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The use of a novel ammonium ion-specific copper-polyaniline nano-composite as transducer for hy-
drolase-based biosensors is proposed. In this work, a combination of creatinine deaminase and urease
has been chosen as a model system to demonstrate the construction of urea and creatinine biosensors to
illustrate the principle. Immobilisation of enzymes was shown to be a crucial step in the development of
the biosensors; the use of glycerol and lactitol as stabilisers resulted in a significant improvement,
especially in the case of the creatinine, of the operational stability of the biosensors (from few hours to at
least 3 days). The developed biosensors exhibited high selectivity towards creatinine and urea. The
sensitivity was found to be 8573.4 mA M�1 cm�2 for the creatinine biosensor and
11273.36 mA M�1 cm�2 for the urea biosensor, with apparent Michaelis–Menten constants (KM,app),
obtained from the creatinine and urea calibration curves, of 0.163 mM for creatinine deaminase and
0.139 mM for urease, respectively. The biosensors responded linearly over the concentration range 1–
125 mM, with a limit of detection of 0.5 mM and a response time of 15 s.

The performance of the biosensors in a real sample matrix, serum, was evaluated and a good cor-
relation with standard spectrophotometric clinical laboratory techniques was found.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Chronic kidney disease (CKD) is a common condition with a
high risk of death. The National Health and Nutrition Examination
Survey in America has estimated the prevalence of the CKD to be
about 16% (Haynes and Winearls, 2010). One of the main con-
sequences of CKD is a significant increase in the level of metabolic
waste products in the blood, including urea and creatinine, that
are normally excreted by the kidney (Vaidya et al., 2008). In CKD
patients, urea and creatinine levels can reach up to 10-fold those
recorded in healthy patients, rising from 1.7–8.1 mM (Eggenstein
et al., 1999) to 50–70 mM for urea (Walcerz et al., 1998) and from
40–150 mM to 1–1.4 mM for creatinine (Ashwood et al., 2006).
Consequently, frequent creatinine and urea monitoring, with rapid
availability of results, can be expected to be of significant benefit
for critically ill patients with remarkable improvement in quality
of life for peritoneal dialysis patients (Udy et al., 2009).

Detection of creatinine dates back to the beginning of the 20th
century when Jaffe method was developed (Jaffe, 1886). However,
n@imbg.org.ua (Y. Korpan).
this approach is quite complex, time consuming and has limited
sensitivity/specificity. Ongoing demand for simple-to-use, cost
effective and decentralised diagnostic tools for clinical practice has
significantly boosted the development of alternative methods. In
this context, over the past few decades, electrochemical sensors/
biosensors have been making inroads. Among the electrochemical
biosensors developed, potentiometric transduction based on the
combination of ion-selective electrodes and ammonium ion-gen-
erating enzymes, is the most common approach used (Magalhaes
and Machado, 2002; Osaka et al., 1998; Radomska et al., 2004a,,
2004b). The first example of a potentiometric biosensor for the
detection of creatinine was proposed by Meyerhoff and Rechnitz,
who used creatinine deiminase (CDI) coupled with an ammonia
gas-sensing electrode (Meyerhoff and Rechnitz, 1976). Latter, CDI
immobilised in a bovine serum albumin (BSA) (Soldatkin et al.,
2002a) and PVA/SbQ membrane (Soldatkin et al., 2002b) was used
in combination with ion-sensitive field-effect transistors (ISFETs)
for creatinine detection and hemodialysis control (Zinchenko et al.,
2012). However, these biosensors suffer from the inherent lim-
itations of potentiometry, i.e. vulnerability to interference from
other ions present in the sample solutions, relatively slow re-
sponse times, and high detection limits in biological fluids (Lad
et al. ,2008).
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In order to overcome the limitations of these potentiometric
sensors, several authors have explored the use of multiple en-
zymes systems in combination with amperometric detection. One
of the first examples of this approach was proposed in a paper by
Tsuchida and Yoda (1983) in which the combination of three en-
zymes; creatininase, creatinase and sarcosine oxidase, was used
for the amperometric detection of creatinine. Electrochemical
transduction was achieved via the oxidation of the hydrogen
peroxide, generated as part of the enzymatic reaction, at a plati-
num electrode. A similar enzymatic reaction sequence was ex-
plored by Nguyen et al. (1991), who coupled the three-enzyme
system with a Clark oxygen electrode. Schneider et al. (1996) and
Erlenkotter et al. (2002) reported a poly(carbamoyl)sulfonate
(PCS) hydrogel biosensor that presented significant improvement
in storage stability (ca. 3 months at 8 C) and dynamic range. The
use of nano-composite electrodes based, for example, on zinc
oxide or iron oxide nanoparticles or carbon nano-tubes, has been
also explored as a way of improving the performance of these
biosensors (Pundir et al. 2013). However, the electrochemical de-
tection of oxygen and/or hydrogen peroxide continued to present
several limitations in terms of sensitivity and specificity.

