BT, Palmsens (Netherlands). A Dual extruder 3D printer from 

BCN3D (SIGMA D25 model) from (Lleida, Spain). Scanning electron microscopy (SEM) was 

used for surface morphology study was procured from (Apreo SEM from Thermo Fisher 

Scientific, USA). An electrically conductive composite polylactic acid (PLA) filaments (2.85 

mm, black color) were purchased from Protopasta 3D filaments (Vancouver, USA). The pH 

measurement was carried out using a double junction pH meter procured from (Oakton 700 

pH electrode, Singapore). A Silver-silver chloride (Ag/AgCl) paste procured from ALS, Japan. 

non-conducting polylactic filament (PLA) was also purchased from BCN3D Filaments 

(Lleida, Spain).

2.2 Design and fabrication of 3D Printed conductive electrodes 

The electrode geometry was designed in SolidWorks (Student Version 2024) and exported in 

stereolithography (.stl) format, followed by a slicing software, to print geometry (G code), as 

shown in Fig 1 (a & b). The device was printed by fused deposition modeling (FDM) based 

3D printing approach using a dual extrusion 3D printer with 0.4 mm nozzles, operating at 

210 °C. A non-conductive PLA filament was used to form the base structure. In contrast, a 

carbon-loaded conductive PLA filament was used to print the integrated three electrode 

system, comprising a working electrode (WE), a reference electrode (RE), and a counter 

electrode (CE), as shown in Fig 2 (a, b & c). The final printed electrode had a rectangular 

footprint of 25 mm × 11 mm, with a thickness of 0.5 mm. A 5 mm × 5 mm sample reservoir 

was incorporated into the design to confine the analyte solution. Post fabrication, the printed 

electrodes were treated with dimethylformamide (DMF) for 5 minutes to enhance surface 

wettability and electrocatalytic activity, followed by rinsing with deionized (DI) water and air 

drying. The DMF treatment induces swelling and partial dissolution of the PLA matrix, 

leading to exposure of embedded conductive fillers and formation of micro-/nano-porous 

structures upon solvent evaporation, thereby enhancing the effective electroactive surface 

area. Similar solvent-induced morphological modifications in polymer composites. Each print 

cycle produced 20 identical sensor devices in a single run using the dual-extrusion 3D printer. 
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All 20 electrodes from a given print were subjected to the same surface modification and 

functionalization protocol in batch (identical reagent volumes, incubation times, and washing 

steps). To minimize electrode-to-electrode variability, all printing parameters were kept 

constant across batches: printing speed (50% of the printer’s rated speed), nozzle temperature 

(220 °C), layer height, infill density, and extrusion flow rate.

Fig 1. (a) The dimensions of the developed three electrode (b) front view, side view, and 

back view of the microelectrode with the dimensions.  

Fig 2. (a) The fabrication of an electrochemical sensor using carbon conductive electrodes 

using the 3D printing (BCN 3D Printer), (b) Printed electrode with the sample reservoir and 

conductive electrodes using additive manufacturing, and (c) the final fabricated 

miniaturized electrodes.

2.3 Analyte and Enzyme Preparation

All solutions were prepared in a freshly prepared 0.1 M phosphate buffer solution (pH 7.0) to 

support the entire electrolyte for voltammetry and chronoamperometric detection of uric acid. 

The stock solution of uric acid was prepared in 0.1 M PBS, and the various concentrations 

were obtained by diluting the stock solution. The uricase enzyme was also prepared in 0.1 M 

PBS (pH 7), where the uricase was taken as 1 mg in 1 mL of PBS, a freshly prepared solution 
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during the experimental procedure. Additionally, the multiwalled carbon nanotube was 

prepared using 10 mg of MWCNT powder in 1 mL of ethanol (99% pure). A 30:10 ratio of 

EDC and NHS was also used for electrode modification to activate the electrode surface with 

carboxyl groups, which can then be used for the covalent binding of uricase enzymes.

2.4 Sensing mechanism

The electrochemical sensing mechanism for uric acid was facilitated through a biocatalytic 

mechanism, using uricase enzymes, immobilized onto a 3D-CPE printed electrode surface. 

