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Abstract

Urea biosensors based on urease immobilized by crosslinking with BSA and glutharaldehyde coupled to ammonium ion-selective electrodes
were included in arrays together with potassium, sodium and ammonium PVC membrane ion-selective electrodes. Multivariate calibration
models based on PCR and PLS2 were built and tested for the simultaneous determination of urea and potassium. The results show that it
is possible to obtain PCR and PLS2 calibration models for simultaneous determination of these two species, based on a very small set of
calibration samples (nine samples). Coupling of biosensors with ion-selective electrodes in arrays of sensors raises a few problems related
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o the limited stability of response and unidirectional cross-talk of the biosensors, and this matter was also subjected to investiga
ork. Up to three identical urea biosensors were included in the arrays, and the data analysis procedure allowed the assessment o
erformance of the sensors. The results show that at least two urea biosensors should be included in the array to improve urea de
he prediction errors of the concentration of urea and potassium in the blood serum samples analyzed with this array and a PLS2
odel, based on nine calibration samples, were lower than 10 and 5%, respectively.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Urea is the end product of protein metabolism and its de-
ermination deserves much interest; for instance, it is moni-
ored in blood as an indicator of renal function. Urease is an
mportant enzyme in biological systems, where it catalyses
he conversion of urea to carbon dioxide and ammonia. Cou-
ling of this enzymatic reaction with different transducers
as allowed the development of thermal[1–6], amperometric

7–10], condutimetric[11–14], optical[15–18], piezoelectric
19], potentiometric[20–45]and FET[46,47]based biosen-
ors. Potentiometric urea biosensors are among the most at-
ractive due to the simplicity of their construction and general
vailability of the instrumentation required for their utiliza-
ion. All-solid-state nonactin-based ammonium ion-selective
lectrodes are among the most adequate transducers for the
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development of potentiometric urea biosensors, due to
fast and reproducible response[26] and their long lifetime
up to 12 months[27].

Matrix correction in the determination of urea in blo
serum by such potentiometric biosensors is necessary d
the ion composition of the matrix. Usually, the most se
interference is due to potassium because of the lack of s
tivity of response of the ammonium-based electrode an
the same order of magnitude of the concentrations of ure
potassium in blood serum. The most effective method for
trix correction has been based on differential measurem
[31]. Ideally, for this purpose, these measurements shou
made with the same ammonium electrode to ensure th
contribution of the variability in response characteristic
different ammonium electrodes has no influence on the
termination of urea. However, this is not generally poss
because it is impossible to remove and apply again the e
matic layer of the biosensor without destroying it. In this c
a two-electrode approach has been used, and differentia
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surements are made relatively to an ammonium ion-selective
electrode[31]. However, this approach shows limitations
due either to the usual variability of the response of different
ion-selective electrodes of the same type, or to changes in
the response characteristics of the ammonium electrode to
the ions in solution provoked by the enzymatic layer[31].

An alternative generic approach evaluated in the present
work uses an array of potentiometric sensors and multivari-
ate inverse calibration models to allow both the correction
of the contributions of other ions to the response of the
biosensor, and simultaneous determination of urea and its
most severe interference, potassium ion, another species
with biological interest. Ion-selective electrode arrays and
multivariate calibration models[48–63]have already proved
to be effective for increasing the selectivity and allowing the
simultaneous determination of several analytes in different
types of samples, ranging from biological fluids[48–50] to
natural water samples[51]. Multivariate data analysis has
been processed by several methods including hard modelling
algorithms [48], non-parametric multivariate techniques
[54,55], multiple linear regression (MLR)[48,56–61],
partial least squares (PLS)[51,56,57,62], neural nets[60,63]
and genetic algorithms[61].

The main objective of this work was to investigate the
use of an array of potentiometric sensors for matrix cor-
rection in the analysis of urea in the presence of interfering
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usually require variable selection to stabilize calculations.
The natural consequence of variable selection (limitation of
the number of sensors in the array to the number of analytes)
is loss in error detection ability and less precise estimates
of the models[64]. Furthermore, Diamond et al.[59] con-
cluded that to improve the analytical performance of the ar-
rays of potentiometric sensors, other factors not considered in
the Nikolskii–Eisenmann equation, which are responsible for
the concentration dependence of the selectivity coefficients,
should be included in the models. In this context, the use of
PCR and PLS calibration models for the arrays is preferable
because they are a factor-based approach, and take advantage
of signal averaging and are more effective in error detection.
In the present work, both PCR and PLS calibration models
were used. However, usually the price for using PLS is the
larger number of samples in the calibration set necessary to
develop a good model. Using multivariate standardization
techniques circumvents this limitation as demonstrated by
Sales et al.[51].