In order to overcome these issues, the use of mediators to-
gether with the three-enzyme cascade system was explored. Ra-
manavicius (2007) was one of the first to report on the use of a
mediator, ferricyanide, for a creatine biosensor. This was despite
the fact that mediated electron transfer from sarcosine oxidase
had been reported by a several authors earlier on (Taniguchi et al.,
1988; Turner et al., 1987). However, the dominance of point-of-
care analysers (where sensors are required to be re-used) as op-
posed to home-use devices for this particular analyte has meant
that this approach has not found favour to date. This led authors to
explore the use of a four enzyme system in which peroxidase
(horseradish peroxidase) was added as biocatalyst for hydrogen
peroxide to promote more effective electron transfer (Nieh et al.,
2013). Unfortunately, when multiple reactions are run in the same
membrane, optimal conditions for each reaction can often not be
satisfied and this means that in practice, none of the reactions runs
at its optimum in terms of reaction rate and stability (Ricca et al.,
2011).

Unlike creatinine biosensors, urea biosensors are commonly
constructed using only one enzyme, urease (EC 3.5.1.5), as the
biorecognition component, which catalyses the hydrolysis of urea
to ammonium and bicarbonate ions (Singh et al., 2008). Among
the electrochemical approaches used for urea determination, po-
tentiometry is one of the most popular; several types of transdu-
cers, like CO2 electrode (Guilbault and Shu ,1972), ammonia gas-
selective electrodes (Guilbault and Tarp, 1974), or ISFETs (Munoz
et al., 1997; Senillou et al., 1999), have been used to develop po-
tentiometric urea biosensors. Guilbault and Montalo were the first
to fabricate a potentiometric urea enzyme biosensor (Guilbault
and Shu ,1972; Guilbault and Tarp, 1974) based on a cation-selec-
tive glass electrode for detection of ammonium ion activity. The
original glass electrode was soon replaced with a more selective,
neutral carrier-type ion-selective ammonium electrode (Eggen-
stein et al., 1999; Walcerz et al., 1998). Given that the enzymatic
hydrolysis of urea causes an increase in pH of the system, pH-
sensitive ISFETs have been widely used for this detection (Dhawan
et al., 2009). As already mentioned above, potentiometric ap-
proaches pose several drawbacks and to avoid these a number of
amperometric urea biosensors have been developed over the last
two decades.

Conducting polymers, like polyaniline (PANi) and polypyrole,
have become the materials of choice for recent technological ad-
vances in amperometric sensors for urea detection. Adeloju et al.
(1996, 1997) reported on the use of polypyrrole-entrapped urease
as an amperometric urea biosensor. The linear range of this
biosensor was between 50 and 250 mM, but it suffered from sig-
nificant limitations when applied to biological samples, requiring
pretreatment with anion exchange separators for the removal of
interferants (Rajesh et al. 2005).

Polyaniline-Nafion composites have been used to develop am-
perometric urea biosensors (Cho and Huang, 1998), both on Au
(Luo and Do, 2004) and Pt support electrodes (Stasyuk et al., 2012).
Experimental work over the past decade has shown that PANi-
film, deposited on a metallic electrode (Au, Pt), and in combination
with a cation exchange matrix (Nafion), is highly sensitive to
ammonium ions (Strehlitz et al., 2000).