The working was modified with multiwalled carbon nanotube (MWCNTs) to increase the 

electroactive surface area of the electrode and electron transfer. EDC and NHS were 

employed on the electrode surface area to enhance the immobilization of the uricase enzyme 

and facilitate its proper binding. The uricase enzyme catalyzes the oxidation of uric acid to 

allantoin, with the production of hydrogen peroxide (H2O2), and the generated H2O2 and 

carbon dioxide (CO2); the reaction mechanism is shown below in equation (1).

Uric Acid + O2 + H2O Uricase   Allantoin + CO2 + H2O2            (1)

The generated H₂O₂ is electrochemically active and undergoes further oxidation at the 

electrode surface, producing a measurable current response proportional to the uric acid 

concentration. 

2.5 Electrode Modification 

The electrode modification was carried out using dropcasting techniques. Initially, the 

electrode was treated with a 0.1 M solution of dimethylformamide (DMF) to increase the 

porosity of the work

ing electrodes. Later, a 10 mg/mL solution of carboxylated multiwalled carbon nanotubes 

(MWCNTs) was prepared in pure ethanol (99.99%) and kept in a water bath to facilitate 

dispersion of the solution. Afterward, the crosslinker was prepared in a 30:10 ratio of 0.2 M 

EDC and 0.05 M NHS, dissolved in 0.1 M PBS (pH 7). A volume of 20 µL was dropcasted 

after MWCNT modification. Finally, the uricase enzyme was prepared in a 1 mg/mL solution 

of PBS (pH 7). A 10 µL volume of the prepared solution was drop casted on the working 

electrode area and kept at 4 °C overnight, as depicted in Fig (3). Subsequently, all the 

electrochemical detections were carried out.

Page 6 of 29Sensors & Diagnostics

S
en

so
rs

&
D

ia
gn

os
tic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 2
:3

7:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SD00005C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sd00005c


Fig 3. Schematic diagram for the stepwise electrode surface modification for uric acid (UA) 

detection. 

3. Results and discussion

To test the performance of the sensor and structural features of the developed miniaturized 

devices, including their structural properties and electrochemical performance, of the 3D-CPE 

biosensor. The morphological characterization of the sensor was carried out using SEM, EDX, 

and FTIR to confirm the electrode functionalization. The electrochemical characterization 

was carried out using cyclic voltammetry (CV) and chronoamperometry (CA) techniques. 

3.1 Material Characterization

To understand the electrode characterization upon each successful stepwise modification for 

the 3D-CPE devices. Scanning electron microscopy (SEM), Energy Dispersive X-ray 

Spectroscopy (EDX), and modification of the functional group at each stage were carried out 

using Fourier transform infrared spectroscopy (FTIR). All the elaborative studies are 

presented in the section below.

3.1.1 FE-SEM Analysis

Morphological studies of the electrode surface area were conducted using field-emission 

scanning electron microscopy (SEM). Initially, the samples were kept for gold coating using 

gold coater instruments for each of the samples prepared, up to 15 nm. As shown in Fig 4 (a), 

bare 3D-CPE was conducted, which exhibits a relatively limited microstructural feature. As 

shown in Fig 4 (b), DMF treated electrodes show a rougher and more porous surface 

morphology, characterized by increased surface texture and microvoids. Figure 4 (c) and (d) 

shows, the modification with multiwalled carbon nanotubes, which are evenly distributed on 

the electrode surface, with magnifications of 10 µm and 500 nm [37]. These results show an 

increase in surface area and a change in porous nature with modification, which benefits the 

electrochemical sensor application. 
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Fig. 4. FE-SEM images of the working electrode shown in (a) bare 3D-CPE at magnification 

of 10 µm, (b) DMF treated 3D-CPE, at the magnification of 10 µm, showing the increased 

surface porous nature, and in figures (c) and (d) 3D-CPE modified with the MWCNTs were 

successfully modified with the magnification of 10 µm and 500 nm.

3.1.2 EDX Analysis

The elemental composition of the modified material was confirmed using Energy dispersive 

X-ray spectroscopy (EDX), which was employed to analyze the 3D-CPE device at each stage 

of surface modification. As shown in Fig 5 (a) and (d), the bare 3D-CPE, having an elemental 

composition of carbon (C) and oxygen (O), presents atomic percentages of 80.65% and 

19.35%, respectively, with a carbonaceous base structure. In Fig 5 (b) and (e), the electrode 

surface was modified with DMF, and the elements present were C, O, Si, and S, which are 

additional elements, with atomic percentages of 80.27%, 18.95%, 0.38%, and 0.40%, 

respectively. In Fig 5 (c) and (f), the modification of the MWCNTs shows an increase in the 

atomic percentage of carbon elements to 91.68% and a decrease in the oxygen elements to 

8.32%, indicating that the increased percentage of elements leads to better electrochemical 

studies. 
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Fig. 5 EDX analysis for the (a) and (d) for the bare 3D-CPE, inset table showing the elemental 

composition for the C, and O. (b) and (e) shows DMF treated 3D-CPE inset the elemental 

composition depicting C, O, Si, and S and (c) and (f) shows MWCNT-coated 3D-CPE and 

inset all the elemental percentage. 

