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Urea, a nitrogenous organic compound resulting from protein metabolism, is
excreted as a waste product in urine. Elevated blood urea levels are associated
with severe health conditions, including chronic kidney disease (CKD) and
liver failure. Thus, monitoring urea levels is essential for CKD patients and
individuals with metabolic disorders that heighten the risk of CKD. While
existing diagnostic technologies offer high sensitivity and specificity, they are
often expensive, require skilled operators, involve lengthy processing times,
and are typically invasive and discontinuous. To address these challenges,
researchers have developed various biosensor systems for rapid and
cost-effective urea detection. This review provides a comprehensive overview
of recent advancements in urea biosensing technologies, highlighting key
challenges and potential solutions in biosensor design. It examines enzymatic
and non-enzymatic urea biosensors, focusing on electrochemical detection
techniques such as amperometry and potentiometry for enzymatic sensors
and cyclic voltammetry for non-enzymatic sensors. Additionally, it explores
material innovations, technological advancements, and strategies to enhance
sensitivity, selectivity, portability, and stability. The integration of biosensors
with loT for real-time monitoring and their applications in medical diagnostics

sweat.’] It can pass through the cell
membrane and into the blood and tissues
due to it's water solubility. The highest
concentration of urea exists in urine be-
cause the majority of it is eliminated as
waste after being filtered by the kidney.
In general, urea can be detected as ei-
ther the entire compound or only its ni-
trogen component (blood urea nitrogen,
or BUN); the reference range for urea ni-
trogen is 5 — 20 mg dl~!'. While urine
urea level is affected by the amount of
protein consumed, consumption of rec-
ommended amounts of protein does not
result in elevated urine urea levels.[*’]
Since the kidneys remove 85% of urea,
excessive blood urea levels are a sign of
kidney dysfunction (owing to decreased
renal clearance); elevated blood urea is
known as uremia, or blood urine. This
disorder occurs in chronic kidney dis-
ease (CKD) and can result in end-stage

are also discussed.

1. Introduction

Urea (carbamide) is a nitrogenous organic compound with the
chemical formula CO(NH,),."?! It is produced in the liver as a
byproduct of the digestion of dietary proteins and expelled as a
waste product in the urine to get rid of extra nitrogen. Urea is
present in various body fluids, including urine, blood, tear, and

renal failure.®”] On the other hand, a

diet heavy in protein might cause el-

evated urea levels in the urine, which

is linked to bladder cancer.®] Figure 1
illustrates the fate of urea in human body including its produc-
tion and excretion.

CKD is a critical global health concern with ~#10% of the global
adult population affected by the disease, according to recent
studies.[1®1!] Additionally, CKD ranks as the ninth leading cause
of death in the United States with about 14% of the population af-
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Liver: unabsorbed peptides

Tears: > 0.5g/day o

are convertedinto ureain the
liver

Saliva: > 0.5g/day

Kidney : Ureais excreted in urine

Mouth: Dietary protein intake

Sweat: > 0.5g/day

Digestive system: Dietary proteins
L B -»» be broken to smaller amino acids
s and peptides

Lost in digestive system: >

Urine: 85% urea excreted in
urine (10 g/day)

0.5g/day Matrix Urea Range (mM)
Blood 2.5-7.5
Urine 1.2-3.3
Saliva 1.2-7.8
Sweat 0-50
Milk 3-6.6

Figure 1. Urea Metabolism and Excretion in the Human Body: This figure illustrates the metabolic pathway of urea in the human body. Dietary proteins
are broken down into amino acids and peptides, which are then converted into urea in the liver through the urea cycle. The majority of urea is produced
in the liver and excreted through urine. Once synthesized, urea is distributed in body fluids, with a small fraction released through sweat (particularly
during exercise), as well as in tears and saliva. The table is reproduced with permission.[°] Copyright 2023, Elsevier.

fected by the disease [https://www.cdc.gov/kidney-disease/php/
data-research/index.html].[!?| Patients with CKD frequently ex-
hibit elevated serum urea levels. While urea itself was not ini-
tially considered toxic at high concentrations in the blood, emerg-
ing research indicates that it can cause both direct and indirect
toxicity.3] Specifically, urea can contribute to the development
of cardiovascular diseases, significantly increasing CKD-related
morbidity. CKD often arises from underlying conditions such as
type II diabetes and hypertension, which are highly prevalent
worldwide. The International Diabetes Federation reported in
2021 that 10.5% of adults globally have type II diabetes,[**! with 1
in 3 diabetic patients developing CKD, as noted by the US Centers
for Disease Control and Prevention (CDC).['?) Moreover, the Na-
tional Institute of Health (NIH) identified high blood pressure as
the second leading cause of kidney disease in the United States,
following diabetes.'>] For this, urea detection and monitoring are
necessary, particularly for people with different metabolic disor-
ders, to mitigate the risk of kidney or liver diseases and to man-
age the toxic effects of high blood urea concentrations.['®] Patients
with high urea levels may experience various symptoms, includ-
ing intellectual disability, fatigue, shortness of breath, nausea,
vomiting, and unexplained weight loss.['”!8] If untreated, symp-
toms may get worse, such as the appearance of yellow or white
crystals in the skin due to urea excretion through sweat and a
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urine-like odor on the breath. Prolonged high urea levels can re-
sult in significant complications, such as anemia, hypertension,
acidosis, thyroid dysfunction, and infertility.[!") Conversely, ab-
normally low urea concentrations may indicate liver failure or
cirrhosis.[?%! Both, high or low urea levels can also stem from
factors beyond renal or hepatic failure. For instance, dehydra-
tion, starvation, infection, and certain medications that can el-
evate urea levels, whereas overhydration and pregnancy can lead
to reduced levels.[?!]

Various analytical techniques have been developed for
the detection and quantification of urea, including solid-
phase extraction chromatography,??l chemiluminescence-based
methods,?*! colorimetric assays,**! spectrophotometry,[®! mass
spectrometry,12] fluorimetry,?’] and electrochemical detection.l°!
However, many of these conventional methods are limited due to
their inherent drawbacks. For instance, they often involve com-
plex sample pre-processing, which extends the analysis and de-
tection time. Additionally, these methods typically require highly
trained personnel, increasing both the effort and associated costs.
Furthermore, urea testing also demands sophisticated and expen-
sive equipment, necessitating a substantial budget. While colori-
metric techniques offer simplicity and potential, they usually re-
quire additional tools such as scanners, cameras, or phone cam-
eras integrated with computer programs for color analysis or
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other advanced instruments to measure color intensities.[?®] Fi-
nally, most conventional urea tests rely on blood samples, and
the phlebotomy process can be inconvenient for both patients
and medical staff.[>?%1 Moreover, for patients with impaired kid-
ney function, continuous monitoring of urea level fluctuations is
more beneficial than relying on isolated measurements.[*"]

Significant advancements have been made in urea detection,
aiming to address the limitations of conventional methods, par-
ticularly through the development of urea biosensors based on
various biochemical and biophysical phenomena.*'*2] The first
urea biosensor developed in 196952 relied on changes in pH
to detect urea levels. This process relies on the enzyme urease,
which catalyzes the hydrolysis of urea into ammonium and bicar-
bonate ions. These ions alter the pH of the sample, with the con-
centration of ammonium ions directly correlating to the urea con-
tent. While urease-based biosensors are common, their high cost
and limited stability have prompted researchers to explore non-
enzymatic alternatives. For instance, metal oxides have been em-
ployed due to their excellent catalytic activity, stability, and sensi-
tivity, providing a cost-effective solution to the limitation posed by
the use of urease. Urea biosensors are classified based on biore-
ceptor type, transducer mechanism, and the physicochemical re-
actions employed. Different researchers propose varying catego-
rizations. Singh et al. divided urea biosensors into ten categories,
focusing on the types of transistors and materials used, such as
graphene, polymers, nanocomposites, and nanoparticles.**! In
contrast, Pundir et al. organized them into two major categories:
transducer-based biosensors, further subdivided into six types,
and matrix-based biosensors utilizing polymeric materials.’] Re-
searchers have also explored correlations between blood urea lev-
els and those in other body fluids, such as urine and saliva, offer-
ing more accessible and less invasive testing options compared
to blood sampling.**! Among the various fabrication approaches
for urea biosensors, the electrochemical method has been widely
studied for its potential to enhance detection.’! This approach in-
cludes potentiometric, conductometric, and amperometric meth-
ods, which detect ammonium or bicarbonate ions released dur-
ing urease-catalyzed urea hydrolysis. Electrochemical methods
are particularly promising due to their high sensitivity, speci-
ficity, and rapid response times, and they have been extensively
researched.®! Furthermore, non-enzymatic electrochemical ap-
proaches are being developed, offering an alternative to enzyme-
based detection systems.

Significant progress has been made in electrochemical urea
detection in recent years, with notable reviews published on
this topic. For instance, two comprehensive reviews, >3] covered
advancements up to 2021, while a 2022 review focused exclu-
sively on the electrochemical potentiometric approach.l*’”] More
recently, Quadrini et al. (2023) presented a concise mini-review
offering a limited set of perspectives.’ In 2024, Mashhadban-K
et al. presented a detailed review; however, their focus was re-
stricted to the enzymatic approach.®®! Additionally, several re-
views have explored urea biosensors for applications beyond the
biomedical domain.[3%-#!]

This review explores various electrochemical approaches
for urea biosensing, encompassing both enzymatic and non-
enzymatic methodologies. For enzymatic biosensors, the focus is
on electrochemical techniques, particularly amperometry and po-
tentiometry. In contrast, non-enzymatic biosensors are examined

Adv. Sensor Res. 2025, 00117 e00117 (3 Of25)

www.advsensorres.com

through cyclic voltammetric techniques, with an emphasis on
material modifications to enhance performance. Non-enzymatic
approaches offer potential advantages in cost-effectiveness and
stability compared to enzyme-based systems. The review also dis-
cusses key technological advancements in urea biosensors, high-
lighting strategies to enhance sensitivity and selectivity for accu-
rate detection in complex biological samples. Additionally, it ad-
dresses trends in miniaturization and portability, aiming to facil-
itate point-of-care diagnostics and continuous monitoring. An-
other critical aspect explored is improving stability and extend-
ing the operational lifespan of urea biosensors, which is essential
for reliable long-term monitoring and reducing sensor replace-
ment frequency. Finally, this review examines the diverse applica-
tions of advanced urea biosensors in medical diagnostics, includ-
ing kidney function monitoring, chronic kidney disease manage-
ment, and other clinical scenarios where precise urea measure-
ment is crucial for patient care. Figure 2 demonstrates the cur-
rent breakthroughs in urea biosensor technology including both
enzymatic and non-enzymatic methods, highlighting methods to
improve sensor performance, device downsizing, and integration
for practical biomedical applications. Table 1 summarizes the
market status of urea biosensor, despite advances in urea biosen-
sor production, there are no urea biosensors available for home
monitoring.

2. Types of Electrochemical Urea Biosensors

Various types of transducers have been developed for electro-
chemical urea biosensors, with the most common being po-
tentiometric, amperometric, conductometric, thermal, optical,
manometric, and piezoelectric transducers.l’! This section fo-
cuses on studies utilizing the enzymatic approach for urea de-
tection, particularly those employing amperometric and poten-
tiometric methods. These methods often rely on electrode mod-
ification using a variety of nanomaterials to enhance sensor per-
formance.