In this work, a PLS2 calibration model for urea and potas-
sium in the normal blood serum range of concentrations,
based on a small set of calibration samples (nine samples)
was constructed and used for simultaneous analysis of urea
and potassium in blood serum samples. Up to our knowledge,
this approach has not been evaluated before for the determina-
tion of urea and potassium, but it should allow a more robust
d sen-
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ons, especially potassium ion, which was assayed in the
entration range 1.30–0.10 mM. This range of concentra
hich includes the normal concentration range of potas

n blood serum after ten-fold dilution, was used becau
as intended to evaluate the capability of correcting the
easurements in the presence of larger variation in the p

ium concentration. Although the usefulness of arrays of
elective electrodes and multivariate calibration model
he analysis of ions in biological fluids has been establis
he present case of using potentiometric biosensors bas
on-selective electrodes in an array poses new challe
ecause chemical cross-talk between sensors occurs m

or the ions. In this work, an array of potentiometric s
ors, constituted by ion-selective electrodes for potass
odium and ammonium and the potentiometric biosen
or urea, based on ammonium ion-selective electrodes
rease immobilized on their sensing membrane by glutar
yde crosslinking of urease with BSA were assembled
valuated. Multivariate calibration models based on princ
omponent regression (PCR) and PLS2 were built and t
or the simultaneous determination of urea and potassiu

The small number of sensors in the array suggest
se of multiple linear regression (MLR) techniques. H
ver, these methods require that all components are k
64] and this is not a simple task for biological fluids. O
t al.[56,57] showed that for ion-selective electrode arra
LR models based on overdetermined systems usually
oorer performance than models based on PCR and PL
art, this behaviour results from the mathematics under

he computations, and consequently models based on
etermination of both analytes. However, coupling of bio
ors with ion-selective electrodes in arrays of sensors ra
ew problems related to the limited stability of response
nidirectional cross-talk of the biosensors, and this m
as also subjected to investigation in this work, as we

he usefulness of using redundant biosensors in the arr

. Experimental

.1. Reagents and solutions

For preparing the ion-selective electrode sensing m
ranes, the following reagents from Fluka-Selectop
ere used: ammonium ionophore I, dibutylsebacate, 2-n
henylethylether, potassium ionophore I, sodium ionop
, tetrachlorophenylborate and PVC. The composition o
ensing membranes is summarized inTable 1. For dissolvin
he PVC in the sensor cocktails, tetrahydrofuran (THF)
rom Merck was used. For the preparation of the condu
upport of the electrodes, graphite powder (<50�m) ref.
206, from Merck, and H54-UNF, from Epoxy Technolo

nc. (graphite to epoxy weight proportion 1:1), were use
For the preparation of the biosensors, the follow

eagents were used: bovine serum albumin (BSA) fracti
rom Sigma, glutharaldehyde solution ref. 4239 from Me
lycine from Merck and urease type III (E.C.3.5.1.5) fr
igma.
All the other reagents used for dissolving BSA and pre

ng of pH buffer solutions and calibration samples wer
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Table 1
Ion-selective electrode membrane compositiona

Electrode Sensor Solvent mediator PVC

Component % (m/m) Component % (m/m) % (m/m)

Ammonium Nonactin/monactin 4.7 DOS 69.8 24.5
TCFB 1.0

Potassium (array1) Valinomycin 3.6 DOS 67.6 27.4
TCFB 1.4

Potassium (array 2) Valinomycin 3.6 DOA 67.6 27.4
TCFB 1.4

Sodium Ionophre X 1.8 NPOE 69.4 27.8
TCFB 0.9

aTCFB: potassium tetraquis(4-chlorophenyl)borate; DOS: bis-(2-ethylhexyl)sebacate; DOA: bis-(2-ethylhexyl)adipate; NPOE: 2-nitrophenyloctylether.

analytical grade, p.a. or equivalent. For the preparation of
all the solutions, deionised water with resistivity higher than
4 m� cm−1 was used.