3.1.3 XPS Analysis

X-ray photoelectron spectroscopy (XPS) analysis was performed to confirm the elemental 

composition and chemical states of the 3D-CPE. The XPS survey for the 3D-CPE confirms 

the presence of the elements C and O, as shown in Fig 6 (a). The presence of the C 1s 

spectrum, as shown in Fig 6 (b), confirms a peak at 284.8 eV for C-C. Subsequently, fitting 

was carried out using Avantage software (Thermo Fisher Scientific) to verify the 

deconvolution of the carbon elements at the peak for C-O-C at 286 eV. The O-C=O peak at 

288.5 eV indicated the graphitic structure, and the functional group helps to enhance electron 

transfer and provide proper immobilization. The O 1s XPS spectrum as shown in Fig 6 (c), of 

the modified electrode was deconvoluted into two main components centered at ~531.8 eV 
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and ~533.3 eV. The peak at ~531.8 eV is assigned to C=O groups, including carbonyl and 

amide functionalities, indicating the formation of covalent linkages between the carboxyl 

groups of MWCNT and amine groups of uricase via EDC/NHS coupling. The second 

component at ~533.3 eV corresponds to C–O/O–C–O species, arising from hydroxyl or epoxy 

groups present on the carbon surface. A minor high binding energy tail (~534 eV) is also 

observed, which is attributed to adsorbed water or oxygen species[38]. These bonds, as 

presented in the XPS survey, will help improve hydrophilicity and charge transfer, enhancing 

electrochemical sensing. 

Fig. 6 XPS analysis of the 3D-printed carbon-conductive polylactic electrode (3D-CPE): 

(a) full survey spectrum showing the presence of C 1s and O 1s peaks, (b) high resolution 

C 1s spectrum deconvoluted into C–O–C and O–C=O at 284.8 eV, and (c) O 1s high-

resolution XPS spectrum showing deconvoluted peaks at ~531.8 eV and ~533.3 eV, 

corresponding to C=O and C–O/O–C–O functional groups, respectively.

3.1.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier Transform Infrared Spectroscopy was employed to confirm the sequential surface 

modifications of the 3D electrode during fabrication. The FTIR spectrum of the DMF treated 
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electrode exhibited characteristic peaks around 1640 cm⁻¹ and 1400 cm⁻¹, corresponding to 

C=O stretching (amide) and C–N bending vibrations, respectively, indicating partial surface 

activation and interaction of DMF with the electrode matrix, as shown in Fig 7. Upon 

modification with multiwalled carbon nanotubes (MWCNTs), a prominent peak at 

approximately 1570 cm⁻¹ was observed, attributed to C=C stretching vibrations from the 

graphitic backbone of MWCNTs, along with a broad O–H stretching band around 3400 cm⁻¹, 

indicating the presence of hydroxyl groups from surface oxidation. Subsequent activation 

using EDC/NHS chemistry introduced new peaks near 1740 cm⁻¹ and 1380 cm⁻¹, which were 

assigned to ester C=O stretching and N–O symmetric stretching, respectively. These peaks 

are characteristic of the successful formation of NHS esters and confirm the activation of 

carboxyl groups for amide bond formation. Finally, after uricase immobilization, two new 

bands emerged at ~1655 cm⁻¹ and ~1540 cm⁻¹, corresponding to the amide I (C=O stretching 

of the peptide bond) and amide II (N–H bending and C–N stretching) vibrations, respectively, 

which are indicative of protein secondary structure and confirm the successful covalent 

attachment of the enzyme on the electrode surface.
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Fig. 7 FTIR spectra of the 3D electrode at different stages of surface modification: bare 

electrode, DMF-treated electrode, MWCNT modified electrode, EDC/NHS activated 

surface, and Uricase immobilized electrode. Characteristic peaks corresponding to 

functional groups confirm the successful stepwise modification and enzyme 

immobilization.