In the current paper, we report the use of a novel ammonium
ion-selective composite material, based on polyaniline and copper
(Zhybak et al., 2015) for use as a transducer in electrochemical
hydrolase-based urea and creatinine biosensors. The experimental
designs and analytical performance of the biosensors are detailed
together with their application for the determination of creatinine
and urea in serum samples from patients with CKD.
2. Material and methods

2.1. Reagents

Creatinine deiminase (EC 3.5.4.21, microbial, Z25 U/mg) was
purchased from Sorachim (Spain). Urease (EC 3.5.1.5, from Cana-
valia ensiformis (Jack Beans), Z600,000 U/g), urea, creatinine
(anhydrous), hydrochloric acid, copper nitrate, nitric acid, sodium
chloride, KH2PO4, Na2HPO4, 5% Nafions perfluorinated resin so-
lution, glutarealdehyde (GA) (50% w/v aqueous solution), ethanol,
D-Lactitol monohydrate, glycerol, bovine serum albumin (fraction
V, 96%) were purchased from Sigma-Aldrich (Germany). Aniline
(99%) was purchased from Sigma-Aldrich (Germany) and redis-
tilled before use (Important: only freshly prepared aniline should
be used for electropolymerisation). Ammonium chloride was
purchased from Fluka (Germany). All the chemicals and solvents
used were of analytical-reagent grade and used without further
purification.

20 mM phosphate buffer solution (PBS) (prepared by mixing
and diluting 20 mM disodium hydrogen phosphate, 20 mM po-
tassium dihydrogen phosphate and 20 mM sodium chloride) pH
7.4, was used as the supporting electrolyte during all the electro-
chemical measurements. The composition of the buffer solution
was chosen in order to mimic, in terms of electrolyte composition,
those of physiological samples. All solutions were prepared using
18.2 MΩ purified water produced using a Simplicity water pur-
ification system (Millipore, France). All glassware and polyethylene
materials were rinsed with ultrapure water and dried before use.

2.2. Electrochemical measurements

All biosensors were built using three-electrode screen-printed
platforms (DS C110; “SPE”) with a carbon working electrode (4 mm
of diameter) a carbon counter and an Ag pseudo-reference
electrode.

Amperometric measurements were performed using a portable
potentiostat (mStat 400, “DropSens”, Spain), controlled by the
DropView 2.0 software supplied by DropSens and used in ac-
cordance with the producer's manual guide. Amperometric de-
tection was performed at �0.35 V vs the internal Ag pseudo-re-
ference electrode and under vigorous stirring.

Differential pulse voltammetric measurements (DPV) were
carried out using an Autolab model PGSTAT 30 potentiostat/gal-
vanostat controlled with the General Purpose Electrochemical
System software programme (Eco Chemie, The Netherlands). DPV
measurements were performed according to the following
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protocol: equilibration pretreatment 300 s at �0.3 V; measure-
ment potential range: 0.6 to �0.5 V (modulation time 0.15 s; in-
terval time 0.6 s; step potential 0.004 V; modulation amplitude
0.01 V). The use of a pretreatment step (�0.3 V for 300 s) prior to
DPV measurement was adopted to improve the reproducibility (SD
ca. 4% for 3 repetitions) of the experimental responses. All DPV
measurements were performed without stirring.

Prior to use, the biosensors were soaked in PBS for 30 min at
room temperature to equilibrate the sensing composite. The sen-
sor response to a particular substrate concentration was taken as
the average of three separate measurements.

2.3. Electrode modification with PANi-Nafion-CU composite

Preparation of the PANi-Nafion-Cu SPE was carried out ac-
cording to the protocol proposed by the authors and described in
detail in a prior manuscript (Zhybak et al. 2015). Briefly: (i) SPEs
were modified with Cu by cyclic voltammetry (10 cycles between
�0.9 and 0.7 V at 0.05 V s�1) in a 0.05 M copper (II) nitrate and
0.1 M HNO3. (ii) Following rinsing thoroughly with distilled water
and drying in air for 15 min. The electrodes were drop-cast with a
2 μl aliquot of 2 wt% neutralised Nafion solution (prepared from
5% sample by 90% ethanol/water dilution) and left to dry in air for
15 min. (iii) Finally the PANi layer was electrodeposited from a
0.2 M aniline solution in 0.5 M HCl by cyclic voltammetry (10 cy-
cles between �0.4 and 1.0 V at 0.05 V s�1). The PANi-Nafion-Cu-
modified SPE was then rinsed thoroughly with distilled water and
dried in air for 15 min. All treatments and measurements were
carried out at room temperature.

