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ARTICLE INFO ABSTRACT

Keywords: Urea is the final product of nitrogen metabolism in mammals. In human beings, it is a main indicator of liver and
Urea kidney activity and a marker for hemodialysis treatments. Furthermore, urea is used in many industrial pro-
Sensor cesses, in agriculture and in the farm industries. Thus, it is important to evaluate the level of this compound in
Biosensor : . : . . . . . .

Urease biological fluids, in environmental matrices and in food samples. Electrochemical sensors represent an inter-
Wastewater esting tool for simple, rapid, in-situ, in-flow monitoring of urea. This review focuses on the recent advancements
Wearable in electrochemical sensors and biosensors for urea determination. An overview of the existing electroanalytical

Artificial intelligence

approaches for urea determination is presented, and some new strategies are discussed, particularly those based

on nanostructuration of the electrode surface. Finally, a brief description of the role that Artificial Intelligence
could have in overcoming selectivity issues and speed of the analysis is also discussed.

1. Introduction

Urea, also known as carbamide, is an organic compound with the
chemical formula CO(NHj)2. In human beings, urea is a product of
protein catabolism and helps in preventing acidosis or ionic decom-
pensation caused by NHZ [1]. Under normal conditions, the blood-
stream concentration of urea varies from 15 to 40 mg/dl (2.5-7.5 mM)
[2]. Monitoring the amount of urea has always been of primary interest
to the whole clinical diagnostic, since urea is a main indicator of liver
and kidney activity and a marker for hemodialysis treatments. Some
examples of commercial point-of-care analyzers of urea in clinical set-
tings are reported in Table 1. Whereas, in Table 2 are reported the
concentration range of urea in some biological fluids.

Apart its physiological role in mammals, urea is a compound with
significant industrial applications. It is used in agriculture in combina-
tion with other nitrogenous fertilizers to increase the productive ca-
pacity of a soil [17-19]. Urea is also used as a component in skin care
products [20], in cleaning products, in certain medicines, in ure-
a-formaldehyde plastics or as a supplement in the diet of animals on
intensive livestock farms [21]. The market demands for urea is expected
to grow at 2% per annum, reaching 211.5 million metric tons by 2026
[22]. The main sources of urea in the environment are municipal, in-
dustrial, and agricultural waste and sewage systems, including the waste
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from intensive livestock farms [23]. The fact that urea ends up in water
reservoirs and watercourses creates eutrophication problems [24] and it
is correlated with the outbreaks of several harmful algal blooms in
several estuarine environments [25]. There is a general consensus to fix
the maximum acceptable concentration of urea in wastewater at 12 mM
in wastewater [26], but this value drops to 0.16 mM in water for human
consumption [27].

Thus, even though the analytical methods reported in literature for
the determination of urea have largely focused on clinical applications,
there is a growing demand for reliable, robust, instrumentation and
methodologies for the determination of urea in food and environmental
samples. Indeed, a wide variety of analytical techniques have been
developed for urea determination, including spectrophotometric, chro-
matographic, and electrochemical methods, with no single technique
dominant in all areas, because of the diversity of applications [28].
These methods can be briefly classified as indirect methods or direct
methods. Enzymatic hydrolysis with urease (EC 3.5.1.5) is generally
performed and then ammonia and carbon dioxide can be optically [29]
or electrochemically [30] measured to stoichiometrically determine
indirectly the urea concentration. Direct methods for urea determina-
tion are instead commonly based on urea complexation with a ketone or
an aldehyde (such as xanthydrol or diacetyl monoxime), under strong
acidic conditions to form a product which is then measured either
colorimetrically or by using an HPLC-based method [31,32]. The use of
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Abbreviations
Al = Artificial Intelligence
BSA =  Bovine Serum Albumin

CMFC = Ceramic-Based Microbial Fuel Cell

CNT = Carbon Nanotubes

CPE =  Carbon Paste Electrode

CV= Cyclic Voltammetry

DPV = Differential Pulse Voltammetry

EDC =  1-Ethyl-3-[3-Dimethylaminopropyl]Carbodiimide
hydrochloride

EDTO = 3,4-EthyleneDioxyThiOphene

EIS = Electrochemical impedance spectroscopy

EO = Equilibrium Optimizer

Fc-PAMAM = Ferrocene-Poly(amidoamine)

FET =  Field Effect Transistor

FTO =  Fluorinated-Tin Oxide

GNDs = Graphitized Nanodiamonds

GNPlts = Graphene nanoplatelet

GO = Graphene Oxide

HPLC = High-performance liquid chromatography

ISE = Ion-Selective Electrodes
ITO =  Indium Tin Oxide

LDH = Layered Double Hydroxide
LOD = Limit of Detection

LOQ = Limit of Quantitation

ML = Machine Learning

MCPE = Modified Carbon Paste Electrode
MGCE = Modified Glassy Carbon Electrode

MWCNT = Multi-Walled Carbon Nanotubes

NC = NitroCellulose

Nf = Nafion

NFMAS = NanoFiber-Based Microfluidic Analysis System
NHS =  N-hydroxysulfosuccinimide