2.1. Enzymatic Electrochemical Sensors
2.1.1. Amperometric Approach

The amperometric approach involves measurement of current
generated by a redox reaction occurring between two electrodes.
Variants of this method include amperometry, chronoamperom-
etry, and double-setup chronoamperometry.*?] In amperometry,
redox species in the sensing layer undergo oxidation or reduction
on the transducer surface, producing an electric current. The re-
sulting signal is typically represented as current (A) versus urea
concentration.[*}] Figure 3a provides a general overview of how
amperometric biosensors function.

To enhance sensitivity and response time, designing biosen-
sors that enable rapid electron transfer between the biological ele-
ment and the electrode is critical. Amperometric biosensors have
evolved significantly, allowing direct electron transfer through
enzyme immobilization on the electrode surface.l****] However,
enzyme immobilization presents challenges, as inappropriate
techniques can result in enzyme denaturation or electrode foul-
ing, which impede electron transfer. Appropriate immobilization
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Figure 2. Comprehensive overview of urea biosensor research and development: This schematic provides a detailed overview of advancements in urea
biosensor technology, covering both enzymatic and non-enzymatic detection strategies. It illustrates the transition from laboratory research to market-
ready applications, highlighting key innovations. Enzymatic biosensors, primarily utilizing urease, are compared with non-enzymatic approaches that
leverage novel materials such as metal oxides. The figure also outlines major technological improvements, including strategies to enhance sensitiv-
ity, selectivity, and stability, alongside efforts toward miniaturization and loT integration. Additionally, it showcases various biomedical applications,
emphasizing the role of urea biosensors in diagnostics and disease management, particularly for chronic kidney disease and metabolic disorders.

Table 1. Market status of urea biosensor types.

Biosensor type Research only Emerging Marketed (lab/clinic) Company / product/ re.
Potentiometric (Urease based) 4 Roche Cobas ¢ 311/501/701/702

v Metrohm DropSens SPEs
Amperometric (urease-based) v v Nova Biomedical Stat Profile Prime Plus

4 Zimmer & Peacock Urea Sensor
Lab-on-a-chip/Microfluidic v v PalmSens SPEs

4 Abbott i-STAT Handheld Analyzer

Non-enzymatic (metal oxide) v 4 [9]
Wearable/Continuous v Zimmer & Peacock (custom development)

Monitoring
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Figure 3. Amperometric Urea Biosensor Mechanisms and Electrode Modifications a) General schematic of an amperometric biosensor. The target
analyte (urea) is positioned near the electrode, where enzymatic degradation generates specific products or gases that undergo redox reactions at the
electrode surface. When a fixed voltage is applied, electron transfer occurs, generating a measurable current proportional to the urea concentration.
A reference electrode provides a stable potential for the working and counter electrodes. Reproduced with permission.[43] Copyright 2011, Elsevier. b)
Illustration of a working electrode composed of graphene oxide (GO)-based material with immobilized urease. Urea hydrolysis occurs near the electrode
surface, producing carbamic acid, which oxidizes the electrode and generates an anodic current correlated with urea concentration. Reproduced with
permission.[>% Copyright 2020, MDPI. c) Schematic representation of a glassy carbon electrode modified with gold nanosphere-decorated Prussian
blue nanocubes for enhanced electrochemical performance. Reproduced with permission.[>*] Copyright 2023, Springer Nature. d) Preparation steps for
a GO/Fe,0,-PANI composite as a working electrode, with SEM images of the synthesized composite. The accompanying graphs illustrate biosensor
activity in response to varying applied potentials, enzyme concentrations, and pH levels. Reproduced with permission.[8] Copyright 2024, Elsevier.
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of urease using suitable matrices is crucial to achieving high sen-  ase enzyme immobilized in an alginate polymer matrix using en-
sitivity and reproducibility in these biosensors.[2+3243] trapment, stabilization (via stabilizers), and cross-linking agents.

The amperometric approach is particularly favored for its high ~ The immobilized enzyme layer was placed in front of the CO, mi-
selectivity, which eliminates screening thresholds. Current re-  crosensor within a glass chamber, and the buffer pH was main-
search focuses on improving selectivity and electron transfer  tained at 6 to favor the production of CO, gas during urea hydrol-
through advancements in electrode modifications, enzyme im-  ysis. In this system, CO, gas diffused through the membrane of
mobilization techniques, or a combination of both. A notable ex-  the microsensor and was reduced at an Ag cathode. The biosen-
ample is the work by Fapyane et al., who developed a novel urea  sor demonstrated a linear response to urea concentrations from
biosensor based on the amperometric approach for CO, detec- 0 to 1000 pm, with a low limit of detection (LOD) of 0.94 um. It
tion. This biosensor addressed limitations associated with tra-  achieved a response time of 120 s, which compares favorably with
ditional Severinghaus-type CO, sensors by modifying both the literature values. Additionally, the enzyme retained 70% of its ac-
matrix and the electrode. Their design incorporated a CO, mi- tivity after 14 days, highlighting the stability and effectiveness of
crosensor shielded by a gas-permeable membrane, with the ure-  the biosensor.[*®]
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Carbon-Based Material-Modified  Electrodes: Carbon-based
nanomaterials, particularly graphene-based materials, are widely
recognized for their exceptional electron transfer properties,
stability, and high ion mobility.*”] These characteristics make
them highly suitable for electrochemical biosensors. A notable
example involves the use of thermally reduced graphene oxide
nanoparticles (TRGO) as a response transducer and urease
supporter. This approach results in a cost-effective biosensor, as
TRGO possesses abundant active groups that facilitate electron
transfer and enable electrochemical reactions at low potentials.
When combined with urease, TRGO forms a mediator-free
biosensor with remarkable sensitivity (2.3 + 0.1 pA cm™2 mM™!),
storage stability of up to seven months, and good reproducibility.
Figure 3b illustrates the role of graphene oxide-based materials
in generating electrochemical oxidation for urea detection.!*8!
Further advancements have been made using a sonochemi-
cal approach to fabricate zinc phthalocyanine/graphene oxide
(ZnPh/GO) nanocomposite-modified glassy carbon electrodes.
The high density of active sites provided by graphene oxide
enhances the catalytic properties of the bioelectrode for urea
detection. Moreover, graphene oxide creates a favorable en-
vironment for immobilizing urease in high concentrations,
facilitating improved electron transfer between the analyte and
the ZnPh/GO/Urease bioelectrode surface.*] Carbon nan-
otubes (CNTs) and graphene-based materials are also highly
recommended for their exceptional electrochemical properties,
large surface area-to-volume ratio, electrical conductivity, and
stability.l®®] For example, Hassan et al. developed a disposable
urea biosensor based on a carbon nanotube/poly(o-toluidine)
(PoT) nanocomposite. Poly-o-toluidine is known for its high elec-
trochemical signal; however, integrating it with carbon-based
materials enhances its electron transfer properties, addressing
the reduction in electrochemical activity following urease immo-
bilization. Blood sample analyses using this biosensor exhibited
high correlation with reference methods for urea detection.5!]
Another innovative application involves using polyacrylonitrile
(PAN) nanofibers and multi-walled carbon nanotubes (MWC-
NTs) to create a composite biosensor for the dual detection of
glucose and urea. The nanofiber’s large surface area-to-volume
ratio and high porosity significantly increase enzyme loading
capacity and prolong enzyme lifetime. This biosensor achieved a
very low detection limit of 0.1 pm for urea with high accuracy.>?!

Metal and Metal Oxide-Based Electrodes: Metal and metal ox-
ide nanomaterials have been widely explored in urea biosensors
due to their superior electrochemical and catalytic properties.

Gold-Based Electrodes: Gold nanoparticles (AuNPs) embed-
ded in polymers have demonstrated significant potential for urea
biosensing. Korkut et al. developed a biosensor using gold elec-
trodes coated with poly(propylene-co-imidazole) embedded with
AuNPs.>3] Ammonium, a product of enzymatic urea degrada-
tion, undergoes electro-oxidation facilitated by the AuNPs in the
polymer chain. This sensor exhibited outstanding detection lim-
its, specificity, and storage stability. However, the detection range
was not clinically relevant.[*?] Prabakaran et al. addressed this
limitation by fabricating self-assembled gold nanospheres deco-
rated with Prussian blue nanocubes. Prussian blue acts as a redox
mediator, enhancing electron transfer, while gold nanoparticles
contribute to electrocatalytic properties. Together, these materials
produced a biosensor with excellent performance, including fast
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response time and high selectivity. Figure 3c illustrates the prepa-
ration approach for this modified electrode.l**! In another study,
Wang et al. developed a PANI:PSS/AuNPs/SPCE-based sensor
for multi-parameter detection of urine components. By combin-
ing the high conductivity of PANI with the catalytic activity of
AuNPs, the sensor demonstrated enhanced sensitivity and selec-
tivity, making it a promising tool for point-of-care diagnostics.!

Platinum-Based Electrodes:  Platinum (Pt) is a prominent ma-
terial recently used for electrochemical studies and the oxida-
tion of different compounds.*?! Uru et al. developed a biosensor
using a Poly(pyrrole-co-1-(2-Aminophenyl)pyrrole) /Urease film
coated Au electrode, modified with platinum nanoparticles. The
sensor achieved a detection limit of 7.58 um, suitable for de-
tecting blood urea concentrations and other sample types, with
an impressive accuracy of 104% (this was calculated by dividing
the measure concentration by the actual concentration).*®! An-
other study by Hosseinian et al. reported immobilizing urease on
macroporous polypyrrole (MPPy) and pyrrole on a platinum elec-
trode surface. The polymeric surface increased the urease loading
capacity due to its large surface area, while platinum’s catalytic
properties further enhanced the detection limit. This biosensor
demonstrated rapid response times (5-7 s) and high selectivity,
making it ideal for clinical applications.>]

Nickel Oxide-Based Electrodes: Nickel oxide (NiO) is another
promising material, valued for its high conductivity, efficient elec-
tron and charge transfer, and stability. Tyagi et al. reported a
urea biosensor using urease immobilized on NiO. The sensor
achieved a sensitivity of 66.7 uA mm ™' and a remarkably fast re-
sponse time of 5 s, highlighting its potential for rapid and reliable
urea detection.®®

Other Electrodes:  Some studies have explored the use of alter-
native metals such as indium and tin. For instance, Mikani et al.
developed a highly sensitive biosensor for urea detection in blood
serum, utilizing a urease/In,O;Sn nano-coated fluorinated SnO,
platform. This sensor exhibited excellent performance in detect-
ing urea in complex biological samples, highlighting its potential
for clinical diagnostics.!

Composite Electrodes:  The integration of carbon-based materi-
als with metal oxides and conductive polymers has yielded high-
performance urea biosensors with enhanced sensitivity and sta-
bility.

Graphene-Metal Oxide-Polymer Composites: One study devel-
oped a sandwiched electrode structure comprising Indium Tin
Oxide (ITO), Polydiphenylamine (PDPA), phosphotungstic acid
(PTA), and graphene (Gra). The composite was prepared using an
electrochemical deposition technique, resulting in outstanding
properties. The biosensor exhibited an excellent linear response
to urea concentrations ranging from 1 to 13 um, with a sensitivity
of 1.085 pA um~! and a rapid response time of 5 s. The unique
sandwiched morphology contributed significantly to efficient ox-
idation and urea detection.(”]

Graphene Oxide (GO)-Polymer-Metal Oxide Composites: In
another study by Evli et al., GO was combined with polyani-
line (PANI) and Fe;O, nanoparticles to exploit their synergis-
tic properties. The resulting biosensor demonstrated a linear
detection range for urea concentrations between 0.01 and 10.0
mwm and a detection limit of 0.03 mm. The combination of
GO’s high surface area, PANI’s conductivity, and Fe;O,’s cat-
alytic properties significantly enhanced the performance of the
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Table 2. Comparison in analytical characteristics for various enzymatic amperometric urea biosensors.