3.2 Analytical performance of 3D-CPE printed electrode towards Uric Acid

3.2.1 Electrochemical behaviour of the device using a redox mediator 

The Cyclic voltammetry (CV) was performed using a standard 5 mM [Fe(CN)₆]³⁻/⁴⁻ redox 

probe in 0.1 M KCl to evaluate the electrochemical activity and electron transfer kinetics of 

the 3D-CPE electrode at various stages of modification. The bare electrode exhibited well-

defined redox peaks with a moderate peak-to-peak separation (ΔEp), indicating quasi-

reversible behaviour. Upon modification with MWCNTs, a significant increase in peak 

current and a decrease in ΔEp were observed, suggesting enhanced electron transfer due to 

the nanotube high conductivity and increased surface area. Further functionalization with 

EDC/NHS and uricase resulted in a slight decrease in peak current, attributed to partial 

electrode surface blocking by the biomolecular layer, as shown in Fig 8 (a). These results 

confirm the successful modification of the electrode and the preservation of electrochemical 

activity necessary for biosensing applications.
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Fig. 8 (a) CV of 3D CPE electrode for the device performance using 5 mM K3[Fe(CN)6] in 

1 M KCl solution. (a) Inset figure for the bare 3D CPE electrode in the range of -1.5 to 1.5 

V at the 50 mV/s. (b) CV response of electrodes in the presence PBS (pH 7) and (1000 

µM) Uric acid at 50 mV/s at the electrode surface of Uricase/MWCNT/3D printed carbon 

conductive filament based electrode (3D-CPE). (c) CV responses of various scan rates on 

uric acid detection from 10 mVs-1 to 100 mVs-1. (d) Corresponding calibration curve plot for 

the Ipa Vs (Scan rate)1/2 (mVs-1)1/2.

3.2.2 Optimization of pH effect study for Uric Acid

The effect of pH on the electrochemical response of uric acid was investigated using cyclic 

voltammetry (CV) in 0.1 M phosphate buffer (pH 3–10) containing 500 µM uric acid. CV 

study shows a strong pH dependence due to the proton occurring in the redox mechanism. At 

pH (3–5), redox peaks, with low current observed, are attributed to protonation of uric acid 

and hindered electron transfer. Increasing the pH from 6 to 9 resulted in enhanced anodic 

currents and a negative shift in oxidation potential, consistent with a proton coupled electron 

transfer (PCET) process. At pH 7, well defined redox peaks with maximum current response 

were obtained, indicating optimal electron transfer kinetics and molecular stability. Beyond 
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pH 9, peak broadening suggested uric acid instability in alkaline media. Therefore, pH 7 was 

selected as the optimal working condition, providing both physiological relevance and stable 

electrochemical performance.

3.2.3 Cyclic Voltammetry Responses of Uric Acid

The electrochemical behaviour of the device was tested with 1 mM of 50 µL uric acid solution 

by the CV in 0.1 M Phosphate buffer solution (PBS) of pH 7 in the optimized potential 

window of 1 V to -1 V with the scan rate of 50 mV/s, and sample volume is 50 µL. The CV 

response was recorded for the bare 3D-CPE and Uricase/EDC/NHS/MWCNT/Modified 3D 

printed carbon conductive filament based electrode (3D-CPE) with the PBS and in the 

presence of the uric acid at the scan rate of the 50 mV/s, as depicted in the Fig 8 (b). The 

response for the bare 3D CPE for the uric acid, there was no significant peak were observed, 

whereas for the modified Uricase/EDC: NHS/MWCNT/Modified 3D CPE electrode a 

significant oxidation peak was observed at 0.31 V as per by the reported works which 

indicated that uric acid undergoes oxidation with the developed device[20,27,31,39].