Ni-MOF = Nickel-Metal-Organic Framework

NiS = Nickel Sulfide

NPs =  NanoParticles

P(3HT-co-3TAA) = Poly(3-HexylThiophene-co-3-ThiopheneAcetic
Acid)

PANI = Polyaniline

PEDOT PSS = Poly(3,4-EthyleneDioxythiophene) PolyStyrene
Sulfonate

PET =  Polyethylene Terephthalate

PMMA = Poly(Methyl MethAcrylate)

PPy =  PolyPirrole

PS = Polystyrene

PUFC = Photocatalytic Urea Fuel Cell
PVA =  Polyvinyl Alcohol

PVC = PolyVinyl Chloride

PVAF-HFP = PolyVinylidene Fluoride-co-HexaFluoroPropylene

RE = Reference Electrode

SF = Silk Fibroin

SPE =  Screen Printed Electrode

SSE\Nianodized = Ni nanotube-modified Stainless-Steel Electrodes
SSE\Zn = Zn nanowire Stainless-Steel Electrodes

UOR = Urea Oxidation Reaction

Urs = Urease

WTED = Thread-based Microfluidic Electroanalytical Device

MIP =  Molecular Imprinted Polymers
Table 1
Examples of commercial devices for urea quantification in clinical settings.
Supplier Commercial name Transduction Reference
ESAMED SDI Optical [31]
Lifetest Vet Equipment InSight Minichem Optical [4]
ApS Analyzer
Hangzhou Lysun Lysun Optical [5]

Biotechnology Co., Ltd
Abbott Point Of Care Inc.  i-Stat
Siemens Healthineers epoc® Blood Analysis

Electrochemical [6,7]
Electrochemical [81

System
Edan Instruments EDAN il5 Optical [91
Radiometer Medical ApS ~ ABL90 FLEX PLUS Electrochemical [10,11]
blood gas analyzer
Table 2
Average concentration ranges of urea in biological fluids.
Matrix Urea Range (mM) Reference
Blood 2.5-7.5 [12]
Urine 1.2-3.3 [13]
Saliva 1.2-7.8 [14]
Sweat 0-50 [15]
Milk 3.0-6.6 [12,16]

electrochemical sensor and biosensor technology for urea measurement
is an interesting approach which possesses technical simplicity, low cost,
and suitability for in-field analysis. Electrochemical sensors and bio-
sensors can be taken to the sampling sites, having results in real time
[33-35]. The first electrochemical urea biosensor was reported by
Guilbault and Montalvo [36]. In that approach a glass electrode was

used to detect ammonium ion activity by urease-catalyzed hydrolysis
[37-41]. Over the time, neutral carrier-type ion-selective ammonium
(NHY) electrodes [42,43], gas-permeable ammonia [44] or carbon di-
oxide (CO3) [40] electrodes, replaced the first employed glass electrode.
Nowadays, different electrical and electrochemical transducers have
been reported including Field Effect Transistor (FET) [45], potentio-
metric all solid-state electrodes, and amperometric transducers [46].
Also in this case, both direct and indirect electrochemical methods can
be carried out. In the case of direct electrochemical measurements, a
quantification of urea can be performed by measuring the current den-
sity resulting from its direct oxidation reaction [47-50], whereas in the
case of indirect quantification electrochemical measurements can be
carried out by monitoring the urea hydrolysis reaction. A plethora of
novel electrode materials has been proposed for both direct and indirect
electrochemical urea measurements [30].

Several reviews have been published recently on electrochemical
sensors and biosensors technology for the detection of urea, but these
are mainly focused on clinical applications [51] and on potentiometric
transducers [12,30]. Thus, the aim of this review is to provide an
updated revision of the literature in the last 5 years showing the current
trends and future perspective (beyond the solely potentiometric and
enzymatic biosensors) in terms of electrochemical transducer materials
and sensor formats for urea electrochemical (bio)sensors assembly.
Different examples of direct and indirect electrochemical methods for
urea determination are here described. Moreover, the role of Al in
improving the analytical performance of the sensors and in the optimi-
zation of working parameters is also discussed.

2. Direct electrochemical method for urea determination

Direct electrochemical measurement means that the analytical signal
can be directly correlated with the concentration of urea in the sample.
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Fig. 1. Scheme of a proposed electrochemical urea oxidation under alkali conditions. (Reproduced with permission from Ref. [54]).

Table 3
Some examples of direct urea electrochemical sensors and their analytical performances.
Materials Electroanalytical Linearity Range (M) Detection Limit Real Reference
method ) Sample
Polyvinylidene Fluoride-co-Hexafluoropropylene (PVdF-HFP)/Ni-Co Amperometric 2x10°-20x%x10° 1.2 x 107° Urine [55]
nanofiber/
NiC0,04 NNs/GCE cv 1x10°-5x%x1073 1.0 x 10°° Urine [56]
Nafion/ (Ni-MOF)NBs/GCE LSV 1x10°-70x10"°% 223x10° Urine [571
NiOOH/Ag/Carbon paper Amperometric 2x1074-26.0x107° 5.0x107° Urine [58]
Ni NTs/Stainless Steel Electrode Amperometric 3x10°°-2x1072 3x10°° Tap Water [59]
NiS/Graphene Oxide/GCE DPV, 1x10%-1.0x10"% 379x10° Milk [601
Impedimetric
NiS/GO/CPE Amperometric 1x107%-6.0x10"% 7.02x107° Saliva [14]
LaNi ¢Feg 403-CeO> (LNF-C)/MWCNT/ITO Amperometric 25 x 107° - 670 x 1x10°° Urine [61]
107
Ni-metal organic framework/MWCNT/ITO Amperometric 1x10°-1.12x 1072 3x10° Urine [62]
Graphene-PANI Amperometric 10 x 107°- 200 x 5.88 x 107° Tap Water [63]
10°° Milk