ELECTRODE/mATERIAL MATRIX TYPE IMMOBILIZATION LOW DETECTION RESPONSE REUSABILITY/sTORAGE REFERENCES
USED METHODS LIMIT TIME STABILITY
(LOD)/SENSITIVITY
1 Ag / CO, microsensor Urease / alginate polymer (urease/BSA/alginate/ 0.94 um 2 min 70% enzymatic activity [46]
glutaraldehyde/Ca2+) after 2 weeks
2 Pt/ AgACl/urease TRGO Urease/albumin Immobilized 20 um 25s 65% enzymatic activity [48]
on polyurethane after 20 days
Particles Stability: 7 months
3 Polymer/MWCNTs 0.1 um [50]
350+ 19
pA/ (mmZem?)
4 Au/polymer/ Au NPs, Polymeric/Au NPs Physical adsorption 36 um 97% after 75 days [52]
5 Ag/AgACl Jurease Urease /Au NPs decorated 0.32 mm 20s - [53]
Prussian blue nanocubes and
multi-walled carbon nanotubes.
6 GCE Urease/ ZnPh/GO 34 um 10s 94% after 8 weeks [49]
7 Ag/AgCl Carbon nanotube/poly(o-toluidine) Glutaraldehyde 30 um - - [571]
9 Au electrode (PtNPs) / Poly(pyrrole-co-1-(2- Chemical immobilization 7.58 um 100% after 14 days & lost [55]
Aminophenyl)pyrrole) /Urease 31.8 uA /(mm cm?) 22% after 28 days.
9 Pt electrode Polypyrrole and macroporous Glutaraldehyde 0.208 mm 5s 96% after being used 6 [32]
polypyrrole 0.0432 mA mm~! times.
93% after a month
10 Bioelectrode NiO thin film Physical adsorption 0.28 mm 5s 2 weeks [56]
66.7 pA/(mm)
11 Screen Printed Electrode GO, PANI, and Fe;O, 0.03 mm [58]

biosensor.[®!] Another approach involved the development of a
composite biosensor incorporating urease enzyme, graphene ox-
ide, gold nanoparticles, and chitosan, all deposited onto a pen-
cil graphite electrode. This biosensor was successfully applied
for urea detection in serum samples from both healthy indi-
viduals and patients with renal disorders. It exhibited a wide
linear range (0.1-1.0 mg mL™"), a low detection limit (0.9956
mg mL™!), and demonstrated satisfactory selectivity, sensitivity
(0.00555 pA mg~! mL™! cm~2), and stability.[®?] Additionally, a
sulfonated polypyrene aniline/polyaniline composite reinforced
with Cu-GQD@ZIF8 (copper-graphene quantum dots embed-
ded in ZIF-8) was also reported. This composite material sig-
nificantly enhanced the electrocatalytic activity and sensitivity of
the biosensor, enabling efficient urea detection. The approach
demonstrated high sensitivity, selectivity, and stability, making it
a promising tool for urea detection in both clinical and environ-
mental applications.(®?]

Polymer Composite: Uzuncar et al. reported a study on
a polyaniline:polystyrene-sulfonate (nano-PANI:PSS) compos-
ite for catalyst-free ammonium (NH,*) sensors and enzyme-
coupled urea biosensors. The fabricated nanostructured material
featured interconnected fibers (%50 nm in diameter) and exhib-
ited superior electrochemical properties and processability. The
urea biosensor demonstrated a linear detection range of 0.2-0.9
mwm with a sensitivity of 41 mA cm=2 M~!. Additionally, the sen-
sor exhibited high selectivity in a urine model, marking a signifi-
cant advancement in the development of printed organic sensors
and biosensors.[%]

Figure 3d illustrates the preparation process and key outcomes
of carbon-based composite biosensors. Table 2 summarizes the

Adv. Sensor Res. 2025, e00117 e00117 (7 of 25)

reported studies, highlighting the key materials, methods, and
performance metrics.

2.1.2. Potentiometric Approach

Most reported urea biosensors utilize potentiometric transduc-
ers, a classical technique that dates back to before the 20th cen-
tury. This approach measures the potential difference between
two electrodes—an ion-selective electrode (ISE) and a reference
electrode—without any current flow between them. The voltage
measured is directly related to the analyte concentration, with the
relationship described by the Nernst equation:

E:E()i(i—z)lnal (1)

Here E is the standard potential, R is the universal gas con-
stant, T is the absolute temperature in Ko, n is the total number
of charges on the ion, F = Faraday constant, and a, is the an-
alyte activity.!®] Wang (2006) provides a detailed explanation of
how potentiometric sensors operate.[®®] In a typical potentiomet-
ric urea sensor, urea is hydrolyzed into ammonium and bicar-
bonate ions by the urease enzyme immobilized on the electrode.
The ion-selective electrode detects these ions, and the urea con-
centration is subsequently calculated.”®-%8] Potentiometric urea
biosensors have been extensively used for decades. However, sig-
nificant advancements have emerged in recent years, primarily
driven by innovations in material science and the incorporation
of nanomaterials.[*"]

© 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIR1D) 8|eot|dde a3 Aq peusenoh ae Sspie YO ‘88N JO S8|ni 10y Ariq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | 1M ARIq1 Ul [UO//:SANY) SUORIPUOD pue SWB | 8U188S *[S20z/2T/vz] uo Ariqiiauluo A8 ‘AseAIUN By Y Uig PeurH Aq LTTO0SZ0Z SPe/200T 0T/I0p/W0d A8 | im AeIq Ul U0 psoueApe;/Sdiy Wwoj pspeojumod ‘0 ‘6TZTTS.E


http://www.advancedsciencenews.com
http://www.advsensorres.com

ADVANCED
SENSOR
RESEARCH

www.advsensorres.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@) Polymeric based modifications (b) nanoparticles-based electrode modifications
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Figure 4. Experimental Design and Motion Analysis of Urease-Based Conductive Hydrogels: a) schematic experimental design of the polymeric-based
particles (ZnO/ PANI/ chitosan). Reproduced with permission.l”®! Copyright 2020, Springer Nature. b) Hydrothermal synthesis of CuO nanostructured
material. It also shows SEM micrograph for CuO and mixed solvent CuO. Along with the urea detection process utilizing urease-functionalized CuO
nanostructures with chain-like morphology. Reproduced with permission.[37] Copyright 2024, Elsevier. c) represents the overall principle of urea detection;
the dashed circle is showing the hydrogel where urea is immobilized. represents the motion analysis of the conductive hydrogel with urease (l) and
without urease (11), a 1M urea solution with a phosphate buffer (ionic strength of 10 mm and pH 5.7), motion was observed. The rainbow color in panel
(1) (ranging from red to purple) and the cividis color in panel (Il) (ranging from navy blue to ochre) indicate this motion. The recording was taken from
a top view of the buffer solution for ~4 min (239 s in panel (I) and 252 s in panel (Il). (IV) Conductive hydrogels prepared using an 8 ul dispersion
of PEDOT: PSS-DMSO, showed motion, with initial positions set as the origin point on 2D graphs, as indicated by black arrows. he distance from the
initial hydrogel position is shown at each time point. Rainbow and cividis colors correspond to the hydrogel position in panels (I) and (Il). The gray
dashed line represents the time ~170 s. The schematic of urease-induced motion involves placing the urease-modified conductive hydrogel motor at the
air/solution interface (i). The conductive hydrogel is depicted as black circles, modified urease as a white layer, and urea molecules as yellow spheres.
Urea is then converted to ammonia catalyzed by urease (ii), with ammonia molecules represented by cyan spheres. As time progresses, the amount of
ammonia increases (iii), leading to movement of the urease-modified conductive hydrogel in the opposite direction of the ammonia-rich area (indicated
by the white arrow). Reproduced with permission.!3%] Copyright 2023, Springer Nature.

Polymeric-Based Electrode Modification: Conductive polymers  age stability of up to 8 weeks. The fabrication steps of this sensor

have been extensively studied for their ability to enhance the
stability and detection limits of biosensors.” Common exam-
ples include polypyrrole (PPy),”!] poly(o-phenylenediamine),!”?]
polyaniline,/”?! and poly (3-hexylthiophene-co-3-thiopheneacetic
acid) copolymer.” In one study, Mello and Mulato utilized
polyaniline thin films immobilized with urease via a one-step gal-
vanostatic method. This fabrication technique was more acces-
sible and cost-effective compared to previously reported meth-
ods while delivering comparable results.””} Another study by
Kushwaha et al. produced a zinc oxide-encapsulated polyaniline-
grafted chitosan composite. This biosensor demonstrated a re-
sponse time of 3 min, a detection limit of 29.84 ppm, and stor-

Adb. Sensor Res. 2025, e00117 e00117 (8 of 25)

are illustrated in Figure 4a.’% Further research explored the use
of poly(pyrrole-co-para-phenylenediamine) as a matrix for urease
immobilization, yielding a biosensor with a fast response time
of 10 s and a detection limit within the normal range of urea
levels.[”7]

However, one challenge with these polymers is achieving both
a wide measuring range and a fast response time simultane-
ously. Guzinski et al. showed that using hydrophobic conduct-
ing polymers as solid contacts (SC) for an ion-selective mem-
brane (ISM) enhanced biosensor performance.’8) Urbanowicz
et al. fabricated a glassy carbon/polyazulene/NH*" membrane
for urease activity determination, achieving a short response
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time (36 s), good stability (up to 60 days), and a detection limit
of 220 pm.[%! Polymeric nanoparticles have also been reported
to improve enzyme loading, resulting in rapid response times
and low detection limits. Ondes et al. used poly(2-hydroxyethyl
methacrylate-glycidyl methacrylate) nanoparticles to increase the
loading capacity of urease. This biosensor exhibited exceptional
performance, including a response time of 30 s, a detection
limit of 0.77 um, storage stability of up to 90 days, and high
repeatability.l’?] Additionally, some studies combined polymeric
surfaces for enzyme immobilization with metals to enhance elec-
tron transfer. Situmorang et al. immobilized urease onto tung-
sten wire using a polymeric matrix, resulting in a biosensor
with high sensitivity and specificity for urea. The device demon-
strated a detection limit of 10 pum and a fast analytical time of
4 min.8)

Carbon-Based Materials: Carbon-based materials, particularly
graphene-based, are widely recognized for their exceptional prop-
erties, making them ideal candidates for urea biosensors. In a
study by Nien et al., graphene oxide (GO)/nickel oxide (NiO)
films modified with gold (Au) nanoparticles were employed for
urea biosensing. GO enhanced electron transfer, while NiO con-
tributed to improved catalytic properties. This biosensor demon-
strated excellent selectivity for urea, a fast response time of 25
s, and a detection limit of 7.64 pm.[8!l Another study by Bonini
et al. developed a disposable biosensor specifically designed to
monitor urea levels in dialysis patients. Reduced graphene ox-
ide (rGO) was utilized as the matrix for enzyme immobiliza-
tion and electron transfer. Compared to GO, rGO exhibited
superior sensing properties, resulting in enhanced biosensor
performance.®2]