2.4. Enzyme immobilisation procedure

Fresh solutions of enzyme were prepared in PBS. The stock
solutions used in this work contained 0.1 mg ml�1 (10%) for urease
and 0.2 mg ml�1 (20%) for creatinine deiminase (CDI). Aliquots of
enzyme solution were mixed with PBS containing BSA, lactitol and
glycerol to give final concentrations of 2% for urease and 5% for
CDI, and 5% BSA, 2% lactitol and 5% glycerol. Enzyme immobilisa-
tion was performed by drop-casting onto the PANi–Nafion-Cu-
modified SPE 2 ml of a solution of the enzyme. Following drop-
casting, the prepared sensor was cross linked in the presence of
saturated GA (25% w/v) vapour in an exhaust fume hood at room
temperature for 25 min. Prior to use, the biosensors were dried for
1 h at 4 °C. The functionalised electrodes were then rinsed 3 times
with 20 mM PBS and stored in the same buffer at 4 °C until use.

2.5. Preparation of serum samples and standard addition assay

Serum samples from patients with chronic kidney disease were
obtained from the Kyiv Research and Practice Centre of Ne-
phrology and Hemodialysis (Kyiv, Ukraine) following the guide-
lines of the European Group on Ethics in Science and New Tech-
nologies of the European Commission (especially No 17, 4th Feb-
ruary 2003) and those of the Ethics Committee of the American
Psychological Association. The Ukrainian Government personal
data protection rules as well as the Ethics Committee of the In-
stitute of Molecular Biology and Genetics NAS of Ukraine rules
(approved on 25th April 2012 to conduct the relevant research in
the frame of SMARTCANCERSENS Project, PIRSES-GA-2012-
318053) were followed during collection, delivery and investiga-
tion of Human biological samples.

Venous blood (2 ml) was collected in a heparinised cold tube.
The tube was centrifuged at 1500 g for 10 min and cell-free su-
pernatant removed. All serum samples were kept cold in an ice
box during the time between collection and measurement. The
assay of creatinine and urea in the serum samples was performed
by means of amperometry at �0.35 V with the elaborated bio-
sensors using the standard addition method. An aliquot of the
serum sample was directly injected into the measuring vessel in
order to obtain a 100–500 and a 1000–2000 fold dilution of the
serum sample, respectively, for creatinine and urea determination.

Reference data on creatinine and urea concentration in patient
serum samples were obtained from a commercial laboratory spe-
cialising in medical analyses; concentration of creatinine and urea
were obtained by the standard colorimetric assay based on crea-
tininase, creatine amidinohydrolase, sarcosine oxidase multiple
enzymatic reactions and urease enzymatic reaction, respectively.
3. Results and disscussion

3.1. Optimisation of the ammonium ion-selective composite for use
in biosensors

The authors recently reported on the development of an am-
monium ion-sensitive PANi-Nafion-Cu composite that was shown
to be suitable for the voltammetric/amperometric detection of
ammonium in serum samples (Zhybak et al., 2015). This composite
was also shown not to respond to model primary amine contain-
ing biomolecules (BSA) such as creatinine or urea, thus demon-
strating its high specificity towards ammonium ions as it can be
seen in Fig. S1A. These results were highly significant, in demon-
strating that the combination of PANi and copper provides im-
provement in the selectivity of the sensor compared to other
copper-based electrodes, which have been shown to be sensitive
to a variety of primary amines (Lin et al., 2011), including creati-
nine (Chen and Lin, 2012). Furthermore the PANi-Nafion-Cu-na-
nocomposite showed significant increase in sensitivity when
compared to the only Cu or only PANi electrodes (Fig. S1B) (Zhybak
et al., 2015). These results indicate the high potentiality of the
PANi-Nafion-Cu-nanocomposite to serve as transducer in the de-
velopment of highly specific creatinine/urea biosensors, based on
the appropriate hydrolase enzymes. Hence, to demonstrate this
possibility, the development of a creatinine and of a urea bio-
sensor, via the coupling of the PANi-Nafion-Cu-modified SPE with
creatinine deiminase or urease, was undertaken and reported in
the current manuscript.