3.2.4 Effect of Scan Rate Study

Cyclic voltammetry was performed at varying scan rates ranging from 10 to 100 mV s⁻¹ in the 

presence of 0.5 mM K₃[Fe(CN)₆]³⁻/⁴⁻ in 1 M KCl within the potential window of –1.5 to +1.5 

V, as shown in Fig 8 (c). The ferri/ferrocyanide redox couple exhibited well defined anodic 

and cathodic peaks, both of which increased proportionally with the square root of the scan 

rate, confirming diffusion controlled electron transfer. The corresponding calibration plots of 

anodic and cathodic peak currents versus the square root of scan rate displayed linear 

relationships, as shown in figure 8 (d). This behaviour is consistent with the Randles–Ševčík 

equation for reversible systems:

Ipa = 2.69×105 n3/2AD1/2C v1/2      (1)

where, Ipa/v1/2 is the slope calculated from the calibration graph 12.806 μA/(mVs-1)1/2, n the 

number of electrons participated in the reaction (assumed to be 1), The geometric area of the 

working electrode (WE), based on a 4 mm diameter, was calculated to be 0.126 cm². Using 

this value, the diffusion coefficient (D) was determined using the Randles–Ševčík equation, 

the calculated diffusion coefficient was found to be (D) (cm² s⁻¹) = 5.74 × 10−7 cm2/s, C the 

analyte concentration (mol cm⁻³) = 0.5 mM, and v the scan rate (mVs⁻¹). which is in 

reasonable agreement with reported values for the ferri/ferrocyanide system, confirming the 

reliability of the electrochemical response. The strong linearity indicates that the fabricated 

electrode provides efficient and stable electron transfer characteristics.

Page 14 of 29Sensors & Diagnostics

S
en

so
rs

&
D

ia
gn

os
tic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 2
:3

7:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SD00005C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sd00005c


3.2.5 Effect of Concentration Study

To evaluate the sensitivity and analytical performance of the developed sensor, the uric acid 

concentration dependent electrochemical response was studied using the chronoamperometric 

(CA) technique. The measurements were conducted under optimized conditions at an anodic 

potential of 0.31 V (determined from cyclic voltammetry) for 60 s, with a sample volume of 

50 µL. The concentration study was carried out in the range of 10 to 500 µM, as shown in Fig 

9 (a). A gradual increase in current response was observed with increasing uric acid 

concentration, confirming the efficient catalytic oxidation of uric acid by the uricase modified 

3D printed carbon conductive filament based electrode (3D-CPE). This reaction indicates the 

proper electrocatalytic activity of uric acid to allantoin, carbon dioxide, and hydrogen 

peroxide (H₂O₂), where uricase, as the enzyme used, is described by the following enzymatic 

reaction mechanism.

Uric acid + 𝑂2 + 𝐻2𝑂
Uricase

→ Allantoin + 𝐶𝑂2 + 𝐻2𝑂2The generated hydrogen peroxide 

(H2O2) undergoes electrochemical oxidation at the electrode surface, producing an anodic 

current proportional to the uric acid concentration.

𝐻2𝑂2→2𝐻+ + 𝑂2 + 2𝑒―This redox process behaviour of the device mechanism, where the 

current increase reflects the oxidation of enzymatically produced H₂O₂. The calibration plot 

with the correlation coefficients of 𝑅2 = 0.99), indicating proper linearity as shown in Figure 

9 (b). Based on the slope and standard deviation (σ) of the calibration curve, the limit of 

detection (LOD) and limit of quantification (LOQ) were calculated using the equations 

[40,41].

LOD = 3.3 × σ
S                             (2)

LOQ = 10 × σ
S
                                  (3)         

The calculated LOD and LOQ values were 7.95 µM and 24.11 µM, respectively, 

demonstrating the capability of the sensor for trace level detection of uric acid. 
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Fig. 9 (a) Chronoamperometric response of the uricase modified 3D (3D-CPE) recorded at 

different uric acid concentrations (10–500 µM) under an applied potential of 0.31 V for 60 

s. (b) Corresponding calibration plot showing a linear relationship between current response 

and uric acid concentration (R² = 0.99).

3.2.6 Interference study

The selectivity of the uricase modified 3D-CPE sensor was investigated toward 100 µM uric 

acid in the presence of physiologically relevant interferents, including creatinine (50 µM), 

ascorbic acid (10 µM), urea (100 µM), lactate (1 mM), glucose (5 mM), K⁺ (4 mM), and Na⁺ 