Nanoparticles-Based Modifications: Nanoparticles have been
extensively studied for their potential to enhance urea detec-
tion due to their unique properties, such as high surface area,
catalytic activity, and stability. Jakhar and Pundir reported the
preparation of aggregated urease enzyme nanoparticles using
a green synthesis method. Jack beans were utilized for urease
extraction and subsequent modification. This biosensor exhib-
ited enhanced analytical performance, including high sensitiv-
ity, selectivity, a wide detection range, a low limit of detection
(1 um), excellent reproducibility, and storage stability for up to
six months (Figure 4b).1®%) Similarly, Wang et al. employed ure-
ase nanoparticles by producing Au/urease nanoparticles for urea
detection at home. The formulation enhanced urease stability,
and the results showed a high correlation with those obtained
by high-performance liquid chromatography-mass spectrometry
(HPLC-MS).[4 Magnetic nanoparticles have also been explored
for urea biosensors. A study utilized graphene oxide nanoparti-
cles integrated with urease magnetic beads, resulting in excep-
tional sensing properties, including a response time of 29 s and
a detection limit of 1.338 mg dL~1.351 Moreover, biosensors fab-
ricated with y -Fe203 NPs nanoparticles (NPs)/graphene oxide
(GO)/nickel oxide (NiO) exhibited high stability and a low detec-
tion limit of 7.91 um.%] Prajapati et al. developed manganese ox-
ide nanoparticles (Mn;0,) using a green synthesis approach.!®’]
In another study, researchers designed a novel potentiometric
urea sensor by manipulating the morphology of CuO nanostruc-
tures. By using mixed solvents to control nucleation and growth,
they optimized CuO for urea detection. Immobilizing the ure-
ase enzyme onto CuO nanostructures enhanced the biosensor’s
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performance, demonstrating a promising strategy for sensitive
and selective urea detection in both medical and environmental
applications.[#]

Despite the advantages of electrochemical methods for small
molecule detection, they typically lack spatial information regard-
ing the analyte, as detection occurs primarily around the sensing
electrode. To address this limitation, Himori and Sakata devel-
oped a novel mobile sensing electrode combined with a wireless
detection system. Their approach involved fabricating a conduc-
tive hydrogel motor with immobilized urease enzyme. The mo-
tor’'s movement was driven by surface tension changes induced
by the interaction of urea with urease, producing NH, the NH;-
rich media reduces the surface tension thus keeping the motor
away. medium reduced surface tension, propelling the motor.
Wireless motion analysis was performed using impedance mea-
surement and optical analysis (Figure 4c).[! (Tables 3 and 4)

2.2. Non-Enzymatic Urea Biosensor

Enzymatic and non-enzymatic approaches each have their own
advantages and limitations. The enzymatic approach, while of-
fering high specificity and sensitivity, is hindered by the en-
zyme’s high cost, limited stability, and the challenges associated
with enzyme immobilization. To address these challenges, non-
enzymatic approaches have gained attention. This method elim-
inates the use of enzymes and instead utilizes nanomaterials,
primarily metals and metal oxides, to mimic enzymatic func-
tions. Non-enzymatic biosensors provide improved stability and
simpler fabrication processes due to the absence of biological
components.l®) Among the various electroanalytical techniques
employed for non-enzymatic urea detection, cyclic voltammetry
(CV) is one of the most widely used. This technique involves ap-
plying a triangular potential waveform to an electrochemical cell
equipped with a three-electrode system. The resulting current,
as the potential sweeps across a range, is measured and plotted
against the potential to generate a cyclic voltammogram. This
graph provides information about the electrochemical behavior
of the analyte.®!l Below is a summary of key studies that have fo-
cused on improving non-enzymatic urea biosensors by utilizing
different material modifications.

2.2.1. Nickle-Based Materials

Metal nanostructures such as platinum, gold, and nickel have
been studied for non-enzymatic urea detection due to their ex-
cellent electrocatalytic properties. However, Nickel-based mate-
rials have emerged as a popular choice for non-enzymatic urea
detection due to their outstanding electrocatalytic properties,
cost-effectiveness, and ability to support diverse sensor designs.
These materials address key challenges associated with enzy-
matic sensors, such as instability and high costs, while offer-
ing high sensitivity, low detection limits, and good repeatability.
Several studies have explored innovative nickel-based composites
to enhance the performance of urea biosensors.”2] One notable
approach involves the synthesis of nickel cobalt oxide nanonee-
dles by Amin et al. These nanostructures were designed to opti-
mize the electric properties of metal oxides by controlling their
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Table 3. Comparison in analytical characteristics for various enzymatic potentiometric urea biosensors.

ELECTRODE/mATERIAL MATRIX TYPE IMMOBILIZATION dETECTION LIMIT RESPONSE REUSABILITY/sTORAGE REFERENCES
METHODS (LOD)/SENSITIVITY TIME STABILITY
1 Pt electrode Polyaniline thin films - 7.4+ 0.5 mV decade™’ - - [69]
2 Bioelectrode ZnO /polyaniline/ chitosan Glutaraldehyde 29.84 ppm 3 min 8 weeks [70]
187.5 uV/(ppm.cm2)
3 Stainless steel electrode Poly (Pyrrole-co-Para- Covalent 0.5-10.0 mm 10s 71
Phenylenediamine) immobilization 47.3-54.2 mV/pUrea
4 Glassy carbon electrode  Glassy carbon/polyazulene/ - 220 um 36s 60 days [73]
NH* membrane
5 Poly (2-hydroxyethyl - 0.7 um 30s 90 days [74]
methacrylate glycidyl
methacrylate) NPs
6 Polymeric matrix / W wire 10 um 4 min [75]
7 GO/NiO / Au NPs. 7.64 um 25s 76]
9 AISE Urease NPs 1Tum 10s 8-9 times a day over 180 [78]
23 mV days- storage 4 °C
9 Au /Pt electrode Au@urease Nanoparticles [68]
10 GO nanoparticles 1.338 mg dI~! 29s [79]
1 Silver wire/ (PET) GO 7.91 um [80]
substrate | r-Fe,O5 NPs 52.36 mV decade™’
Table 4. Comparison in analytical characteristics for various non-enzymatic urea biosensors.
TYPE OF MATERIAL USED SENSITIVITY DETECTION RESPONSE TIME STORAGE/ REFERENCES
LIMIT rEPRODUCIABILIY
1 Copper phthalocyanine 16.43 pA(mm.cm?) 0.05 um [90]
2 NiO molybdenum trioxide N/A 0.86 um Not reported [82]
3 Nickle cobalt oxide nanoneedle N/A Tum Not reported 66% activity 1 mm of urea [83]
4 Ni/Au electrode 52.2 mm/(uAcm?) 33.5um Not reported RSD% of 0.12% after 9 [84]
days
5 2D MOF 1960 pA/ (mmcm?) 0.471 pm 2s RSD%: 3.3% 85]
6 NS/GO N/A 3.79 um Not reported Recovery %: 98.6-99.4%. [86]
Same performance 10
cycles
7 NiS/GO 5139.2 pA.mm/(cm?) 7 um Not reported 92% of the initial response [87]
(after 30 days)
8 Ni(OH),/Mn;0, 32.6 yA. L mmol~! 16.3 um [38]
/rGO/PANI
9 Ag/ N//A 3 um 89]
NiO
10 SWCNTs N/A 0.0047 um 3s Not reported [92]
il NiO N/A 4pm (93]
12 NiO NPs/ GO GCE N/A 8 um [94]
13 K-carrageenan/PVA/nano- 0.018 pA.mM/(cm?) 60 um Not reported [95]

eggshell

size and shape. To overcome limitations like low conductivity
and poor charge transfer, a bimetallic 1D nanosystem was de-
veloped. This material outperformed enzymatic sensors, achiev-
ing a detection limit as low as 1 pm.[®*! Similarly, a nickel oxide-
molybdenum trioxide nanocomposite, prepared through a hy-
drothermal method, demonstrated an even lower detection limit
of 0.86 um, surpassing the performance of many previously re-
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ported materials.”* Tahira et al. developed a urea sensor utiliz-
ing NiCo,O, nanowires synthesized with polyvinylpyrrolidone
(PVP) as a structure-directing agent. The NiCo, O, nanowires ex-
hibited exceptional electrocatalytic activity, enabling highly sen-
sitive and selective urea detection. The sensor demonstrated a
wide linear detection range, a low detection limit, and remark-
able stability, making it a promising alternative to conventional
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Figure5. Advancesin Non-Enzymatic Urea Biosensors. a) Schematic representation of a non-enzymatic urea biosensor utilizing graphene oxide (GO) /Ni
nanoparticles. This device detects urea from saliva as it flows through a cotton thread, reaching an electrode coated with GO/Ni. Urea detection occurs
upon voltage application, enabling real-time analysis. Reproduced with permission.[8%]. b) Effect of nanoparticle shape on the overall performance of a
ZnO/Ag nanocomposite-based urea sensor. The morphology of nanomaterials plays a crucial role in sensor sensitivity and efficiency. Reproduced with
permission.[1%¢] Copyright 2019, Wiley. c) Overview of different environmentally friendly approaches for producing materials suitable for urea detection.
Sustainable fabrication methods are explored to enhance sensor performance while minimizing environmental impact. (i) presents NiO nanoparticles
produced from a plant extract. Reproduced with permission.['1% Copyright 2018, Elsevier. Whereases (i) shows a different way to produce nanoparticles
using eggshell. Reproduced with permission."""l Copyright 2020, Springer Nature. d) Custom Pt miniature electrode chip images illustrating: (i) Size
comparison and connector (ii) Chip design (iii) Electrochemical setup: P. vulgaris on working area, connected via USB cable. (iv) Cyclic voltammograms

for indirect urea detection via ammonia oxidation. Reproduced with permission.['1*] Copyright 2019, Elsevier.

enzymatic urea sensors for clinical diagnostics and environmen-
tal monitoring.[*]

Irzalinda et al. further advanced the field by developing a
Ni/Au electrode. Nickel was chosen for its superior catalytic prop-
erties and affordability. The resulting sensor exhibited excellent
repeatability and stability, maintaining its performance for nine
days without significant changes. The sensor also showed a de-
tection limit of 33.5 um and demonstrated high selectivity in the
presence of interfering substances.®! In another study, Wang
et al. fabricated 2D metal-organic frameworks (MOFs) using Co,
NiCo, and Ni nanosheets. Among these, Ni-MOF showed the
highest sensitivity with a detection limit of 0.471 um and a rapid
response time of just two seconds.!”’! Graphene-based nanocom-
posites have also been employed to enhance the properties of
nickel-based materials. For example, a nickel sulfide/graphene
oxide (NiS/GO) composite was fabricated to improve electron
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transfer and stability. This composite demonstrated excellent
electrocatalytic behavior, with a low detection limit of 3.79 um
and high reusability, achieving a recovery rate of 98.6-99.4%.%]
Another advanced sensor, made of Ni(OH),/Mn,0, /rGO/PANi,
showcased impressive stability, anti-interference properties, and
a detection limit of 16.3 pm.[!