3.2. Immobilisation of enzymes

The final target of the developed biosensors was the detection
of creatinine and urea in serum sample; for this reason physiolo-
gical pH (7.4) was chosen to perform all experimental work.

Despite this, prior to continue the biosensors development the
influence of pH on the response of the PANi-Nafion-Cu nano-
composite was performed. As it can be seen from Fig. S2 no sig-
nificant variations in the response in the pH range 5–8 (Zhybak
et al., 2015) was recorded.

These results, together with the aim of developing the bio-
sensors to work in serum sample forced us to optimise both bio-
sensors for operating at a pH of 7.4. Conveniently, this also fits well
with the optimum working/stability pH for urease, but un-
fortunately, this is not the case for the CDI (pH optimum 8.5–9.5).
In order to improve the operational stability of the enzymes, dif-
ferent strategies for their immobilisation were investigated as part
of this work. At first, immobilisation of the enzymes from a 5% BSA
solution in PBS followed by cross linking in saturated GA (25% w/v)
vapour was attempted. Stability and performance of the bio-
sensors were evaluated by monitoring their responses, upon
measurement of creatinine or urea standard solutions (5, 25 and
50 mM), over a period of 72 h. The urease-based biosensor pre-
sented quite good stability and conversion ability, especially at low



Fig. 1. (A) Cyclic voltammograms recorded before and after addition of 0.5 mM urea (black solid and red dotted lines, respectively; scan rate 0.05 V s�1). (B) Typical DPV-
response of the urea biosensor upon increasing additions of urea. PBS pH 7.4. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. (A) An example of the amperometric response of the creatinine biosensor to successive additions of creatinine (�0.35 V, PBS pH 7.4). (B) An example of the
amperometric response of the urea biosensor to successive additions of urea (�0.35 V, PBS pH 7.4). (C) Calibration curve for creatinine, urea and ammonium ion detection
obtained at creatinine and urea biosensors and PANi-Nafion-Cu-modified SPE.
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concentrations, but the CDI-based biosensor suffered from high
noise, low response and poor stability, with loss of ca. 90% of its
efficiency after 3 h from preparation (Data not shown). To improve
stability (operation and storage) of the enzyme biosensors, the use
of D-lactitol monohydrate and glycerol as stabilisers was explored
(Gibson et al., 1992). The use of glycerol prevents loss of the en-
zyme activity during the immobilisation process and results in a
better homogeneity and adhesion of the membrane (Zhylyak et al.
1995). D-lactitol and glycerol (2% and 5% respectively) were added
in both CDI and urease solutions; their use improved considerably
the performance of the creatinine biosensor delivering good op-
eration stability over 72 h (Fig. S3). As can be seen from Fig. S3, no
significant loss in the electrochemical response for both the bio-
sensors was recorded over this period.

3.3. Biosensor performance in model media (PBS pH 7.4)

The addition of urea or creatinine in the PBS solution resulted
in a significant change, in a voltammetric experiment, of both the
cathodic and the anodic currents (Figs. 1A and S4). Initially, the use
of DPV measurements was investigated as the transduction ap-
proach. As it can be seen from Figs. 1B and S5 the addition of in-
creasing concentration of the analytes (creatinine, urea or am-
monium) resulted in a significant increase in the cathodic current
between �0.15 and �0.45 V (vs. Ag pseudo reference electrode).
In order to improve the quality of the analytical response and to
gain better understanding of the signal generation process, the use
of background compensation was explored (O’Mahony et al.,
2005). As it can be seen from Fig. S6(A and B), when the back-
ground response (no analyte in the solution) was subtracted from
the different curves, a clear cathodic peak appeared between
�0.15 and �0.25 V. In Fig. S6C the calibration results obtained for
the creatinine and urea biosensors are reported and compared
with those obtained for ammonium.