(130 mM). Chronoamperometric (CA) measurements were performed in 0.1 M phosphate 

buffered saline (PBS, pH 7) at an applied potential of +0.31 V for 60 s using a sample volume 

of 100 µL. As shown in Fig 10 (a), the current response for uric acid exhibited negligible 

variation after the sequential addition of these potential interferents, with a relative standard 

deviation (RSD) of 3.5%. These results demonstrate that the developed biosensor possesses 

excellent selectivity toward uric acid detection, even in the presence of coexisting 

electroactive or ionic species.
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Fig. 10 (a) Chronoamperometric (CA) responses of the uricase modified 3D-CPE sensor 

toward 100 µM uric acid in the presence of potential interferents, including creatinine, 

ascorbic acid, urea, lactate, glucose, K⁺, and Na⁺ ions, recorded in 0.1 M PBS (pH 7) at 

+0.31 V for 60 s. (b) Repeatability study was carried out using chronoamperometric 

responses of a single uricase modified 3D-CPE for ten successive additions of 300 µM uric 

acid in 0.1 M PBS (pH 7) at +0.31 V, showing highly consistent currents (RSD = 3.8%), (n 

= 3). (c) Reproducibility was carried out using five independently prepared uricase 

modified 3D-CPEs for 300 µM uric acid under identical conditions, demonstrating minor 

variations in current (RSD = 4.2%), (n = 3). (d) Storage stability was carried out using 

chronoamperometric response of the biosensor to 300 µM uric acid over 28 days, with 

electrodes stored at 4 °C in 0.1 M PBS, retaining ~92% of the initial current after two weeks, 

the experiments carried out in the triplets in numbers. 

3.2.7 Repeatability, reproducibility, and stability of device

The repeatability of the uricase modified 3D-CPE sensor was evaluated using 

chronoamperometric (CA) measurements under optimized conditions. Ten successive 
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chronoamperometric responses were recorded for 300 µM uric acid in 0.1 M PBS (pH 7) at 

an applied potential of +0.31 V for 60 s. The current responses remained highly consistent, 

exhibiting a relative standard deviation (RSD) of 3.8%, confirming excellent signal 

repeatability as shown in Fig 10 (b). The negligible variation in current across repeated 

measurements indicates minimal electrode fouling and stable electron transfer kinetics at the 

modified electrode surface. To evaluate fabrication reproducibility, five independent Uricase 

modified 3D CPE electrodes were prepared using the same protocol. Their CA responses 

toward 300 µM uric acid were recorded under identical conditions. The oxidation peak 

currents showed only minor variations, with a relative standard deviation (RSD) of 4.2%, as 

shown in Fig 10 (c). This low RSD demonstrates reliable electrode preparation and consistent 

enzyme immobilization, essential for large scale sensor fabrication. The storage stability of 

the biosensor was evaluated by monitoring its chronoamperometric response to 300 µM uric 

acid at regular intervals over a 28 day period. When not in use, electrodes were stored at 4 °C 

in 0.1 M phosphate buffer (pH 7). The steady state current decreased gradually, retaining 

approximately 92% of the initial response after two weeks. This minimal loss indicates that 

both the enzymatic activity of uricase and the structural integrity of the modified electrode 

were well preserved under the storage conditions. The observed stability is comparable to or 

better than previously reported enzymatic biosensors, which typically exhibit a 10–15% 

decrease in activity over a similar period, as shown in Fig 10 (d).

3.2.8 Portable Device Validation 

The concentration study was also carried out using a portable potentiostat (detail in the 

Equipment section) as shown in Fig 11 (a & b), Chronoamperometry techniques were carried 

out at an anodic potential of 0.31 V for 60 s, with a concentration range of 50 to 500 µM and a 

sample volume of 50 µL. The calculated linear response was observed in the range of 50 to 500 

µM, and a coefficient of correlation of 0.98 was obtained, confirming linearity. The limits of 

detection and quantification were also calculated to be 7.4 µM and 22.4 µM, respectively. The 

portable Sensit BT potentiostat exhibits a higher LOD compared to the benchtop system, 

primarily due to its higher noise floor, lower current resolution, and limited amplifier 

sensitivity, which reduce the signal-to-noise ratio at low analyte concentrations. Despite this, 

the device demonstrates good linearity within the 50–300 µM range, which is relevant for 

practical point-of-care applications. 
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Fig. 11 (a) Concentration study using portable potentiostat in the range of 50 to 500 µM, as 

the inset figure shows the enlarged view, (b) corresponding calibration plot (R2 = 0.98), the 

experiments carried out in the triplets in numbers (n = 3). 