Nickel-based materials have also shown potential for non-
invasive urea detection. For instance, a NiS/GO sensor was
adapted for urea detection in saliva, making it suitable for point-
of-care (POC) testing. This device, integrated with a microflow
injection analysis (FIA) system, exhibited a detection range of
0.1-6 mm and a limit of detection (LOD) of 7.02 pm.['%] Figure 5a
shows how the basic concept of amperometry can be applied to
fabricate a simple device usable for POC. Similarly, Abdollahi
and Mashhadizadeh developed a wearable sensor for urea detec-
tion in sweat. By modifying a carbon electrode with silver-doped
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nickel oxide and incorporating it into a non-woven fabric, they
created a textile electrode with a detection limit of 8 um and high
sensitivity and stability, paving the way for wearable and non-
invasive urea monitoring applications.[11]

2.2.2. Other Metal and Metal Oxide-Based Materials

Other metals and metal oxide-based materials have demon-
strated significant potential for non-enzymatic urea detection,
offering high sensitivity, selectivity, and stability. One notable
example is the work by Giingér et al., who fabricated cop-
per phthalocyanine (CuPc)-borophene nanocomposites using
a sonochemical approach. The combination of CuPc, an aro-
matic dye, and borophene, a 2D boron nanostructure with ex-
ceptional charge transfer properties, resulted in a biosensor
with high selectivity across various matrices and excellent sen-
sitivity even in the presence of competitive ions. This sensor
achieved a detection limit of 0.05 pm, demonstrating the syn-
ergistic effects of CuPc and borophene in enhancing detection
performance.l'?] Magar et al. developed a non-enzymatic, dis-
posable electrochemical sensor for direct urea detection, utiliz-
ing a CuO/Co;0, @MWCNTs nanocomposite-modified screen-
printed electrode. The nanocomposite, composed of copper ox-
ide (CuO), cobalt oxide (Co;0,), and multi-walled carbon nan-
otubes (MWCNTs), exhibited excellent electrocatalytic activity to-
ward urea oxidation.'®! In another study, Ray et al. designed
enzyme-free urea sensors using oyster pearl-shaped FeSe,.sTe,.s
films electrochemically grown on FTO substrates. The unique
ternary iron chalcogenide structure enhanced electrocatalytic ac-
tivity, enabling highly sensitive and selective urea detection in
real samples. The sensor demonstrated excellent performance,
positioning it as a promising candidate for clinical and environ-
mental monitoring.!'%*]

Silver-based materials have also been extensively studied for
their catalytic properties in urea detection. Kumar and Sun-
dramoorthy developed a nanocomposite by decorating nitrogen-
doped single-walled carbon nanotubes (SWCNTs) with silver
nanoparticles (Ag-NPs) using a one-step thermal reduction
method. This composite significantly outperformed SWCNTs
alone, providing high catalytic activity, sensitivity, and a detec-
tion limit of 0.0047 um. Additionally, the sensor exhibited excel-
lent selectivity, repeatability, stability, and a fast response time
of just three seconds.l'® In a further development, a study re-
ported the use of silver-coated zinc oxide (ZnO) with different
nanostructures, such as nanorods and nanoflakes, for urea de-
tection. Among these, ZnO nanorods demonstrated superior cat-
alytic properties due to their higher electrochemical surface area,
which facilitates faster electron transfer. This finding highlights
the importance of nanostructure morphology in optimizing the
performance of non-enzymatic urea sensors, as illustrated in
Figure 5b.11%] Additionally, a silver/PANI composite provided
an efficient and cost-effective approach for urea detection!!”’]
Khataee et al. developed a non-enzymatic urea sensor utilizing
La-doped CoFe-layered double hydroxide on reduced graphene
oxide (rGO). This nanocomposite demonstrated superior electro-
catalytic activity for urea oxidation by leveraging the benefits of
La doping and the high conductivity of rGO. The sensor exhib-
ited high sensitivity, a wide linear detection range, and a low de-
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tection limit, making it a promising tool for urea monitoring in
clinical and environmental applications.[1%®!

2.2.3. Environmentally Friendly Approaches Based on Metal Oxides

Metal oxides have gained significant attention in developing en-
vironmentally friendly approaches for non-enzymatic urea de-
tection. Despite the remarkable properties of nickel-based ma-
terials, many production methods lack environmental sustain-
ability, cost-effectiveness, and scalability. To address this, green
chemistry techniques have been explored. For instance, NiO-
based nanomaterials were produced using a combined green and
chemical method where nickel oxide nanostructures were stabi-
lized in a plant extract substrate derived from rice straw. The re-
sulting material exhibited excellent redox ability, stability, rapid
response time, and a low detection limit of 4 pm. These en-
hanced properties were attributed to fast charge transfer, numer-
ous active sites, and a high surface area.l'® Similarly, Parsaee
reported a green method to modify urea biosensors, fabricat-
ing NiO nanoparticles on a graphene oxide (GO)-modified glassy
carbon electrode. Nickel oxide nanoparticles were synthesized
from a Pisum sativum plant extract. Nickel was chosen for its
low toxicity, cost, and stability, but its poor electrical conductivity
was addressed by combining it with GO. GO not only facilitated
better electron transfer but also provided additional active sites
to prevent nanoparticle agglomeration. The resulting biosensor
showed a detection limit of 8 um, exceptional selectivity against
interfering substances, and eliminated the need for special stor-
age conditions.'") In another innovative study, a novel biosen-
sor was developed using K-carrageenan/PVA/nano-eggshell via
the ultrasonic sonochemical approach. This biosensor demon-
strated impressive performance with a detection limit of 60 um
and a sensitivity of 0.018 pA pm~! Cm~2, showcasing the poten-
tial of sustainable materials for efficient urea detection.l''!] Addi-
tionally, Yadav et al. reported a novel approach for urea detection
using a compost-based microbial fuel cell (MFC) with a tin ox-
ide nanoparticle-coated cathode. This dual-purpose system not
only detects urea but also generates energy, outperforming con-
ventional electrodes. While primarily designed for environmen-
tal applications, technology holds potential for biomedical adap-
tations, such as urine analysis. Notably, this is the first reported
urea sensor utilizing an MFC configuration./'']

2.2.4. Urea Detection Using Bacteria

Bacteria-based approaches have also been explored for urea detec-
tion, leveraging microbial enzymatic activity to indirectly monitor
urea levels. For example, Ariyanti et al. developed a urea biosen-
sor using whole cells of Bacillus licheniformis to detect urea in ar-
tificial urine. Urea detection was achieved indirectly through the
ammonia oxidation reaction catalyzed by B. licheniformis. This
system employed a three-electrode setup with screen printing
and demonstrated a detection limit of 0.01 M, a linear detec-
tion range of 0.01-0.2 M, and a sensitivity of 1.278 A m~1.1113
In another study, a lab-on-a-chip sensor was developed to detect
urea in synthetic urine by measuring the electrochemical oxida-
tion of ammonia. The ammonia was produced through the en-
zymatic activity of the microbial organism Proteus vulgaris on
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urea. The sensor demonstrated a correlation between the peak
current density of ammonia oxidation (ranging from 0.5 to 5.0
pA cm~?2) and urea concentration (ranging from 0.01 to 0.1 M) in
synthetic urine. Using sample volumes of 80 and 100 pL at pH
8.0, the smaller volume exhibited reduced variability and higher
sensitivity.[!'*] These studies highlight the potential of microbial
systems for innovative and efficient urea detection methods.

3. Key Technological Advancements

3.1. Enhanced Sensitivity and Selectivity

Sensitivity is a critical parameter in biomedical applications, par-
ticularly for analyte detection. This is especially true for sub-
stances like urea, which are present in trace amounts. To be ef-
fective, biosensors must detect these analytes at low concentra-
tions with precision, even in the presence of interfering sub-
stances. Numerous urea biosensors with improved sensitivity
and linearity have been developed by researchers.[82115-118] How-
ever, conventional electrochemical measurement systems face
limitations as their miniaturization reduces the signal-to-noise
ratio, making it challenging to accurately detect urea at low con-
centrations As for practical applications, a signal-to-noise ratio
(SNR) of a minimum of 3:1 is necessary for detection, however
an SNR of 10:1 or greater is advised for dependable quantifica-
tion in clinical contexts.!'1%122] To enhance sensitivity, modifica-
tions to the electrode are often necessary to facilitate faster dif-
fusion of redox species.['?] For instance, Senel et al. devised a
straightforward and efficient method to fabricate an array of gold
microneedles (AuMNs) by casting conductive gold ink. These
AuMNs were coated with a polymer containing epoxy and fer-
rocene groups, followed by the attachment of urease. This biosen-
sor demonstrated excellent performance, with a detection range
of 50-2500 um, a detection limit of 2.8 um, and a sensitivity of 31
nA mm .12 Figure 6a shows the production steps of gold mi-
croneedles used to enhance the sensitivity of the biosensor. In an-
other study, Rahmanian et al. constructed a 3D hierarchical Nano-
ZnO/TiO, layer on a conductive fluorinated-tin oxide (FTO) sub-
strate. TiO, was selected as the base material due to its ability to
support electron transfer between ZnO and FTO while forming a
heterojunction with ZnO to enhance biosensing properties. Ad-
ditionally, TiO2 increased the electronic density on the biosensor
surface, improving electron transfer. Using impedimetric assess-
ment, the biosensor achieved a high sensitivity with a detection
range of 5-205 mg dL~! and a detection limit of 2 mg dL~1.1%]
Low detection limits have also been achieved through non-
enzymatic approaches. For example, ultrathin nickel-metal-
organic framework (Ni-MOF) nanobelts developed for urea detec-
tion in alkaline conditions exhibited remarkable performance, in-
cluding a sensitivity of 118.77 mA mmM~! cm~2, a broad detection
range of 0.01-7.0 mu, and a detection limit of 2.23 um.'%] Yoon
et al. synthesized a nickel-based material, Ag/NiOOH nanorod
composite, capable of detecting urea across different pH levels.
This material showed a high sensitivity of 233.7 yA mm~' cm ™2,
a wide linear range of 0.2-26.0 mw, a rapid response time of ~3
s, and a detection limit of 5.0 um.['?’] Another notable study em-
ployed a one-pot solvothermal method to produce a zeolitic im-
idazolate framework (Co-ZIF) combined with nickel microwires
(NiMWs), which were subsequently deposited on a glassy carbon
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electrode. The resulting biosensor exhibited outstanding proper-
ties, including a broad detection range of 0.5 X 107% to 0.5 x 103
M, a remarkably low detection limit of 0.3 X 10~¢ M, and excellent
selectivity and sensitivity.[1?8]

3.2. Miniaturization and Portability

Personalized medicine often faces challenges such as the need
for minimally invasive biomarker monitoring. Wearable and
portable devices are pivotal in addressing these challenges.[12-131]
For example, Liu et al. developed an affordable and portable de-
vice for urea detection using electrochemistry. This was achieved
by modifying a commercial glucose test strip with silver nanopar-
ticles (AgNPs). The strip’s enzymes were removed, and AgNPs
were deposited onto the working electrode. The device demon-
strated a detection range of 1-8 mw, aligning with physiological
levels in human blood, and a detection limit of 0.14 mm.['*?] An-
other study fabricated a flexible urea biosensor using molecularly
imprinted nanotubes via electro-polymerization. The biosen-
sor exhibited an impressive dynamic detection range of 1-100
mm.[133) Figure 6b represents flexible urea biosensor fabrica-
tion: schematic, performance curves, and sensor response stages
(electropolymerization, elution, adsorption). Similarly, Kim et al.
developed a sensor incorporating a porous silk fibroin mem-
brane immobilized with urease, housed in a polydimethylsilox-
ane (PDMS) structure. This sensor demonstrated linear current-
concentration characteristics within the clinical range (0.1-20
mwm).[1** Notably, their study tested urea levels under dynamic
conditions using microfluidics, which replicate fluid flow, such as
blood circulation, and requires minimal sample volume. Despite
the significance of dynamic testing, only a few studies focus on
developing wearable urea sensors under such conditions.['35-13]