NNs: nanoneedles; NBs: nanobelts; NTs: nanotubes; MWCNT: Multi-Walled Carbon Nanotubes; ITO: Indium Tin Oxide; CNT: Carbon Nanotubes; PPY: PolyPirrole;
PANI: Polyaniline; SPE: Screen Printed Electrode; CV: Cyclic Voltammetry; DPV: Differential Pulse Voltammetry.

These methods are mainly based on amperometry or voltammetry and
are related to the urea redox reaction at the electrode surface. The redox
reaction is driven by an applied potential and led to a current density
value proportional to the concentration of urea in the bulk of the solu-
tion. This type of measurement is generally performed by using selected
electrode materials or by modifying traditional electrode surfaces with
innovative nanomaterials. Indeed, the nanostructuration of the elec-
trode surface, increases the surface area of the electrode, improving the
analytical signal [52]. In recent years, it has been shown that Ni is an
excellent catalyst for urea oxidation reaction (UOR), with a low cost
compared to Pt and Pd [53]. The catalytic oxidation process promoted
by nickel-based materials has been studied with a particular focus on
alkali conditions [47-50] (Fig. 1). The surface area of the nickel elec-
trode is firstly chemically oxidized to Ni(OH), by the alkaline solution;
then the Ni(OH), undergoes oxidation to its active NiOOH form due to
the high potential value applied at the electrode during the urea
adsorption step, as shown in Fig. 1; then, the NiOOH oxidizes urea to
regenerate Ni(OH),; the total balance of the reaction is (1):
CO(NH3); + 60H™ — N, + 5H,0 + CO; + 6e~ (@D)

Hence, NiOOH acts as the catalytic active form. However, the current

density is generally low because of the unavailability of NiOOH active
sites. To overcome these problems, attempts have been made to develop
different kind of nanomaterials, because, as it is well known, the surface
area of nanomaterials are larger than those of macro counterparts. This
property contributes to the increase of the number of active sites, and
thus to a more efficient catalytic behavior.

In addition to enhancing the catalytic activity and specific surface
area, it’s worth noting that expediting the desorption of CO from the
electrode surface is crucial since it is the slow step of the reaction.
Therefore, there is the interest in developing alternative nanomaterials
or nanocomposites for accelerating this process.

Different examples of Ni nanocomposites, i.e. nanofibers [55],
nanoneedles [56] nanobelts [57], nanorods [58] nanotubes [59] have
been reported in literature as shown in Table 3 and in Fig. 2.

A nanostructured Ni-based sensor for urea monitoring in milk sample
was reported in Ref. [60]. In this case a graphene stabilized nickel sul-
fide electrode was used. Nickel Sulfide/Graphene Oxide (NiS/GO)
nanocomposites were obtained by a superficial hydrothermal process on
a modified Glassy Carbon Electrode (NiS/GO/GCE). A LOD and LOQ of
3.79 and 12.6 pM, respectively, were found. Moreover, NiS/GO/GCE
demonstrated robustness for the detection in real sample with a recovery
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Fig. 2. Different examples of Ni-nanocomposites for urea detection. (a) Silver (Ag)/NiOOH nanorods prepared by a cyclic voltammetry treatment of the Ni(OH),
precursor and sputter deposition of Ag (Reprinted with permission from Ref. [58]. Copyright 2020 American Chemical Society.); (b) Overall process of modification
of a stainless-steel electrode modified with ZnNi-Nanotubes and urea measurement (Reproduced with permission from Ref. [59]); (c) Schematic illustration of
thread-based microfluidic electroanalytical device (LTED) for detecting urea. The uTED consists of a carbon paste electrode (CPE) modified by NiS/Graphene Oxide

(GO) and cotton threads as microfluidic channels (Reproduced with permission

from Ref. [14]).