2.2. Construction and evaluation of the ion-selective
electrodes, biosensors and array

2.2.1. Construction of the ion-selective electrodes
All-solid-state ion-selective electrodes with sensor cock-

tails dispersed in a PVC membrane, applied on a conductive
epoxy support[65], were used. The PVC membranes, with
a diameter of 6 mm, were constituted by evaporation of the
THF from the sensor solution (Table 1).

2.2.2. Enzyme immobilization and assembling of the
biosensors

The BSA was dissolved in Tris buffer (0.2 M, pH 8.5) to
obtain a 15% solution. Five miligrams of the urease was dis-
solved in 50�L of the BSA solution, and 5�L of this solution
was placed on the surface of the electrode. Three microliters
of glutharaldehyde were mixed with the enzyme solution and
the mixture was spread over the surface of the ammonium
electrode. The mixture was allowed to react for about 15 min,
and then the electrode was washed by immersion in water for
about 15 min, followed by immersion in 0.1 M glycine solu-
tion for 15 min. When not in use, the electrode was stored in
a

2
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2
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identical urea biosensors. The electrodes were introduced
in a home-made support with the reference electrode in the
centre.

2.3. Multivariate calibration

2.3.1. Experimental design
The composition of the samples used for studying the array

is summarized inTable 2. The concentration levels of urea
and potassium in samples 1–9 (seeTable 2) were based on a
full factorial design with two factors and three levels. The ex-
perimental values of the concentration of urea and potassium
in these solutions include the normal concentration ranges of
both analytes in serum after ten-fold dilution. The concen-
tration levels of sodium and ammonium in all the solutions
were randomly assigned within narrow concentration ranges
that include the normal concentration of these ions in blood
serum, after ten-fold dilution.

Table 2
Composition of solutions used for multivariate calibration of the array

Solution no. Concentration (mM)

Potassium Urea Sodium Ammonium

1 1.20 5.00 13.00 0.005
2 1.10 0.50 14.00 0.001
3
4
5
6
7
8
9
1
1
1
1
1
1
1
1
1
1
2
2

I

refrigerator in 0.1 M Tris pH 7.5 buffer solution.

.2.3. Calibration parameters and response time of the
iosensors

For the evaluation of the response characteristics,
iosensors of the same type were studied in parallel.
esponse characteristics were evaluated by calibration
ponse to urea, in the concentration range 0.001–10.0
hese calibration curves were obtained by titration of 20
f a 0.1 M (pH = 7.5) Tris buffer with 0.1 M standard solut
f urea prepared in the same buffer. In the experiments

he determination of the response time, a similar proce
as used but the response potentials after addition wer

stered along the time. All experiments were made at 25◦C.

.2.4. Constitution of the array
The array was constituted by three ion-selective e

rodes for potassium, ammonium and sodium, and t
1.30 0.08 15.00 0.003
0.50 5.20 13.00 0.002
0.40 0.35 15.00 0.005
0.45 0.12 14.00 0.003
0.12 4.80 17.00 0.003
0.09 0.40 13.00 0.002
0.10 0.10 14.00 0.005

0 1.00 4.50 13.00 0.005
1 0.80 0.55 14.00 0.002
2 1.10 0.30 15.00 0.003
3 1.50 1.50 16.00 0.002
4 0.40 5.00 13.00 0.002
5 0.30 0.40 14.00 0.003
6 0.50 0.45 13.50 0.003
7 0.45 0.10 12.00 0.002
8 0.10 4.80 14.00 0.002
9 0.12 0.45 13.50 0.003
0 0.15 0.32 13.00 0.002
1 0.20 0.12 14.00 0.003