Since sweat is a readily accessible body fluid that encoun-
ters the skin, many studies have explored its use for urea de-
tection. For instance, Ibafiez-Redin et al. developed a potentio-
metric urea biosensor using screen-printed electrode arrays with
polyaniline (PANI) nanoparticles and urease-containing bio-ink
in a polyvinyl chloride membrane. The biosensor included a pH
sensor to account for variations in sweat pH, enabling precise
detection across a wide range (5-200 mm) with a rapid response
time of 5 min.[1

In another study, Ashakirin et al. utilized a label-free detec-
tion approach by modifying a working electrode with a silver-rGO
nanocomposite, which served as a matrix for urease immobiliza-
tion. The miniaturized electrodes, produced using screen print-
ing, demonstrated exceptional performance with high selectivity
for urea, a sensitivity of 47.598 pA um~! cm~2, a wide linear detec-
tion range (0.001-10 mm), and a detection limit of 0.1623 um.1'*!
Further advancements include the development of a biosen-
sor utilizing cyclic voltammetry. A NiCu(OOH)/polystyrene (PS)
electrode was fabricated through electrospinning, with carbon
nanotubes as the conductive element. Nickel-copper alloy, intro-
duced via co-sputtering, acted as a catalyst. The sensor exhibited
a detection range of 2-30 mm with minimal interference from
other substances. Its excellent performance was attributed to the
porous structure of PS, which provided more active sites and im-
proved water wettability, facilitating charge transfer.['*?] Roy et al.
created a novel non-enzymatic electrochemical sensing chip for
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Figure 6. Innovations in Urea Biosensor Fabrication and Performance Evaluation a) Microneedle-Based Urea Sensor: (i) Production steps for gold mi-
croneedles. (ii) Optical image of the sensor’s working electrode. (iii) Schematic illustration of urea detection utilizing a nonporous Parafilm barrier
and alginate hydrogel. (iv) SEM images of gold microneedles. Reproduced with permission.['24] Copyright 2019, Elsevier. b) Flexible Urea Biosensor
Fabrication: represents a schematic of the flexible urea biosensor fabrication. (i) Potential versus current curves for different urea concentrations. (ii)
Calibration curve demonstrating the biosensor’s response with increasing urea concentrations. (iii) Sensor response at different stages: electropolymer-
ization (green), elution (red), and adsorption (blue). Reproduced with permission.['33] Copyright 2018, ACS Publications. c) Schematic representation
of the arrayed flexible printed circuit board (FPCB) RuO,-based biosensor, including the general experimental setup. Data illustrating biosensor repro-
ducibility and operational lifetime. Reproduced with permission.['67] Copyright 2023, IEEE Access. d) Experimental setup of a microfluidic urea biosensor
system comprising an injector and pump, microfluidic device, biosensor, readout circuit, DAQ card, computer, and power source. The figure represents
the biosensor’s operational lifetime. Reproduced with permission.l'’1 Copyright 2024, Springer Nature.

point-of-care (PoC) urea detection in human blood. The chip,
made using 3D-printed conductive silver ink coated with a gold
nanoparticle-reduced graphene oxide (AuNP-rGO) nanocompos-
ite, showed high sensitivity (183 pA mm~! cm~2), a low detection
limit (0.1 mwm), and rapid response due to a high diffusion co-
efficient. With a shelf life exceeding six months and a recovery
rate of over 99%, the chip is highly suitable for PoC urea detec-
tion kits.*}] Lastly, Nhu et al. developed a miniaturized poten-
tiometric urea sensor using the LMP9 1000 integrated circuit.
The device comprised three components: an electrode, an elec-
trochemical measuring circuit, and a data acquisition unit. Non-
enzymatic urea detection was achieved using cobalt sulfide (CoS)
materials by assessing changes in oxidation potential peaks at 100
mV. The sensor exhibited a linear detection range of 1-8 mwm, cor-
responding to physiological blood levels, and a sensitivity of 7.5
pA mMm~! cm™2, comparable to other studies.['**] Dervisevic et al.
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developed a wearable microneedle biosensor with recessed mi-
crocavities for non-invasive urea monitoring in interstitial fluid.
The device demonstrated high sensitivity (2.5 mV mm~!) and a
linear range of 3-18 mwm, proving effective in ex vivo tests. This
innovation presents a promising alternative to traditional blood-
based diagnostics for personalized health monitoring.!*] Fur-
thermore, Abad et al. introduced a self-powered urea biosensor
designed for human energy harvesting. This biosensor utilizes
urea as a biofuel to generate energy, enabling continuous moni-
toring without external power sources. A predictive evolutionary
model was developed to optimize its performance and energy ef-
ficiency. This novel approach holds significant potential for wear-
able health monitoring and sustainable energy solutions in per-
sonalized medicine.!14¢]

Continuous monitoring of urea levels is critical for patients
with chronic kidney disease and other metabolic disorders, as
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it enables timely intervention and better disease management.
Electrochemical urea biosensors, particularly those based on en-
zymatic and non-enzymatic approaches, offer promising solu-
tions for real-time tracking due to their rapid response, high
sensitivity, and potential for miniaturization. Enzymatic biosen-
sors typically utilize urease immobilized on electrode surfaces to
catalyze urea hydrolysis, producing ammonium and bicarbonate
ions that are detected via amperometric or potentiometric meth-
ods. These platforms can be integrated into wearable devices or
microfluidic systems for dynamic sampling and analysis under
physiological conditions.*82134] For instance, Bonini et al. de-
veloped a disposable biosensor capable of real-time urea moni-
toring during dialysis, demonstrating a response time of 120 sec-
onds and strong correlation with clinical methods.®?} Similarly,
Kim et al. fabricated a microfluidic biosensor using urease immo-
bilized on a silk fibroin membrane, enabling continuous detec-
tion in flowing fluids with high accuracy."**! Non-enzymatic sen-
sors, leveraging nanomaterials such as NiCo,O, or Ag/NiOOH
composites, further enhance stability and reduce cost, mak-
ing them suitable for long-term monitoring applications.[127:101]
These biosensors can be embedded into flexible substrates or
textile-based electrodes for non-invasive detection in sweat or
saliva, supporting continuous health tracking outside clinical set-
tings. The integration of electrochemical biosensors with wire-
less electronics and IoT platforms further facilitates real-time
data acquisition and remote monitoring, paving the way for per-
sonalized diagnostics and point-of-care applications.[164

3.3. Integration with Digital Technologies

The demand for point-of-care (PoC) urea detection integrated
with smartphones has been growing due to its affordability, ease
of use, and ability to provide quick, on-site results. Several biosen-
sors have been developed using optical, surface plasmon reso-
nance, and electrochemical approaches, with the electrochem-
ical approach standing out for its high selectivity toward spe-
cific analytes.l*"150] However, reports of electrochemical urea
biosensors integrated with smartphones are limited compared
to those for other analytes like glucose,!*>17153] creatinine,[1>*15¢]
and albumin!™®1%] Most smartphone-integrated urea biosen-
sors rely on colorimetric or optical methods,[13160-163] Ljy et al.
addressed this gap by developing a screen-printed electrode based
on MXene (titanium carbide) integrated with a dialysis microflu-
idic chip. This device allows direct and continuous analysis of
multiple blood components, including urea, uric acid, and cre-
atinine. By incorporating a ratiometric sensing approach, signal
drifting was minimized. The device achieved a detection range of
0-3 X 1073 m and a detection limit of 0.02 x 1073 m for urea.[***]
Despite such advancements, there remains a need for miniatur-
ized electrochemical urea biosensors to complement these devel-
opments. Mello et al. compared the electrochemical and optical
responses of enzymatic biosensors. They examined electrochem-
ical impedimetric and capacitive responses for the first time and
compared them to optical reflectance responses measured using
a portable spectrophotometer. Sensors fabricated using polyani-
line thin films functionalized with enzymes demonstrated detec-
tion ranges of 107* to 10! mol L™ for glucose and urea, with
detection limits ~1 pumol L™'. These features underscore their
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practicality for biomedical applications.'®>] While urea biosensor
integration with smartphones or IoT remains underexplored, ad-
vancements in other smartphone-integrated devices provide in-
sights for future development. For instance, Larpant et al. demon-
strated a battery-free sensor design for redox detection in bio-
logical samples. Their approach incorporated silver nanoparti-
cles (AgNPs) into RFID tag antennas, where horseradish perox-
idase (HRP) enzymes converted AgNPs into AgCl in the pres-
ence of hydrogen peroxide, altering the tag’s impedance. Gold
nanoparticles (AuNPs) facilitated electron transfer between the
AgNPs and HRP, enabling the creation of battery-free biosensor-
RFID tags for detecting hydrogen peroxide and glucose. This
method holds promise for adapting similar sensors for other
redox reactions involving oxidoreductase enzymes, bacteria, or
non-biological catalysts.!1%] Efforts to miniaturize and enhance
urea biosensors for practical applications have also been reported
by Kuo et al. They designed a printed circuit board (PCB) com-
bining a power management circuit with a readout circuit, pow-
ered by a 3 V button cell. This design supports voltage reduction
and stabilization. Using radio frequency sputtering, RuO, was
printed on a flexible PCB for enzyme-based urea detection. The
sensor achieved an average sensitivity of 3.121 mV/(mg dL™1), lin-
earity of 0.994, and reproducibility of 2.59% Figure 6¢ represents
a schematic of the arrayed flexible printed circuit board biosen-
sor using RuO,, along with its experimental setup.['*”! Prabhu
et al. introduced an innovative impedimetric biosensing system
integrated with [oT for real-time kidney health monitoring. This
point-of-care (PoC) biosensor enables rapid detection of creati-
nine levels in urine or serum, serving as a key indicator of kid-
ney function. Offering both qualitative and quantitative assess-
ments, the system enhances prognostic and prophylactic care for
kidney disease patients. The IoT integration further enables re-
mote monitoring and data management, improving accessibility
and clinical utility.['®]