A NH(Lys) B NH(Lys)
o020 . 00 Riis)
HisIN,., / o N N{His} (His)N o is
Ni(1 Ni(2
(Hus)N"N\'“) '/N'(Q-—N(His) e = (Hus)N’ \'() 'g Q"N(Hls)
(o] HaO O(Asp) o] 0 O(Asp)
H200) H20p) A x—NH;
C—NH, 3H,0 c
H20(3) / /
) P HoN H,N
HN-COO™ + NHy
Flap cpening Flap closure
4 Hy0
E NH(Lys) D NHi{Lys) C NH(Lys)
070 _ Prot 070 Nuclecphili e
(HisIN... N/1 \N.z"”"N(HIS) roton i i i N(His) ucleophilic —— £ o N(His
(=N ’ ) —nqrisy  transfer (HisN=— 1) '/ i )‘N(His) attack =N '/ i\ )“N(Hls
\ [ O(Asp) \ J O(Asp) °® O(Asp)
O L NH <p -0~ L _NH Sp. SP.
NP7 TR NN \/C . NP e
: uzzzi JI_(? . Al . @2; NH s Ala®® = l Y Alge6s
His / OY His' 2 S Y Hig®222 J[CPp— o
_N" _N" o Y
= = =N
HN{HiS“‘BB HN{His“323 HN{Hisusza

Fig. 3. Scheme of the catalytic mechanism of urease. The neutral imidazole side chain of the active site conserved histidine residue, moving nearer the active site
upon closure of the flap, stabilizes the nascent C-NH3 group (5E). The distal C-N bond is broken, ammonia is released, and the resulting carbamate decomposes into
NH; and bicarbonate. The flap opening could facilitate the release of products and allow bulk water to rehydrate the active site to yield the native state of the enzyme
(5A). These steps could occur in a concerted manner. This mechanism agrees with all kinetics data, in particular the pH-dependence of the enzyme activity and the
noncompetitive inhibition by fluoride, thought to replace the bridging hydroxide.. (Reprinted with permission from Ref. [67]. Copyright 2011 American Chemi-

cal Society.).

percentage of 98.6-99.4%.

Recently, a NiCu(OOH)/Polystyrene (PS) electrode was used for the
development of a wearable biosensor [64]. PS provided a porous
structure, leading to an enough number of active sites, easy access to
reactants, and adequate water wettability for effective charge transfer.
The modified surface was obtained through co-sputtering of Ni-Cu alloy
as catalyst.

A microfluidic electroanalytical device, allowing the quantification
of urea in saliva is reported in Ref. [14]. A Cotton thread pad was used as
microfluidic sampling channel and a NiS/GO/Carbon Paste Electrode

(CPE) was developed as urea-sensitive sensor. Two graphite rods (@ =
3.0 mm) were used as auxiliary electrode and pseudo-reference elec-
trode, respectively, together with NiS/GO/CPE as working electrode.
The system is shown in Fig. 2c. This amperometric sensor allowed to
detect urea in the concentration range from 0.1 mM to 6.0 mM.

As reported in literature, direct amperometric measurement of urea
is an interesting approach, as there is no need for an enzymatic
component that may undergo a change in activity with time (stability
issue) or may increase the cost of the measurements. By contrast the
selectivity, in absence of the biocatalyst, could be compromised. The
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Fig. 4. Schematic representation of all relevant interfaces within different
types of ISEs with cation (M™) selective membranes that contain an electrically
neutral ionophore (L) and anionic sites (R7): (a) a conventional ISE with an
inner filling solution; (b) an all-solid-state ISE based on an anion (A, R7)
doped-conducting polymer (CP) solid contact (SC) with a high redox capaci-
tance; (c) an all-solid-state ISE based on a high-surface-area SC exhibiting a
high double layer capacitance. (Reproduced with permission from Ref. [74]).

interference from other electroactive species could also be a major issue,
leading to inaccurate results. From this point of view chemometric
methods, machine learning (ML), and Artificial Intelligence (AI) could
help in overcoming selectivity issues [65,66]. Critically analyzing the
literature, it has to be highlighted that the analytical performances of the
reported systems are basically compatible with clinical (see Table 2) or
environmental requirements. By contrast, in some cases, it not well
explained the complexity of the surface modification and the role of the
different nanocomposites and their morphologies in achieving the
required analytical performance.

3. Indirect electrochemical methods based on catalytic
biosensors for urea determination

Indirect urea determination can be performed by using both poten-
tiometric and amperometric biosensors.

The most common bioreceptor for urea determination is the enzyme
urease, a nickel-containing metalloenzyme [67] that hydrolyzes urea
into CO, and NHj ions, following the scheme reported in Fig. 3.

Many examples of potentiometric urease-based biosensors are re-
ported in literature. Coupling a potentiometric measurement with the
enzymatic catalysis means that high selectivity can be achieved due to
the high affinity and selectivity that the enzyme possesses for the sub-
strate and to the fact that potentiometric transducers, such as the ion-
selective electrodes (ISEs) for NHZ, very selectively detect the prod-
ucts of the enzymatic hydrolysis reaction. Nevertheless, potentiometric
urea biosensors face interference from competing species such as uric
acid, Na* K" and Ca?" ions, which results in high detection limits and
slow response times [68]. Coupling urease-based catalysis with an
amperometric measurement is also feasible and some examples are re-
ported in literature. Furthermore, other bioreceptors have been recently

Trends in Analytical Chemistry 168 (2023) 117345

explored such as aptamers and Molecular Imprinted Polymers (MIPs)
[69,70].

In the following sections, indirect urea determination is reviewed as
enzymatic-based electrochemical biosensors and non-enzymatic elec-
trochemical biosensors. Literature is revised considering the electroan-
alytical technique used (i.e., potentiometry vs amperometry).