3.2.9 Real sample analysis

The practical applicability of the uricase modified 3D-CPE was demonstrated through 

chronoamperometric analysis of spiked human serum samples. Samples were diluted 

appropriately in 0.1 M PBS (pH 7), and CA measurements were carried out at an applied 

potential of +0.31 V. The known concentrations of uric acid were added to the samples, and 

the corresponding current responses were recorded, as shown in Fig 12 (a & b). The biosensor 

exhibited rapid, well defined, and concentration dependent currents, enabling accurate 

quantification. Recovery studies yielded values of 97% for serum samples, indicating 

excellent accuracy, as shown in Table 1. These results confirm that the enzymatic activity of 

uricase and the structural integrity of the modified electrode are maintained in complex 

biological matrices, highlighting the potential of the developed device for reliable clinical and 

diagnostic applications. A summary of previous studies on enzymatic electrochemical 

detection of uric acid is presented in Table 2.
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Fig 12. Chronoamperometric analysis of uricase modified 3D-CPE in real samples: (a) 

Human serum spiked with known concentrations of uric acid. The sensor exhibits rapid, 

concentration dependent current responses, with recoveries of 97% for serum 

demonstrating excellent accuracy and applicability in complex biological matrices.

Recovery percentage (%) = (Added / Found) ×100 [42–44]

Table 1. Real Sample Analysis

# Sample Added (µM) Found (µM) Recovery

100 µM 97.06 97.06 %

200 µM 193.53 96.77 %

1 Serum

300 µM 290.59 96.86 %

Table 2. An analytical performance of the present sensor compared with reported uric acid 

sensors.

# Fabrication 

Techniques

Sensor 

Modification

Linear range 

(µM)

LOD 

(µM) 

Portability/ 

Instrumentation

Ref
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1. Glassy 

Carbon 

Electrode

Nanotube paste 

electrode 

(enzymatic)

20 - 380 0.18 Benchtop 

system

[45]

2. Glassy 

Carbon 

Electrode

CuO/GCE non-

enzymatic sensor

1 - 400 0.6 Bulky System [46]

3. 3D Printed 3D SACNT 100-1000 10 Benchtop [47]

4. Screen-

Printed 

Electrode

AC/VCO/BW/SPE 10- 1000 43.8 Bulky System [47]

5. Screen-

Printed 

Electrode

MC-ZnO/SPE 20 - 225 3.76 Bulky System [48]

6. Glassy 

Carbon 

Electrode

Fe3O4/GCE 20 - 160 14 Bulky System [40]

7. Carbon 

Paste 

Electrode

ZnO/PANI/CPE 10 - 120 7 Bulky System [14]

8. ECL MoS2 QDs 100 – 500 20 Benchtop 

System

[49]

9. ITO Uricase/CNT/Pani 100 – 1000 43.2 Benchtop 

System

[50]

10. Glassy 

Carbon 

Electrode

AuNPs@MoS2 50 – 40000 10 Bulky system [27]

11. Carbon 

Conductive 

3D-CPE

MWCNT/EDC/NH

S/Uricase-modified 

3D-CPE)

10 - 500 7.95 

µM

Miniaturized 

PoC Devices 

(Sensit-BT 

Potentiostat)

This 

Wor

k
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Abbreviation: AuNPs : Gold Nanoparticles, ITO: Indium Tin Oxide, ECL: 

Electrochemiluminescence, ZnO: Zinc Oxide,  MoS2 : Molybdenum disulfide, CNT: Carbon 

nanotubes

4 Conclusion

This work presents a miniaturized and portable electrochemical device fabricated through a 

simple one step 3D printing approach for uric acid detection. A highly sensitive sensing 

platform was achieved by directly integrating working, counter, and reference electrodes from 

commercial conductive polylactic acid filaments and further functionalizing them with multi 

walled carbon nanotubes (MWCNTs), EDC/NHS coupling, and uricase. A well-defined 

oxidation potential at ~0.31 V was observed, and the device was systematically optimized 

with respect to pH, concentration, scan rate, interference, and stability. A wide linear range 

(10 – 500 µM) with an ultralow detection limit of 7.95 µM and a quantification limit of 24.11 

µM was obtained. Finally, the real sample validation using serum samples (97%) and 

excellent recovery was observed. Meanwhile, reproducibility and stability studies confirmed 

the robustness of the platform. Collectively, a scalable, low sample volume, and low-cost 

route for the development of portable electrochemical biosensors was established, with strong 

potential for point of care testing (PoCT) of uric acid and broader applications in clinical 

diagnostics.
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