n bold: solutions used for model building (see text).
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To establish the upper limit of potassium concentration
and the lower limit of urea concentration in these solutions,
two preliminary experiments were made with an array
constituted by four sensors, specifically a urea biosensor
and ion-selective electrodes for ammonium, potassium and
sodium. In the first preliminary experiment, PCR and PLS2
calibration models for potassium and urea were built based
on a set of 25 solutions with composition designed according
to a full factorial design with two factors and five levels with
potassium and urea concentration in the ranges 10.20–0.08
and 0.05–4.995 mM. The results obtained showed that the
PCR and PLS2 models obtained for potassium were adequate,
but the models for urea were unacceptable. Further analysis of
the models based on the normal probability plot of the resid-
uals for urea showed that that the upper level of concentration
of potassium and the lower level of urea in the design of the
calibration set were excessive. In the second experiment, a
set of solutions with composition designed according to a
full factorial with two factors and four levels was used with
potassium and urea of concentration ranges 3.20–0.080 and
0.158–4.995 mM, respectively. The analysis of the PCR and
PLS2 models showed that also in this case, the potassium cal-
ibration models are adequate and a significant improvement
in the urea calibration model was observed. A more detailed
analysis of the results showed that samples corresponding
to the two lower levels of urea concentration (0.158 mM)
a mM,
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the sensors in the array were measured at 25◦C. The values
obtained were used to determine the concentration values
of potassium and urea in the blood serum samples with the
calibration model.

The concentration values of potassium in the ten-fold di-
luted serum samples were also determined with the potas-
sium ion-selective electrode, a calibration curve previously
obtained, in the concentration range 0.1–1.0 mM of potas-
sium, in a matrix solution constituted by 0.014 mM sodium
chloride in 0.1 M (pH = 7.5) Tris buffer.

The Laboratory of Clinical Analysis of the Faculty of
Pharmacy of Porto, which kindly provided the samples,
performed the determination of urea by spectrophotometry,
in a Cobas Mira S analyser.

2.5. Equipment

The electrodes were calibrated at 25.0± 0.2◦C. An Orion
90–02 double junction reference electrode with 0.1 M Tris
buffer (pH 7.5) solution in the external compartment was
used.

The calibrations were carried out with an automatic system
controlled by a PC. The values of difference of potential (ddp)
were acquired with the AD converter of a Lab Master DMA
(Scientific Solutions Inc.) card, through a high-impedance
circuit.
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nd the two higher levels of potassium (3.15 and 0.80
espectively) were not adequately fitted to the PCR and P
alibration models, suggesting that narrowing the rang
oncentration of potassium in the calibration set to lower
ls should improve the performance of the calibration mo

.3.2. Calibration
The electrodes of the array were introduced in the sa

olution in a thermostated vessel and the values of resp
otential were acquired with the automatic system. The
lectrodes were removed from the solution, and the vess

he electrodes were washed with deionised water and
ith smooth absorbent paper. Following this procedure
hole set of samples inTable 2was assayed within 120 m
Solutions 1–9 inTable 2were used for calibration of th

rray, and the remainder (solutions 10–21) were use
xternal validation. The two blocks were assayed cons
ively and separately, and the samples were randomly as
ithin each block. The statistical correlation of the respo
f the sensors in the calibration set was calculated and
esponses were also treated by PCA. The results obtain
hese experiments were also used for the construction of
nd PLS2 calibration models of the array.

.4. Analysis of blood serum

The array of potentiometric sensors was calibrated
PLS2 model for potassium and urea was obtained. T

.00 mL of blood serum samples was diluted with 9.00
f a pH 7.5 Tris 0.1 M buffer, and the response potentia
A Crison Microbu-2030 microburete, controlled via a
32C interface of the computer, was used for addition o
tandard solutions.

.6. Calculations

For the calculation of the regression parameters o
alibration curves for the biosensors, a worksheet of the
ram Excel from Microsoft was used. For all other ca

ations, the program “The Unscrambler”, version 7.6 fr
amo-ASA was used. For the construction and testing o
CR and PLS2 multivariate calibration models of the a

ogarithms of potassium and urea concentration were
re-processing of data involved mean centering. For va

ion of the multivariate calibration models of the array, b
xternal validation and cross validation were used. Root m
quared error of prediction (RMSEP) was calculated by

MSEP=
(

1

m

m∑
i=1

(yi − yi)
2

)1/2

(1)

able 3
oefficients of statistical correlation between the responses of the po
etric sensors in the array

K+ NH4
+ Urea1 Urea2 Urea3 Na+

+ 1.0000
H4

+ 0.6318 1.0000
rea1 0.3592 0.7893 1.0000
rea2 0.4223 0.5922 0.8656 1.0000
rea3 0.3906 0.8474 0.9919 0.8224 1.000
a+ 0.1263 0.6611 0.4403 0.2388 0.5026 1.0
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wherem is the number of samples in the test set, andyi and
yi are the true and estimated value for samplei in the test set,
respectively.