3.1. Potentiometric enzyme-based biosensors

As already mentioned, urease catalyzes the conversion of urea to
NH; and CO,, which then dissociates to NHZ and bicarbonate HCO3 ions
in solution. Thus, urea measurement can be performed through NHg,
CO,, NHZ, and pH variations.

The NHY ions are detected using various type of potentiometric
transducers (Fig. 4), including conventional liquid-membrane, all solid-
state and gas-permeable membrane ISEs [68,69]. Conventional liquid
membrane ISEs use ionophores embedded in a hydrophobic membrane
to selectively bind NHJ ions, generating a potential variation propor-
tional to the NHZ activity [71,72]. Liquid-membrane ISEs contain liquid
contacts (typically referred to as inner filling solutions) that separate the
sensing membrane from the inner reference electrode [71]. All
solid-state ISEs employ an electron-conducting layer, such as conductive
polymers, metal oxides or porous carbon, that interacts with NH} ions,
causing a change in electrical properties measured potentiometrically
against a reference electrode [73]. In all solid-state ISEs, a solid contact
is formed between the sensing membrane and an electron-conducting
layer to replace the liquid contact, serving as an ion-to-electron trans-
ducer. Note that all-solid-state ISEs are not to be confused with ISEs that
comprise a solid-state ion-selective membrane (such as the fluoride
electrode based on LaF3) [74].

Gas-permeable membrane ISEs convert NHJ to NH3 gas, which dif-
fuses across a selective gas membrane and reacts with a sensing solution,
altering the pH in a concentration-dependent manner. Then, the varia-
tion in pH is measured by a pH sensitive glass electrode [75]. CO, is
commonly measured by a Severinghaus-type electrode, based on normal
pH-glass electrode with a bicarbonate-electrolyte around the tip, sepa-
rated from the sample by a gas-membrane permeable to CO;. The pH of
bicarbonate resets according to the local pCO, and can be measured with
the pH-sensor. In all cases, for gas permeable ISEs a
temperature-compensation is needed.

Potentiometric transducers offer simple, selective, inexpensive
means of detecting the products of the urease reaction to determine urea
concentrations and for this reason potentiometric urease-based bio-
sensors have demonstrated to be a robust platform for urea detection.
Some commercial instrumentations that take advantage of potentio-
metric urease-based biosensors are reported in Table 1 [76].

Many procedures have been developed over the years for the fabri-
cation of urease-based biosensors. Nowadays, new approaches based on
thick- and thin-film technologies are used to mass produce miniaturized,
cost-effective, reproducible, calibration-free transducers [77] that fit
quite well with the requirements of point-of care or point-of needed
analyzer. A thick-film sensor comprises layers of special pastes (thick-
ness 10-50 pm) deposited onto an insulating substrate; the method of
film deposition is the screen-printing technique [78]. Thin-film elec-
trochemical transducers are built up by the successive deposition and
patterning of dielectric and conductive materials, on top of an optically
flat and polished substrate. The deposition of the thin metallic films
(thickness 10-200 nm) is generally carried out by classical evaporation
or sputtering of a solid metal source; then, photolithography and other
techniques can be envisaged to pattern the electrode material. Using
these technologies, disposable microfabricated arrays of sensors and
biosensors have been developed.

The potential usefulness of nano- and micro-structured materials and
composites in potentiometric applications (both as transducers and re-
ceptor phases in ion-selective electrodes) continue to be deeply explored
[79-106]. In one of these approaches as an example, urea detection was
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Table 4
Some examples of indirect urease-based potentiometric sensors recently reported in literature with the kind of real samples analyzed and the reported analytical
features.

Materials Measure Linearity Range Detection Real Sample Response Stability Reference
o) Limit (M) Time (days)
(sec)
Urs-Chitosan- encapsulated/PANI-grafted ZnO Potentiometric 3 x 1074 -8 x 5x107* Blood 180 56 [79]
1072
Urs-Poly(2-hydroxyethyl methacrylate-glycidyl Potentiometric 1 x 107°-5 x 7.7 x 1077 Artificial 30 90 [82]
methacrylate) nanoparticles 107! Serum
Urs-COO-PVC(Nonactin) Potentiometric ~ 10™* - 1072 1.0 x 107* Urine 60t0120 20 [85]
Recombinant Urs-PVA/Styrylpyridinium (SbQ) Potentiometric 5 x 107%-1.5 x 1x107* Blood 60 to 120 150 [88]
photopolymer 102
Urs- y-Al;03 Potentiometric 3.0x10°°-1.4 10 x 107 Urine 120 to 90 [89]
x 1072 240
Urs-PVA & polyacrylamide (PAA) Potentiometric 1 x 1071 1x1073 Blood 120 - [901
Serum
Urs-Imprinted TiO, Potentiometric 8x10°-3x 5.0 x 10°° Urine 25 30 [91]
1073
Urs-Fullerene-Poly(n-butyl acrylate)-Hydrogen Ionophore Potentiometric 4.2 x 107° - 1.2 - Urine <120 140 [93]
x 1073
Urs-Nylon Potentiometric 1.6 x 107° - 3.3 - Sugar Cane 900 70 [94]
x 1074 Vinasse
Urs-Poly(acrylonitrile-methylmethacrylate-sodium Potentiometric 1 x 107°-1 x 3x107* Milk 120 70 [96]
vinylsulfonate) 107!
Urs-Fe304 Paramagnetic Particles-Polyelectrolyte Potentiometric 3 x 107°-1 x 3x10°° Milk 30 to 150 30 [97]
Microcapsules 107!