3.4. Improved Stability and Shelf-Life

Stability is a critical feature of biosensors but is seldom discussed
in the literature.[33] Stability analysis typically evaluates the de-
gree of interference within the biosensor system, which can arise
from factors like thermal interference affecting the output sig-
nal and bond strength between the sensing film and the analyte.
Enhancing stability often involves employing covalent bonding
techniques. Additionally, stability is assessed by examining re-
peatability and performance under varying conditions, such as
high temperatures.[1%7172] Kuo et al. investigated the stability of a
potentiometric biosensor designed for urea detection. They fab-
ricated the sensor using a urease-Ag nanoparticle/Ruthenium
dioxide (RuO,) sensing film. RuO, is widely favored for its ther-
modynamic and chemical stability, high conductivity, and excel-
lent catalytic properties. The biosensor’s stability was assessed by
measuring its reproducibility, repeatability, and long-term perfor-
mance using a microfluidic wireless measurement system. The
results demonstrated high reproducibility (RSD = 2.23%) and
repeatability (RSD = 1.16%) across a broad urea concentration
range (0.005-50 mg dL~'). Additionally, the sensor exhibited ex-
ceptional sensitivity and linearity at temperatures ranging from
25 to 65 °C. Remarkably, the device retained 90% of its initial sen-
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sitivity after 15 days of storage at room temperature and achieved
an accuracy of 94.70% in remote measurement applications.[*]
One critical factor influencing a biosensor’s accuracy, reusability,
and stability is the hysteresis effect. Hysteresis occurs when the
output voltage differs from its initial value after a urea concen-
tration change returns to the starting level, leading to potential
instability and response variations. To address this, Kuo et al. de-
veloped methods to minimize the hysteresis effect in potentio-
metric urea biosensors. They proposed a novel analog back-end
circuit with a voltage regulation mechanism and utilized RuO,
thin film combined with Ag/urease nanoparticles for redox re-
actions. Experimental findings revealed an average sensitivity of
48.73 mV decade™ and a linearity of 0.996 over a wide urea con-
centration range (0.833 um to 8.33 mwm). The sensor achieved a
fast response time of 22 s and a detection limit of 0.37 um. Fur-
thermore, the hysteresis voltage was reduced by 29%, from 3.71
to 2.62 mV!173] represnts the setup for a microfludic system for
urea biosensor. Nien et al. reported a urea biosensor based on a
graphene oxide/nickel oxide sensing film, modified with either
Au nanoparticles or y-Fe,O, nanoparticles. To improve the sen-
sor’s performance, the researchers developed a back-end calibra-
tion circuit that effectively reduces drift and hysteresis effects.
This approach enhances the stability and reliability of the biosen-
sor, ensuring more accurate urea measurements across various
applications.['74]

4. Applications in Medical Diagnostics and
Biomedical Fields

4.1. Renal Disease Detection

Kidney diseases are often diagnosed by abnormal concentra-
tions of biomarkers such as urea, uric acid, C-reactive protein,
and creatinine.l'’>78] Elevated serum urea levels, in particu-
lar, are indicative of kidney failure or impaired glomerular fil-
tration rate. Traditional methods for detecting kidney disease
rely on measuring these biomarkers in blood, urine, or other
body fluids, primarily focusing on urea and creatinine.!17%18l
Historically, urea levels have been quantified using calorimet-
ric techniques, such as the phenol-hypochlorite and Nessleriza-
tion methods,?! alongside other approaches like chemilumines-
cence, colorimetry, spectrophotometry, and fluorimetry. While
spectroscopic methods remain the standard in most laboratories,
these techniques are often labor-intensive, time-consuming, and
require specialized equipment and trained personnel, limiting
their cost-effectiveness.18182]

To address these challenges, biosensors have emerged as a
promising alternative. For example, Kumar et al. developed a
nano-bioengineered electrode using Ag-complex-based quater-
nary Ag—S—Zn—0 nanocomposites. These materials were cho-
sen for their small size and high surface area-to-volume ratio,
enhancing the biosensor’s sensitivity and selectivity. By immobi-
lizing urease on the electrode, the biosensor achieved high sensi-
tivity (12.56 pA mm~! cm~2) and a low detection limit of 0.54 mm.
Additionally, the biosensor demonstrated excellent reproducibil-
ity, stability for up to 60 days, and potential for clinical applica-
tion Figure 7a represents the preparation, characterization, per-
formance and mechanism of action of electrodes made of silver-
sulfur-zinc-oxide nanocomposites.!'®3] Another study introduced
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a urea biosensor using poly(2-hydroxyethyl methacrylate-glycidyl
methacrylate) nanoparticles as enzyme carriers. Tested with ar-
tificial human serum, the biosensor exhibited a linear detection
range of 0.01 to 500 mm, a detection limit of 0.77 um, and a re-
sponse time of 30 s. Remarkably, the device retained 95.7% of its
performance after 170 uses and 83% of its activity after 90 days
of storage, highlighting its suitability for clinical applications.!””]

Despite these advancements, the use of electrochemical ap-
proaches in clinical diagnostics remains limited. Bonini et al.
developed a disposable biosensor specifically for real-time urea
monitoring during dialysis for end-stage kidney disease pa-
tients. This device utilizes a pH-sensitive reduced graphene ox-
ide layer functionalized with 4-amino benzoic acid and ure-
ase. Upon catalyzing the breakdown of urea, the sensor detects
pH changes, enabling accurate potentiometric measurements.
Tested on plasma samples from dialysis patients, the biosensor
demonstrated a response time of 120 s and an error margin of
6 + 3% compared to standard clinical methods.!®?] Other inno-
vative approaches include pH-based detection systems. For in-
stance, Soni et al. designed a portable biosensor integrated with a
smartphone application to measure urea levels in saliva. This de-
vice employs a urease enzyme immobilized on a filter paper strip
with a pH indicator. Upon exposure to urea, the strip changes
color, and the resulting RGB profile is analyzed via a smartphone
app. Validation with spiked saliva samples and healthy volunteers
revealed a linear detection range of 10-260 mg dL™!, a response
time of 20 s, and a sensitivity of -0.005 average pixels per second
per mg dL!. The biosensor also demonstrated a detection limit
of 10.4 mg dL-1.11%]

4.2. Clinical Diagnosis, Point-of-Care, and Portable Applications

Clinical diagnostics demand rapid and accurate analytical meth-
ods, particularly for point-of-care (POC) testing.['®* To meet this
need, researchers are developing user-friendly biosensors capa-
ble of detecting target analytes with high specificity.'®*] One no-
table study by Berto et al. introduced a urea biosensor utilizing
urease encapsulated within a cross-linked gelatin hydrogel, in-
tegrated into a fully printed PEDOT:PSS-based organic electro-
chemical transistor (OECT). This sensor detects changes in chan-
nel conductivity resulting from ionic species generated during
urease-catalyzed urea hydrolysis. The biosensor demonstrated
outstanding reproducibility, with a detection limit of 1 um and
a rapid response time of just a few minutes. Manufactured us-
ing screen-printing on flexible substrates, the OECTs offer low
production costs and fast turnaround times. The device’s com-
pact size and low operating voltage (0.5 V or less) make it par-
ticularly suited for high-throughput POC urea monitoring and
field applications.['*] In another study, Liu developed a cost-
effective and portable platform for urea detection using electro-
chemical methods. This involved modifying commercial glucose
test strips by removing surface enzymes and electrodepositing
silver nanoparticles (AgNPs) onto the working electrode. Scan-
ning Electron Microscopy (SEM) was used to analyze the modi-
fied strip’s morphology, while Cyclic Voltammetry (CV) and Elec-
trochemical Impedance Spectroscopy (EIS) assessed its electro-
chemical performance. The biosensor exhibited a linear detec-
tion range of 1-8 mw, corresponding to the physiological urea
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Figure 7. Nanoengineered Electrodes and Test Strip Development for Urea Detection: a-1) Nanoengineered Ag-S-Zn-O Electrodes for Urea Biosensing:
(i) Hydrolyzed ITO glass substrate used for fabricating Ag complex electrodes (i) Nanoengineered Ag-S-Zn-O electrodes (iii) Urease enzyme immobi-
lized on the nanoengineered electrode interface. Il) TEM images of the nanoengineered interface (Ill) Urea biosensor performance evaluation (i) urea
biosensing performance for different concentrations ranging from 1to 100 mw (ii) the sensing mechanism. Reproduced with permission.l'33] Copyright
2024, ACS Publications. b) Electrochemical Test Strip for Urea Detection: |) Preparation steps of the test strip by removing the enzyme layer. Followed by
electrodeposition of Ag nanoparticles on the test strip at —0.6 V (working versus reference electrode). This is followed by drop-casting of the sample onto
the test strip for detection. II) Characterization of the fabricated test strip 11l) SEM images of Ag nanoparticle-coated strips. V) Performance evaluation of
the test strip in the presence of interfering substances. V) Performance stability across multiple test cycles. Reproduced with permission.!'32] Copyright

2020, Nature.

concentration range in human blood, with a detection limit of
0.14 mwm. The study also reported excellent selectivity, repro-
ducibility, reusability, and storage stability for the modified test
strips Figure 7b represents urea detection electrochemical test
strip — fabrication steps, characterization, of Ag nanoparticle coat-
ing, performance evaluation with interferents, and stability over
multiple cycles.'?) Kim et al. fabricated a portable biosensor
for real-time monitoring of physiological fluids. Urease was im-
mobilized on a polytetrafluoroethylene (PTFE) membrane using
various linkers, and the membrane was placed within a PDMS
fluidic chamber. Electrochemical signals were measured using
chronoamperometry at a flow rate of 1 mL min~'. The biosen-
sor exhibited excellent repeatability and minimal interference,
demonstrating its potential for monitoring urea concentrations
in human patients.['®”] Bose et al. proposed a single-use dispos-
able paper-based sensor for the direct measurement of urea in
whole blood samples. Their device employs impedimetric sens-
ing technology with graphite electrodes, requiring only 0.2 mL of
whole blood and providing results within 30 seconds. Compact
and easy to use, this biosensor is ideal for home monitoring of
urea levels.[18]

Adv. Sensor Res. 2025, e00117 e00117 (17 of 25)

4.3. Other Clinical Significance
4.3.1. Diabetes Management

Serum urea and creatinine levels are widely recognized as es-
sential markers for evaluating kidney function in individuals
with diabetes mellitus.['®"] Research suggests that elevated urea
levels may exacerbate insulin resistance and impair insulin
secretion.['®] While urea biosensors are not directly used for dia-
betes detection, a strong correlation exists between elevated urea
levels, kidney dysfunction, and diabetes. Consequently, monitor-
ing urea levels could provide preliminary insights into diabetes
risk and related complications.[190-1%3]

4.3.2. Cancer Diagnostics
Chronic liver diseases (CLDs) present a global health challenge,
accounting for ~2 million deaths annually,'**!°] Liver fibrosis, a

common outcome of CLDs, is a critical precursor to cirrhosis and
its associated complications, significantly impacting liver func-
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tion and quality of life.'®! Elevated urea levels have been linked

to adverse liver conditions.['®! Experimental research indicates
that even in the early stages of CLDs, compromised urea syn-
thesis correlates with hepatic fibrosis. Additionally, disruptions
in the urea cycle have been associated with cancer development.
Patients with CLDs and lower urea levels may experience more
advanced disease stages and face a heightened risk of disease
progression,['71%] Studies have suggested the potential of urea
as a biomarker for hepatocellular carcinoma,?! though this re-
mains an emerging area of research. Other investigations pro-
pose using urea as a biomarker for neoplasm progression,?°!]
and further studies confirm the correlation between altered urea
levels and cancer prevalence.[?2] Disruptions in the urea cycle are
increasingly viewed as indicators of neoplasm, providing new di-
rections for cancer diagnostics.!199203:204]