3. Results and discussion

3.1. Response characteristics of the biosensors

Biosensors showed a lower limit of linear response (poten-
tial versus logarithm of urea concentration) of 10−4 M, and
the slope of response to urea varied between 50 and 52 mV

decade−1. The coefficient of variation of the response of the
biosensors obtained for 0.1 and 6.5 mM urea solutions in five
replicate experiments, was 2.4 and 5.6%, respectively. The
response time of the biosensors to urea was usually in the
range 3–5 min.

3.2. Multivariate calibration of the array

3.2.1. Data examination
The statistical correlation coefficients between the re-

sponses of the six sensors in the array are summarized in
Table 3. As expected, they show that the highest values for

F
T

ig. 1. X-loadings for PC1 and PC2 (a) and PC3 and PC4 (b) obtained in t
able 2).
he PCA in of the response of the array to the calibration set (see composition in
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the correlation coefficients correspond to the responses of
the three biosensors, all with values between 0.82 and 0.99,
but these values suggest some variability in their response to
urea. Indeed, a comparative analysis of data inTable 3for the
three biosensors shows that the response of urea1 and urea3
biosensors show similar values for the correlation between
their response and the ion-selective electrodes in the array,
whereas the response of urea2 electrode is less correlated
with the response of the ammonium and sodium electrodes.
These results show that in this array, biosensors urea1 and
urea3 show identical cross-talk with the other electrodes in
the array, but urea2 biosensor shows different characteristics

of response and less cross-talk with the other sensors. This
is probably a consequence of the procedure used for enzyme
immobilization which produced some biosensors with a more
irregular enzymatic layer (urea2).

PCA of these data show that five principal components
(PC) describe 99.9% of the total variance. The three first
PC’s describe 98.6% of the total variance in the data, and
PC4 and PC5 only 1.2 and 0.2%, respectively. Graphical
representation of the PC loadings inFig. 1 shows that PC1
has mainly contributions of the potassium electrode and the
urea3 biosensor; followed by the other urea biosensors, the
ammonium electrode and the sodium electrode, which shows

F
c

ig. 2. Residual calibration validation variance vs. the number of factors in
omposition inTable 2).
the PCR (a) and PLS2 (b) models for the calibration set of nine samples (see
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a loading close to zero. PC2 is dominated by potassium
electrode and urea3 biosensor. The contributions for PC3
and PC4 are mainly from sodium and ammonium electrodes
and the biosensors.

3.2.2. Calibration models
The graphical representations of the residual variance ver-

sus the number of factors for the calibration set in PCR and
PLS2 models inFig. 2show that for these models, the most
adequate number of factors is 4 and 5, respectively. However,
most of the variance in the data is explained with the first three
factors in the PCR model (95.0% of the total variance) and
the first two factors in the PLS2 model (94.8% of the total
variance).

These models were also tested using the external valida-
tion set, constituted by samples 10–21 inTable 2. The results
summarized inTable 4show that the lowest RMSEP values
for the prediction of the logarithm of concentration of the
analytes in the external validation set depend on the analyte
considered. Their minima occur for 3 and 4 PC’s, respec-
tively, for urea and potassium in both the PCR and PLS2
models. Analysis ofTable 4also shows that the RMSEP for
PCR and for PLS2 are of the same magnitude, and that the
RMSEP for potassium prediction is lower than for urea in all
of the calibration models.

For the construction of the calibration models, the effect
o also
s r
R and
u osen-
s sium
p ll in
t urea
a and