The similarity of the calibration curves, regardless of the ana-
lyte, seems to indicate that the enzyme conversion rate is not the
limiting factor in these biosensors. The developed biosensors had
linear ranges between 8 and 90 mM for creatinine and 5 and 50 for
urea, respectively. Sensitivity was estimated to be
9576.7 mA M�1 cm�2 for the creatinine biosensor and
9177.8 mA M�1 cm�2 for the urea biosensor.

Despite the fact that the background-subtraction DPV was
proved to be rather sensitive, this transduction approach was quite
time consuming and operationally complicated; subsequently the
use of amperometric measurement was explored.

3.4. Amperometric assay

Accordingly to the DPV results �0.35 V was identified a sui-
table generic potential for the detection of the different analytes
studied in this work. In Fig. 2A and B the amperometric responses
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to increasing concentrations of creatinine and urea, respectively,
are reported. As can be seen, a consistent increase in the cathodic
current was observed as a result of increased analytes
concentration.

Fig. 2C shows that for both enzyme electrodes, the typical
Michaelis–Menten kinetic mechanism, with signal saturation upon
the addition of high concentrations of the substrate, was recorded.
The apparent Michaelis–Menten constant (KM,app) was calculated
from Lineweaver–Burk plot taking into account the current in-
duced by the enzymatic activity and found to be 0.163 mM for CDI
and 0.139 mM for urease.

To estimate the conversion level of the target analytes in the
biocatalytic layer, the response to ammonium was also evaluated
(Figs. 2C and S7). The yield of the enzymatic reactions was cal-
culated from the Imax values obtained from this calibration; the
yield of the conversion of creatinine and urea to ammonium was
estimated as 83% and 94% for CDI and urease, respectively. The
relatively low conversion rate can be explained by non-optimal pH
(especially for CDI) and temperature (optimal temperature for
both enzymes in aqueous solution is ca. 60 °C) conditions. GA
vapours could also be expected to partly inhibit enzymes during
the cross-linking step.

The analytical performances of the developed creatinine/urea
biosensors were also evaluated. As can be seen from Fig. 2A and B,
the system presented very low background noise (5–8 nA); this
facilitated (Fig. 2C) a low limit of quantification (ca. 1 mM) and
accurate detection of analytes in the concentration range between
1 mM and 125 mM for both creatinine and urea. The sensitivities for
the biosensors were calculated as 8573.4 mA M�1 cm�2 for the
creatinine biosensor and 11273.36 mA M�1 cm�2 for the urea
biosensor, respectively. The limit of detection (3� SD/sensitivity)
was estimated to be 0.5 mM for both biosensors. The developed
biosensors also had fast response times (15 s). The standard de-
viation of the amperometric responses was 8–9% in the range 1–
15 mM; 6–8% in range 20–50 mM and 5–6% in the range 75–200 mM
of creatinine or urea (n¼11), respectively.

3.5. Comparison of biosensor performance

A comparison of the key analytical characteristics of the de-
veloped amperometric creatinine (Table 1) and urea (Table 2)
biosensors with those previously decsribed in the literature illus-
trates that the our biosensors possess higher sensitivity.

3.6. Creatinine and urea determination in real serum samples

To demonstrate the suitability of the developed urea and
creatinine biosensors for the assessment of analyte concentrations
in biological fluids, serum samples from patients with CKD were
collected and analysed.

Creatinine and urea detection in serum samples was performed
using the amperometric detection technique, via the use of a
Table 1
Analytical characteristics of different amperometric creatinine biosensors.