4.4. Using Urea Biosensor for Other Purposes/ Applications

Antimicrobial resistance is a growing global concern due to the
overuse of antibiotics, making bacterial infections increasingly
challenging to treat. This has created a pressing need for rapid
and reliable bacterial detection methods to guide appropriate an-
tibiotic administration. Traditional methods, such as bacterial
culture, often require 24-96 h of incubation, while molecular
analysis demands sophisticated equipment, posing significant
challenges for healthcare facilities with limited resources.[20>:20]
To address this issue, researchers have focused on developing
customizable and cost-effective biosensors for pathogen detec-
tion. For example, Yao et al. designed a microfluidic impedance
biosensor for detecting E. coli 0157:H7. This biosensor incorpo-
rates immunomagnetic nanoparticles (MNPs) for bacterial sep-
aration, urease for signal amplification, and a microfluidic chip
for impedance measurement. Streptavidin-modified MNPs con-
jugated with biotinylated polyclonal antibodies (PAbs) were used
to isolate bacteria from the sample, forming MNP-bacteria com-
plexes. Gold nanoparticles (GNPs) conjugated with urease and
specific aptamers were added, resulting in MNP-bacteria-GNPs-
urease complexes. These complexes hydrolyze urea into ammo-
nium carbonate, leading to a decrease in impedance. The study
demonstrated a strong linear relationship between impedance
change and E. coli concentration, achieving a low detection
limit of 12 CFU m~L.[2”] A similar approach was employed by
Wang et al. for detecting Listeria monocytogenes.2%] Additionally,
Tzianni et al. developed a low-cost medical diagnostic device fea-
turing a free-standing, pH-responsive membrane. This device of-
fers a time-based signal output that reduces costs and simpli-
fies usability, making it accessible to non-trained personnel. The
biosensor, made from inexpensive materials, demonstrates excel-
lent selectivity, tunable detection ranges, and adaptability for var-
ious biochemical indices and qualitative tests, such as detecting
H. pylori in biopsy samples.[2%]

5. Conclusion and Future Perspectives

Urea, a nitrogenous organic compound excreted in urine as a
byproduct of protein metabolism, plays a critical role in clinical
diagnostics. Maintaining optimal urea levels in blood and urine
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is vital, as elevated levels can indicate serious health conditions
such as kidney disease or liver failure. Continuous monitoring
of urea levels is particularly essential for patients with metabolic
disorders to prevent complications. Despite significant advance-
ments in urea detection over the years, traditional methods are
still predominantly used in hospital settings. These techniques,
while highly sensitive and specific, are often expensive, require
skilled operators, are time-intensive, and are invasive. Recent re-
search has focused on developing innovative materials, particu-
larly nanomaterials, to address these limitations.

This review explored three primary approaches for urea de-
tection: enzymatic amperometric, enzymatic potentiometric, and
non-enzymatic methods. Enzymatic techniques, recognized for
their high selectivity, directly detect urea but face challenges
related to enzyme immobilization, stability, and cost. Non-
enzymatic approaches, often employing cyclic voltammetry, of-
fer improved stability and cost-effectiveness. Advancements in
sensitivity, selectivity, and miniaturization have enhanced these
biosensors for point-of-care applications. Additionally, strategies
to improve long-term stability further support their potential in
medical diagnostics, particularly for kidney function assessment
and chronic disease management.

Electrochemical approaches have also leveraged advanced ma-
terials to enhance electron transfer efficiency. Materials like
graphene-based compounds and metal oxides demonstrate ex-
ceptional sensitivity, low detection limits, and fast response
times. Surprisingly, non-enzymatic methods, which do not di-
rectly detect urea, have shown remarkable performance, with
metal oxide-based sensors outperforming enzymatic counter-
parts in terms of robustness, affordability, and sensitivity. Com-
posite materials combining metal oxides, graphene derivatives,
and conductive polymers hold great potential for next-generation
urea biosensors. However, inconsistencies in reporting study
parameters across the literature make it challenging to draw
definitive conclusions. Figure 8 presents three scatter plots, each
highlighting a key performance characteristic, limit of detection
(LOD), response time, and sensitivity of various materials used
in enzymatic and non-enzymatic urea sensors. Each data point
represents a specific material, with the x-axis categorizing mate-
rials based on their application in enzymatic or non-enzymatic
sensors. This visualization facilitates a comparative analysis of
material performance across different sensor types.

Based on the presented plots enzymatic materials consistently
display lower LODs (better detection limits), often under 50 pm,
compared to non-enzymatic materials, where several values ex-
ceed 400 pm. Carbon nanotube and rGO-based enzymatic sen-
sors showed especially low LOD. In contrast, non-enzymatic can-
didates (e.g., nickel cobalt oxide nanoneedles, NiO-molybdenum
trioxide) had much higher LODs, indicating less sensitivity at
low analyte concentrations. Notably, a few non-enzymatic sys-
tems had very rapid response time, with some matching or out-
performing enzymatic materials (e.g., Ag/NiO or copper-based),
but the overall trend still favors enzymatic systems for rapid de-
tection. On the other hand, non-enzymatic materials exhibit sig-
nificantly higher sensitivities (often >1000 uA mm~'), where en-
zymatic materials typically cluster below 100 pA mm ™!, with the
exception of some platinum and rGO systems, but on average
present notably lower sensitivity compared to the non-enzymatic

group.

© 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIIR1D) 8|eot|dde a3 Aq peusenoh ae Sspie YO ‘88N JO S8|ni 10y Ariq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | 1M ARIq1 Ul [UO//:SANY) SUORIPUOD pue SWB | 8U188S *[S20z/2T/vz] uo Ariqiiauluo A8 ‘AseAIUN By Y Uig PeurH Aq LTTO0SZ0Z SPe/200T 0T/I0p/W0d A8 | im AeIq Ul U0 psoueApe;/Sdiy Wwoj pspeojumod ‘0 ‘6TZTTS.E


http://www.advancedsciencenews.com
http://www.advsensorres.com

LOD (uM)

ADVANCED

SCIENCE NEWS
www.advancedsciencenews.com www.advsensorres.com
LoD RT Sensitivity
® Enzymatic @ Enzymatic @® Enzymatic
® Non-Enzymatic @ Non-Enzymatic ® Non-Enzymatic
Study number Study number Study number
21 20 19 18 17 16 15 14 13 12 22 21 20 19 18 17 16 15 14 13 12 22 21 20 19 18 17 16 15 14 13 12 o
450 0 400 - 0
A L d L ® Y .
o 0
400 L] . 350 °
10 25 . & 500 _
350 T 5 T s 300 =
o L o
i 20 3 3 @ 3 E
300 T & @ 2 3
. E E 20 | * o 10 E g 280 1000 <
30 2 2
- 15 >
200 40 2 ¢ £ .m 1500 2
o o 3 [
150 € 2 10 e (208 § s
100 & . g . 2000 @
° 25 50
50 . 60 5 . . . R -
® e 0 ® . . 2500
0 . 70 g 30 0123 4567 8 9101 12
01 2 3 4 5 6 7 8 9 10N 01 2 3 4 5 6 7 8 9 10 11 12

Study number

Study number

Enzymatic: 1[54], 2[57] , 3[61],4[56], 5[ 55], 6 [52], 7 [59] , 8 [60] , 9 [63], 10 [53]
Non Enzymatic: 12[96] , 13 [89], 14 [95], 15[88], 16 [90], 17 [111], 18 [101], 19 [91], 20 [93], 21 [100]

Study number

Figure 8. Comparative Analysis of Urea Biosensors Based on Detection Limit, Response Time, and Sensitivity: These scatter plots present a comparative
analysis of various urea biosensors, differentiating between enzymatic and non-enzymatic approaches. The graph highlights key performance metrics,
including the detection limit, response time, and sensitivity of different material compositions.

Notable best performers: Carbon nanotube and rGO-based en-

zymatic sensors showed especially low LOD. In contrast, non-
enzymatic candidates (e.g., nickel cobalt oxide nanoneedles, NiO-
molybdenum trioxide) had much higher LODs, indicating less
sensitivity at low analyte concentrations.

While recent advances in enzymatic and non-enzymatic urea

biosensors have demonstrated impressive sensitivity, response
time, and stability, there remains significant scope for optimiza-
tion to meet practical clinical and point-of-care demands. Based
on the current state of the art, we recommend the following
strategic directions to further enhance urea biosensor perfor-
mance:

1)

Adv. Sensor Res. 2025, e00117

Material Engineering for Synergistic Effects: Future designs
should focus on hybrid composite materials that combine the
catalytic activity of metal oxides (such as NiO, CuO) with the
exceptional electron transfer properties of carbon-based nano-
materials (e.g., graphene, carbon nanotubes). Such synergies
can simultaneously lower detection limits and boost sensitiv-
ity while improving electrochemical stability.

Enzyme Immobilization and Stability Enhancement: For en-
zymatic biosensors, improving robustness and lifetime of im-
mobilized urease remains critical. Employing novel cross-
linking chemistries or encapsulation within biocompatible
nanostructured matrices (e.g., hydrogels, polymeric nanopar-
ticles) can protect enzyme activity against environmental
stressors and minimize denaturation while maintaining rapid
substrate accessibility. A robust biosensor should ensure sta-
bility and durability of the immobilized enzyme over time
while maintaining consistent performance.[*’] For industrial
scale-up, a minimum operational stability of 1-3 months is
typically advised for enzyme-based biosensors to guarantee
constant performance and commercial feasibility.[21%]
Minimizing Signal Noise through Advanced Electrode De-
sign: Enhancing signal-to-noise ratio by optimizing electrode
surface morphology to increase effective surface area and re-

00117 (19 of 25)

duce fouling can improve detection reliability. Micro- and
nano-patterned electrode architectures such as microneedle
arrays show promise in achieving high signal fidelity in com-
plex biological fluids.

Electrode selection: The working electrode, where electrochem-
ical reactions occur, must exhibit a high signal-to-noise ratio,
consistent response, stability, and low interference. Noble met-
als such as gold (Au), silver (Ag), platinum (Pt), and mercury
(Hg), as well as carbon-based materials like carbon paste and
graphite, are commonly used. Conductive polymers are also ap-
plied to enhance electron transfer.2!!]

1)

Non-Enzymatic Sensor Development for Cost-Effectiveness
and Stability: Continued development of enzyme-free sen-
sors leveraging metal-organic frameworks, doped metal ox-
ides, and novel nanostructured catalysts can address issues
of enzyme instability and reduce sensor cost. Tailoring nano-
material morphology and doping elements can tune catalytic
sites for selective and rapid urea oxidation.

Integration with Advanced Electronics and Artificial Intel-
ligence: Coupling biosensors with miniaturized electronics,
IoT-enabled platforms, and Al-based data analytics can facil-
itate real-time monitoring, enhanced data interpretation, and
personalized health feedback. This integration is essential for
translating sensor innovations into accessible, user-friendly
clinical devices.

Standardization and Uniform Reporting: To accelerate
progress, the community should adopt standardized proto-
cols for biosensor characterization, including uniform met-
rics for sensitivity, LOD, stability, and reproducibility. Trans-
parent reporting enables more meaningful cross-comparison
and rational material and design selection.

Focus on Real-World Conditions and Sample Matrices:
Biosensors should be rigorously evaluated in relevant biolog-
ical fluids such as blood, urine, and sweat under dynamic
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Figure 9. Summary of different parameters to consider when designing a urea biosensor: Step 1 Performance Considerations. This initial phase focuses
on desired performance characteristics, including high selectivity and sensitivity, a wide range of detection, and a low detection limit. It also involves
choosing appropriate materials, selecting an effective enzyme immobilization method, and addressing potential issues like nanoparticle aggregation
when modifying an electrode. Step 2: Material and Operational Characteristics. This step emphasizes the material’s qualities and operational function-
ality. This step concentrates on selecting a stable material that resists oxidation and has high adhesion to the testing matrix. Additionally, the focus
includes ensuring the sensor’s stability, reusability, and robustness. Step 3: Economic and Practical Considerations. This final phase considers the prac-
tical aspects of production and implementation, such as cost-effectiveness, size, environmental friendliness, and scalability. It also involves considering
the initial chemical precursors and the production method to optimize the overall process.
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