T
R ium
o

B

U
U
U

U
U

U
U

U
U

U

U

U

0.284, when the response of urea3 and urea1 is used, and
0.642 if urea2 is used in the calculation. This large differ-
ence in the RMSEP obtained with biosensor urea2 is prob-
ably related to the lower cross-talk of its response with the
ion-selective electrodes in the array (see Section3.2.1). The
results inTable 4also show that a significant improvement
in the RMSEP for potassium and urea is obtained by using
two biosensors simultaneously in the calculation. The low-
est value of RMSEP for urea is obtained using urea1 and
urea3 biosensors (RMSEP of 0.153) and values of RMSEP of
0.234 and 0.181are obtained when urea2 and one of the other
biosensors are included in the calculation. Thus, using urea1
and urea3 biosensors in the calculation lowered the RMSEP
of urea by approximately 33% comparatively to the results
obtained using only one of these biosensors. The RMSEP for
potassium in the PLS2 models based on two biosensors are all
in the range 0.032–0.048. Finally, data inTable 4also show
that using three biosensors in the calculation of the PLS2
model minimizes the RMSEP for potassium, but a small in-
crease of the RMSEP of urea is obtained comparatively to
the model with urea1 and urea3 biosensors, probably due to
the poor performance of urea2. However, the product of RM-
SEP for both analytes is minimum, and for this reason, the
response of the three biosensors was included in the PLS2
and PCR calibration models.

T
E in the
s r urea
a three
u

S

)

1
1
1
1
1
1
1
1
1
1
2
2

1
1
1
1
1
1
1
17 0.45 0.49 9.2 0.50 10.5
18 0.10 0.09 −7.7 0.09 −7.0
19 0.12 0.11 −10.6 0.11 −10.4
20 0.15 0.16 5.3 0.16 3.8
21 0.20 0.20 −2.2 0.20 0.2

a See composition of the samples inTable 2.
f using upto three biosensors in the calculation was
tudied. The analysis of data inTable 4shows that the highe
MSEP in PCR and PLS2 models, for both potassium
rea, are obtained when the response of only a single bi
or is used for calculation. The RMSEP values for potas
rediction obtained in this case, for PLS2 models, are a

he range 0.049–0.067. The values for the RMSEP of
re larger than those for potassium, specifically 0.258

able 4
esults (RMSEPa) for the logarithm of concentration of urea and potass
btained in the external validation of PCR and PLS2 models

iosensors RMSEP–PCR RMSEP–PLS2

PC Log|K+| Log |urea| PC Log|K+| Log |urea|
rea1 5 0.137 0.683
rea2 4 0.033 0.315 4 0.032 0.412
rea3 3 0.165 0.180 3 0.198 0.170

2 0.400 0.225 2 0.359 0.199
1 0.306 0.499 1 0.331 0.415

rea1
rea3 3 0.048 0.154 3 0.048 0.153

rea1
rea2 4 0.033 0.208 4 0.038 0.234

rea2
rea3 4 0.032 0.196 4 0.032 0.181

rea1 3 0.050 0.245 3 0.054 0.284

rea2 3 0.045 0.530 3 0.067 0.642

rea3 3 0.046 0.235 3 0.049 0.258
a RMSEP, root mean square of prediction (see text).
able 5
rrors of prediction of the concentrations (mM) of urea and potassium
et of external validation samples with PCR and PLS2 (three factors fo
nd four factors for potassium) calibration models of the array with
rea biosensors

amplea |Urea|/mM

Actual PCR Error (%) PLS2 Error (%

0 4.50 4.77 6.0 4.73 5.0
1 0.55 0.48 −12.7 0.46 −16.2
2 0.30 0.45 49.4 0.42 40.4
3 0.15 0.42 179.4 0.39 157.2
4 5.00 4.84 −3.3 4.63 −6.3
5 0.40 0.34 −16.2 0.32 −19.2
6 0.45 0.44 −3.1 0.42 −6.4
7 0.10 0.11 6.0 0.10 3.3
8 4.80 7.86 63.8 7.86 63.8
9 0.45 0.36 −19.4 0.35 −21.4
0 0.32 0.24 −24.8 0.24 −25.8
1 0.12 0.20 70.7 0.13 6.0

|K+|/mM

0 1.00 1.17 17.3 1.17 16.5
1 0.80 0.73 −8.5 0.75 −6.6
2 1.10 1.07 −2.7 1.12 1.6
3 1.50 1.56 4.3 1.60 6.8
4 0.40 0.41 3.4 0.42 4.6
5 0.30 0.30 −1.3 0.30 0.5
6 0.50 0.50 −0.1 0.51 2.2
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The graphical representation of the predicted versus the
expected values of logarithm of concentration of urea and
potassium for the PLS2 model for urea and potassium with
three biosensors, inFig. 3, shows that both give adequate
models for the calibration samples. The actual concentration
values in the samples and the errors of prediction for the PCR
and PLS2 models with the three biosensors are summarized
in Table 5, and show that in general, the prediction errors are
lower for PLS2 than for PCR. Analysis of the results in this
table also show that the prediction errors for samples 14, 15
and 17, which correspond to the normal concentration levels
of urea and potassium in blood serum, are lower than 7 and