Urs-Chitosan Potentiometric 5 x 107 -1072 1x107* Serum 300120 60 [98]
Urs-Polypyrrole/Carbon Paper Potentiometric ~ 1.22 x 1076 — 1x10°° Serum 60 to 100 >30 [99]
3.85x 1073
Urs-Tetraphenylborate doped Polyaniline Potentiometric - 20 x 107° Serum - 60 [100]

Milk
Urs-Poly(carbamoylsulphonate) (PCS) + Potentiometric - 2.5 x 107° Milk 30 to 40 8 [104]
polyethyleneimine (PEI)
Nafion-Urease + Chitosan-PEDOT.PSS/NHJ selective layer ~ Potentiometric 6.4 x 1073 - 200 1.3 x 1073 Sweat 900 28 [107]
x 1073
PVC-Chitosan + Urease-PANI-Screen Printed Electrode Potentiometric 5 x 107°-200 x = — Sweat 150 <10 [108]
10°°

Urs: Urease; PVC: Polyvinyl Chloride, PANI: Polyaniline; PVA: Polyvinyl Alcohol; NC: Nitrocellulose; GO: Graphene Oxides; PET: Polyethylene Terephthalate, PVC:
Polyvinyl Chloride, MWCNT: Multi-Walled Carbon Nanotubes; ITO: Indium Tin Oxide; BSA: Bovine Serum Albumin; EDC: 1-Ethyl-3-[3-dimethylaminopropyl]carbo-
diimide hydrochloride; NHS: N-hydroxysulfosuccinimide; CNT: Carbon Nanotube.
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Fig. 6. (a) Procedure for Urease/CuF/PANI/Nf(GCE biosensor preparation and a schematic illustration of NH; detection mechanism (Reproduced with permission
from Ref. [114]), (b) Schematic for the graphitization of nanodiamonds (NDs) by heating at 1200 °C in the presence of argon, hydrolysis of urea into ions by the
urease, incorporation of graphitized nanodiamonds (GNDs) into layers of exfoliated f-GNPlts and the capture of ions onto the composite surface upon the hydrolysis
of urea. (Reproduced with permission from Ref. [115]), (c) Schematic diagram of the principle of immobilization of urease on the silk fibroin (SF) membrane, the
amination of the surface of the carbon electrode, and the configuration of the sensor system (Polydimethylsiloxane (PDMS), Screen-printed electrodes (SPEs))
(Reproduced with permission from Ref. [116]), (d) Schematic representation of the urea microsensor based on the CO, microsensor. The CO, produced from urea
hydrolysis diffuses through the gas permeable membranes of the CO, microsensor and is detected through reduction at an Ag cathode. (Reproduced with permission

from Ref. [117]).

facilitated by a four-layer structure containing a poly(3,
4-ethylenedioxythiophene)  polystyrene sulfonate (PEDOT:PSS)
conductive layer, a NHj-selective layer, an enzymatic layer (ure-
ase/chitosan) and a Nafion (Nf) layer [107]. This flexible device can be
conformally and harmlessly attached to the skin surface, and was used to
the simultaneous quantification of glucose, lactate, pH, Cl™ and urea,
Fig. 5a. The reported LOD for the urea was 1.3 mM with a sensitivity of
31.4 mV per decade of concentration.

Ibanez-Redin et al. [108] developed a wearable potentiometric
biosensor for urea sensing in sweat. The sensor is based on a
screen-printed carbon electrode modified with polyaniline ink, urease
bioink and a polyvinylchloride membrane (Fig. 5b). Urea detection was
performed in a wide concentration range (from 5 to 200 mM), encom-
passing urea levels in human sweat. The biosensor had a 5 min response
time and did not show interference from other substances in sweat.
Some other examples of enzyme-based potentiometric biosensor are also
shown in Table 4.

3.2. Amperometric and impedimetric enzyme-based biosensors

As for the potentiometric-based biosensors, recent advances in
nanomaterials, conductive polymers, electrode modifications, and
immobilization techniques have significantly improved the performance
of amperometric urease-based biosensors, enhancing their sensitivity,
selectivity, and stability. Among other nanomaterials, graphene [109,
110] and carbon-nanotubes [111] have been frequently used. Thus, in
comparison to few decades ago, when potentiometric transducers were
the solely used, nowadays different examples of amperometric bio-
sensors are reported in literature, with analytical performances not far
from the potentiometric counterpart.