Signal registration mode and sensing component

Khan and Wernet (1997) Pt SEC film with cross-linked CA-CI-SOx-enzyme casc
Schneider et al. (1996) CA-CI-SOx immobilised in PCS on Pt electrode
Osborne and Girault (1995) CDI immobilised in gas permeable membrane
Tombach et al. (2001) CA-CI-SOx – cascade immobilised in PCS on Pt electro
Choi et al. (2002) CA-CI-SOx-enzyme cascade in PVA on Pt electrode
Hsiue et al. (2004) Graft polymerisation of CA-CI-SOx-enzyme cascade on
Shih and Huang (1999) CDI immobilised on PANi-Nafion-GCE
This work CDI immobilised on PANi-Nafion-Cu-modified SPE
portable potentiostat (mStat 400), following the standard addition
approach. Due to the fact that serum samples were collected from
patients with CKD, their dilution with PBS prior to quantification
was needed in order to bring the analyte concentrations into the
linear range of the biosensors. Dilution factors needed to achieve
this goal were estimated using prior clinical/literature data; in the
case of creatinine, dilutions of 100–500 fold were decided, while in
the case of urea, due to the high concentration of this analyte
expected in the patient sample, dilutions of 1000–2000-fold were
envisaged. A lower dilution factor was adopted initially; if sa-
turation upon addition of the stock solution of sensor was re-
corded, the measurement was repeated adopting a higher dilution
factor.

The concentrations of creatinine and urea in 5 serum samples
from patients undergoing renal dialysis were determined. A typi-
cal amperometric response (Figs. S8A and S9A) and the linear
approximation curve (Figs. S8B and S9B) for the detection, via
standard addition analysis of creatinine and urea, respectively, are
reported.

The results obtained with the biosensors showed a very good
correlation (slopeE1 and R¼0.99 for both biosensors) with the
standard spectrophotometric method for creatinine and urea
measurement (Fig. 3A and B). Furthermore the RSD (RSD¼4–8%
for n¼3) of the developed biosensors were comparable with those
obtained for the standard spectrophotometric methods
(RSD¼2.5%). The results obtained demonstrated the possibility of
exploiting the proposed biosensors for the amperometric detec-
tion of creatinine and urea in serum, which could be used for
further development of analytical devices for distributed
diagnostics.
4. Conclusions

Novel amperometric creatinine and urea biosensors based on a
new PANi-Nafion-Cu composite and immobilised hydrolase en-
zymes (CDI and urease) have been developed and optimised. The
biosensors were characterised by a fast response to the analytes
(15 s), high selectivity and sensitivity (8573.4 mA M�1 cm�2 for
creatinine and 11273.36 mA M�1 cm�2 for urea) with a limit of
detection of 0.5 mM and with RSDo8%. The responses of the
biosensors were linear over the concentration range 1–125 mM.
The use of glycerol and lactitol in the enzymatic membrane sig-
nificantly improved the operational stability of the biosensors; this
was particularly important in the case of the creatinine biosensor.
Measurements obtained with the biosensors correlated well with
the standard spectrophotometric laboratory assays for the urea
and creatinine in CDK patient serum samples.
LOD (mM) Linear range (mM) Sensitivity (mA M�1 cm�2)

ade 1–2 10–5000 23
0.3 1–150 34
– 20–1000 0.001

de 5 5–150 5
10 10–1000 0.125

Pt electrode � 3.2–320 –

0.5 0.5–500 �
0.5 1–100 8573.4



Table 2
Analytical characteristics of different amperometric urea biosensors.

Signal registration mode and sensing component LOD (mM) Linear range (mM) Sensitivity (mA M�1 cm�2)

Bertocchi et al. (1996) Urease encapsulated in nylon net 10 10–300 –

Pizzariello et al. (2001) Urease adsorbed on Graphite-Pt electrode 3 10–250 0.2
Vostiar et al. (2002) Urease adsorbed on TB/GCE 200 200–800 0.98
Luo and Do (2004) Urease-PANi-Nafion-Au-ceramic film 50 500–5000 3172
Kuralay et al. (2006) Urease immobilised in poly(vinyl ferrocenium) matrix 1 1–250 –

Stasyuk et al. (2012) Urease-PANi-Nafion-Pt electrode 3 30–300 11.670.05
Tyagi et al. (2013) Urease-NiO-NPs-ITO-glass – 830–16650 21.33
This work Urease immobilised on PANi-Nafion-Cu-modified SPE 0.5 1–100 11273.36

Fig. 3. Correlation of the creatinine (A) and urea (B) biosensor response in serum from CKD patients with standard reference methods. Nb. The red line represents a perfect
correlation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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