11%, respectively, for urea and potassium. Furthermore, anal-
ysis of data also shows that for samples 10–13, which have
the highest levels of potassium (1 mM), the prediction error
for urea increases as the concentration of urea diminishes.
However, in the presence of 1 mM potassium, the prediction
errors in the samples are lower than 17%, provided that the
concentration of urea is 0.55 mM or higher.

3.3. Analysis of blood serum samples

The graphical representation of the predicted versus the
actual values of urea and potassium obtained in the analysis

F
a

ig. 3. Predicted values vs. expected values for the calibration set (samples
nd potassium (b).
1–9 inTable 2) by the PLS2 calibration model for the array obtained for urea (a)
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Fig. 4. Graphical representation of the concentration values of urea (a) and
potassium (b) in blood serum obtained with the PLS2 calibration model of
the array with three biosensors and two factors vs. the values obtained in the
Clinical Analysis Laboratory.

of 12 blood serum samples with the PLS2 calibration model
of the array is presented inFig. 4. The prediction errors of the
concentration of urea and potassium in the blood serum sam-
ples analyzed with this array and a PLS2 calibration model
based on nine calibration samples were lower than 10 and
5%, respectively. It should be stressed that this comparative
statistical analysis of the urea resulting from the two methods
was limited because the values provided by the clinical anal-
ysis laboratory had only two significant figures. The value
of the correlation coefficient (r) for the least squares linear
regression of the urea concentration values determined with
the array versus the values provided by the clinical analysis
laboratory in this set of samples was 0.998, with a slope of
0.987 with confidence limits (95% level) of 0.94 and 1.04,
and an intercept of 0.25 with confidence limits (95% level)
of −2.22 and 2.72. The same analysis for the results obtained
for potassium in the same samples showed that the value ofr
was 0.995, the slope was 0.964 with confidence limits of 0.89
and 1.03, and the intercept was 0.04 with confidence limits
(95% level) of−0.26 and 0.34. These results suggest that the
method of matrix correction based on the PLS2 calibration
model of the array produces adequate values for urea and
potassium in blood serum samples. This contrasts with the
results obtained in previous studies[66] on the determination

of creatinine in urine samples with an array of potentiomet-
ric sensors and PLS1 calibration models where the results
obtained with the array were approximately 10% lower than
those based on the Jaffé reaction.

4. Conclusions

Urea biosensors based on urease immobilized by
crosslinking with BSA and glutharaldehyde coupled to
ammonium ion-selective electrodes were included in
arrays together with potassium, sodium and ammonium
ion-selective electrodes. The results obtained show that it is
desirable to use at least two biosensors in the array to control
the quality of response the biosensors and it is possible to
obtain a PLS2 calibration model for simultaneous detection
of urea and potassium based on a very small set of calibration
samples, specifically nine samples. The prediction errors in
the concentration of urea and potassium in the blood serum
samples analyzed are lower than 10 and 5%, respectively.
Moreover, the results show that the use of redundancy of
urea biosensors in the array allows for some compensation
of poorer response of some of them by PLS2 calculations.

In conclusion, the present work suggests that the cou-
pling of multisensing with redundancy of biosensors and
chemometric treatment of multidimensional data allows im-
p not
u dun-
d by the
h ds to
k g to
i alyt-
i
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s
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a urea
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204.
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505.

996)
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rovement in the analytical measurement. This result is
nexpected—after all, these features (multiplicity and re
ancy of sensors and powerful data treatment) are used
uman body to perform whatever measurements it nee
eep life under control. Therefore, it seems worth tryin
mplement and improve this style of measurement in an
cal chemistry.
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[29] J. Gŕacia, M. Poch, D. Martorell, S. Alegret, Biosens. Bioelectr. 11

(1996) 53.
[30] M.H. Gil, A.P. Piedade, S. Alegret, J. Alonso, E. Martinez-Fábregas,
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