Dervisevic et al. [112], developed a biosensor using ferrocene-poly
(amidoamine) (Fc-PAMAM) dendrimers combined with MWCNTs and
urease. In this approach the electrochemical signal is related to the
electron transfer of ferrocene linked in the dendrimer. The polymer can
change its spatial conformation depending on the pH that is locally

modified on the electrode surface during the urea hydrolysis process.
The biosensor exhibits a linear range of 0.2-1.8 mM with a LOD of 0.05
mM. This biosensor was used to detect urea in human blood.

Iron-based nanoparticles were largely used to indirect urea quanti-
fication, due to their chemical stability, mechanical hardness and low
toxicity. As an example, Fe3O4/MWCNT/PANI-Nafion (Nf) nano-
composites [113] or Fe304/Cu/PANI-Nf [114] were coupled to urease
for the modification of GCEs (Fig. 6a). In these two approaches the
biocatalytic process of urea hydrolysis generates NHJ ions on the sur-
face. The NHj ions bind to PANI. The electroactive species then is the
PANI-NHJ that gives an amperometric signal that could be correlated to
the concentration of urea in the solution. In the case of Fe304/Cu/PA-
NI-Nf/urease nanocomposite a LOD of 0.17 pM and a wide linear range
of 0.5-45.0 uM were obtained.

Kumar and his group [115] (Fig. 6b) developed a graphene nano-
platelet (GNPIts)/Graphitized Nanodiamonds (GNDs)/Urease using a
self-organization process. The ions generated by the addition of urea,
thanks to the urease immobilized on the surface of the nanocomposite,
alter the electron transport parameters (e.g., the mobility of electrons,
conductivity, and Dirac point shifting). Changes in these parameters led
to the appearance of a current.

Urease, immobilized onto Silk Fibroin (SF) scaffolds mounted in a
polydimethylsiloxane (PDMS) sensor housing, as shown in Fig. 6¢, was
proposed by Kim et al. [116] for urea measurement in flow conditions.
This urea biosensor elicited a linear current-concentration response in a
range from 0.1 to 20 mM.

Fapyane et al. [117] reported the possibility to fabricate an urea
amperometric biosensor by monitoring the CO; that is released from the
urease in presence of the substrate. The system is based on a CO;
microsensor equipped by a gas permeable membrane with a gap filled
with a buffer solution containing urease and a sensing Ag wire dipped in
an ionic liquid (Fig. 6d). An external silicon membrane is in contact with
the sample solution. In this condition, urea can migrate in the
urease-buffer solution; the produced CO, diffuse through the gas
permeable membrane to the ionic liquid medium; in this water free
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Reference electrode

ZnO-Urease

Fig. 7. Examples of EIS-urea biosensor: Schematic representation of the mea-
surement setup and the Urease/Nano-ZnO/TiO,/Fluorinated-Tin Oxide (FTO)
working electrode (Reproduced with permission from Ref. [120]).

environment, the Ag microsensor can reduce the CO, to CO3". The re-
ported urea biosensor has a linear range from 0 to 1000 pM with a LOD
of 0.94 pM.

Another electroanalytical approach used for urea detection is based
on Electrochemical Impedance Spectroscopy (EIS) [118]. A disposable
copper tape-based electrode, covered with layers of wax, urease, and
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poly(methyl methacrylate) (PMMA) was developed by Bose et al. [119]
for non-faradaic impedimetric sensing of urea. In this set-up, a wax layer
keeps a paper—dielectric sensor dry, even in aqueous media. During the
measurement, the sensor is dipped into the urea solution. The enzymatic
hydrolysis of urea produces ammonium and carbonate ions, reducing
the solution resistance and creating a measurable variation in imped-
ance, useful to quantify total urea. A working range of 0.16-175 mM
(corresponding to 1-1050 mg/dL) is reported [119]. An example of
faradaic impedance measurements is described in Ref. [120] and shown
in Fig. 7. The analytical signal is due to the redox reaction of NHs at the
Urs/Nano-ZnO/TiO,/Fluorinated-Tin Oxide (FTO) electrode surface.
The TiOy substrate promotes electron transfer between ZnO to FTO
electrode, by the formation of heterojunctions with ZnO.

Other examples of enzyme based amperometric assays are shown in
Table 5.

Examples of non-enzymatic quantification of urea are also reported.
Liu et al. [70], developed a flexible biosensor for the indirect quantifi-
cation, monitoring the signal decrease of the redox species Fel/Fe!ll,
using a Molecular Imprinted Polymers (MIPs) sensing layer. In this
approach, the electropolymerization of 3,4-ethylenedioxythiophene
(EDOT) was used for the MIP layer development. The reported line-
arity range was between 1 and 100 mM and the LOD was 0.1 mM.

An alternative strategy for the determination of urea through an
enzyme-free, indirect approach was proposed by Vasconcellos et al.
[127] and it takes advantage from the presence of Cl~ ions in solution. In
this case a suitable electrode material could be used to generate chlorine
from the electrochemical oxidation of chloride following reaction (2)
[54]. Evolved chlorine quickly dissociates in water yielding

Table 5
Some examples of indirect urease-based voltammetric/amperometric sensors with the reported analytical features and the type of real samples analyzed.
Materials Measure Linearity Range Detection Limit Real Response Stability Reference
(M) (M) Sample Time (days)
(sec)
Urs -(MWCNTSs)-Ferrocene-poly(amidoamine)- Pencil Amperometric 2x1074-1.8 x 5x107° Blood 3 3 [112]
graphite electrode (PGE) 1073
Urs-Nafion- MWCNT- PANI-Fe;0,4-GCE CV, DPV, CA 1.0 x 1073-2.50 x 6.7 x 107° Milk — 60 [113]
102
Urs-CuF-PANI-Nafion-GCE DPV 5x1077-45 x 1.7 x 1077 Soil - 7 [114]
107° Milk
Urs-CoF-PANI-Nafion-GCE 5x1077-45 x 2.3 x 1077
10°°
Urs-NIF-PANI-Nafion-GCE 5x1077-4.5 x 3.7 x 1077
10°°
Urs-ZnF-PANI-Nafion-GCE 5x 107 -4.5 x 4.2 x 1077
10°°
Urs-Graphitized nanodiamond-Graphene nanoplatelet- Amperometric 1.6 x 1073-15 x 8 x10°° Milk 20 15 [115]
Screen Printed Electrodes (SPEs) 1073
Dyalisis membrane/Urs solution/Ionic Liquid/Ag Amperometric 0-1000 x 10°° 1x10°° Blood 120 <14 [117]
Plasma
Urs-Nano ZnO-TiO»-FTO Impedimetric 5x1077-3.4 x 3x107* Serum 4 28 [120]
102
Urs-Polyaniline-Sulfonated Graphene- ITO Amperometric 1.2 x107%-1.23 x 50 x 107° Urine 5 15 [121]
1072
Urs-Clinoptilolite Zeolite modified Electrode Conductimetric ~ 0-64 x 102 10° Urine 40 to 70 150 [122]
Blood
Urs-ZnO-MWCNT-ITO cv 16 x10%-16x 23x107* Serum 4 120 [123]
102
Urs-PVA conducting hydrogel membrane-PANI grafed DPV, EIS 1.5x107%-1 x 6x107% Milk 10 60 [124]
polyacrylamide-GCE 1072 Urine
Serum
Soil
Puffed
Rice
Urs-ZnO-F-doped SnO, Impedimetric 1.3 x1073-1.8 x 8.3 x107* Serum 10 21 [125]
1073
Urs-Nano ZnO-FTO Impedimetric 83x107%-2324 40x107* Serum 4 42 [126]

x 1072

Urs: Urease; ITO: Indium Tin Oxide; PANI: Polyaniline; MWCNT: Multi-Walled Carbon Nanotubes; GCE: Glassy Carbon Electrode; SF: Silk Fibroin; PVA: Polyvinyl
Alcohol; FTO: Fluorinated-Tin Oxide; EIS: Electrochemical impedance spectroscopy; CV: Cyclic voltammetry; CA: Chronoamperometry; DPV: Differential pulse

voltammetry.
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hypochlorous acid according to reaction (3), in which speciation is
defined by the acid-base equilibria of reaction (4).

2C1™ = Cly + 2¢~ 2
Cly(aq) + HoO — HCIO + CI~ + HF ©)]
HCIO = CIO~ + HY, pKa = 7.55 @

Electrogenerated active chlorine species from reactions (2)-(4) react
with urea yielding Ny (5).

(NH2)2CO + 3CIO™ = N + CO, + 3CI" + H,O 5)

The chemical reaction that consumes electrogenerated active chlo-
rine species can be used to quantify the concentration of urea in solu-
tions [127]. This method can allow urea quantification with a LOD of
1.83 x 107® M and a linear range of 6.66 x 107° to 3.33 x 10™* M.

4. Conclusions & further perspectives

In this work different methods for direct and indirect electrochemical
determination of urea have been revised. Indirect electrochemical
methodologies exhibit intriguing features for various applications, of-
fering high selectivity due to the reliance on the enzymatic reagent but
also leading to stability issues over time. By contrast, direct electro-
chemical methods show interesting features in terms of stability and
cost-effectiveness but suffer in selectivity. Al-based methodologies have
the potential to facilitate the creation of smart sensors capable of
adapting to dynamic environments and delivering instantaneous feed-
back. Additionally, Al-based approaches can aid in optimizing sensor
performance and offer a real-time feedback of the identified analyte.
Recent advancements in Al and ML have proven useful in data pro-
cessing for real sample analysis, enhancing biosensor development. Al
and ML techniques analyze large datasets, identify patterns, and opti-
mize experimental conditions for increased sensitivity and selectivity
[128]. Al-based biosensors hold potential for simultaneous detection of
multiple substances using electrodes with different analyte response
characteristics. Al can also optimize parameters in industrial chemical
processes, as demonstrated in a study on ceramic-based microbial fuel
cells (CMFCs) [129] or in the monitoring and prediction of blood urea
and glucose in Chronical Kidney Disease Patients [130], in environ-
mental science with studies about the urea release as fertilizer [131].

By leveraging the capabilities of nanomaterials and Al-based ap-
proaches, could be possible to push the boundaries of sensor technology
and renewable energy solutions, leading to more efficient, cost-effective,
and environmentally friendly solutions for urea detection.
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