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using a bienzymatic sensor
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bstract

An enzymatic biosensor was developed for salicylic acid (salicylate ion) determined using a Clark type gas diffusion electrode and two enzymes
tyrosinase and salicylate hydroxylase) entrapped in a cellulose triacetate membrane. After optimization, the method was applied to the determination

f salicylic acid in cow urine. Relatively good recoveries were achieved, between about 83% and 109%, using the calibration curve, and acceptable
recision (R.S.D. about 8%). The method is now being tested for the determination of salicylic acid contained in commercially available drug
pecialities or galenic products. So far agreement with nominal values has been found to be between 75% and 110% with a R.S.D. of less than 8%.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Salicylic acid (and its salicylate anion) is the main metabolite
f acetylsalicylic acid [1], that is, of one of the drugs most widely
sed in the world as a painkiller and anti-inflammatory [2–4],
ut banned from veterinary therapeutic treatment [5]. Salicylic
cid is therefore monitored in the urine and blood of animals to
e slaughtered. Several methods of salicylate determination are
escribed in literature. The most frequently used method of clini-
al analysis is the spectrophotometric “Trinder test” [6] based on
he formation of a purple-violet complex between salicylate and
e(III) ions that can be monitored spectrophotometrically, but it

s strongly affected by interference from substances bearing enol
nd phenol groups [7,8]. For this reason, several other instrumen-
al methods have been developed in the past based on gas chro-
atography and on HPLC [9–14], spectrofluorimetry [15–17],

otentiometry with ion selective electrodes [18–22], voltamme-
ry [23,24] and optical sensors [25,26]; the present authors have
lso previously developed an ISFET for salicylate [27]; how-

ver, in many cases, these methods are very time consuming (e.g.
hromatographic methods), as the determination of real matrixes
s feasible only after a number of sample pretreatments which are

∗ Corresponding author. Tel.: +39 0649913722; fax: +39 0649913725.
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ometimes rather laborious (extraction, preconcentration, etc.).
he literature also contains enzymatic methods based on the
se of the salicylate hydroxylase enzyme, or the enzyme pair
yrosinase and salicylate hydroxylase [28–40]. In particular, the

ajority of these methods use a single enzyme, i.e. the salicylate
ydroxylase enzyme (SH); in some cases, [36,37] the SH was
sed coupled with glucose oxidase, not with tyrosinase; lastly,
n works [38–40] the tyrosinase and salicylate hydroxylase (SH)
nzyme pair were used but using different detection techniques,
.g. spectrophotometric [38], or amperometric [39,40], deter-
ining the catechol with carbon paste electrodes in the latter

ase. In the present research it was proposed to use a dual enzyme
SH and tyrosinase) biosensor method (with only one, or both,
nzymes immobilized). However, as an alternative to the above
ethods, a gas-diffusion amperometric electrode for the oxy-

en as transducer was used, since, as reported in literature [41],
irect catechol detection using the carbon paste electrode and
mperometric method is affected by the polymerization of the
rthoquinone, which leads to turbidity and the depositing of the
olymer on the surface of the electrode. Furthermore, the method
e used was found to be of great interest as the use of the sal-

cylate hydroxylase plus tyrosinase enzymatic systems, in the

resence of excess NADH, increases method sensitivity, since a
ycle of reactions starts during which catechol is produced, then
e-oxidized to o-quinone; however oxygen is consumed during
ach cycle, and this results in signal amplification.

mailto:mauro.tomassetti@uniroma1.it
dx.doi.org/10.1016/j.jpba.2006.03.020
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Table 1
Examined pharmaceutical formulations and galenic preparations

Pharmaceutical
products

Composition (at 100 ml)

Salicylic acid
content (g)

Solvents, excipients and other
compounds

Pharmaceutical
formulation
1

1.0 Water, ethyl alcohol, propylene
glycol, fatty acids and polyethylene
glycol mixture, flumetasone pivalate
0.02 g

Pharmaceutical
formulation
2

1.0 Water, ethyl alcohol, rhubarb
glycosidic extract 5.0 g
(corresponding to 0.3 g of 1.8
dihydroxyanthraquinone)

Galenic
preparation 1

2.0 Ethyl alcohol 96◦, water

G

2

2

•
•
•
•

2

•

•

•

2

b
c
t
t

3

3

s

c

o

t
(
s
o
m
i
l
t
v
t

t
(
c
a

s

3

n
h
f
b
p
t
p
−
i
a

3
a

(
m
a
d

l
p
d
T

alenic
preparation 2

1.0 Ethyl alcohol 96◦, water, resorcine
1.0 g

. Experimental

.1. Instruments

Electrode mod. 332 Amel srl (Milan, Italy).
Analogic Recorder mod. 868 Amel srl (Milan, Italy).
Dissolved Oxygen Meter mod. 360 Amel srl (Milan, Italy).
Thermostable glass cell with Thermostat Julabo 58, Labospi-
tal (Rome, Italy).

.2. Reagents

Formic acid, potassium chloride, sodium chloride, phenol,
potassium hydrogen phosphate, sodium dihydrogen phos-
phate, cellulose triacetate, all RPE grade, provided by Carlo
Erba (Milan, Italy).
Tyrosinase from mushrooms 6050 U mg−1, provided by
Fluka (Sigma–Aldrich, Milan, Italy).
Salicylate hydroxylase 24.8 U mg−1, salicylic acid (sodium
salt), dialysis membrane, sodium azyde, �-glucuronidase,
provided by Sigma–Aldrich (Milan, Italy).

.3. Real samples analysed

The cow urine samples were supplied from Viterbo (Italy)
y a local stockbreeder not practicing intensive breeding. The
ommercial pharmaceutical formulations and galenic prepara-
ions were bought in a public chemist’s shop and are reported
ogether with their composition in Table 1.

. Methods

.1. Principle of method

The method is based on the following reactions:
alicylic acid + NADH + O2 + 2H+ salicylate hydroxylase−−−−−−−−−−−→
catechol + NAD+ + CO2 + H2O (a)

t
w
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t
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atechol + 1
2 O2

tyrosinase−−−−−→o − quinone + H2O (b)

-quinone + NADH → catechol + NAD+ (c)

Via reactions (c) and (b) this triggers a cyclic enzymatic reac-
ion which produces catechol (reaction (c)) and re-oxidizes it
reaction (b)). Reaction (c) takes place in the presence of a
trong excess of NADH, which makes easier the process of
rthoquinone reduction to catechol [39,42]. This increases the
ethod’s sensitivity as, for each salicylic acid equivalent present

n solution, there are at least two (or more) catechol equiva-
ents, which are then re-oxidized; this consequently increases
he consumption of oxygen in solution, that is the species whose
ariation is measured by means of the Clark type oxygen elec-
rode.

Lastly, when the method is applied to real urine samples con-
aining salicylate it is advisable to have the reactions (a), (b) and
c) preceded by the reaction (a′) of deconjugation of the glu-
uronide conjugate of salicylic acid, which may be contained in
certain percentage in the urine:

alicylic glucuronide
�−glucuronidase−−−−−−−−−→

salicylic acid + glucuronic acid (a′)

.2. Electrochemical transducer

A gaseous diffusion amperometric electrode was used as sig-
al transducer to detect the oxygen. The amperometric system
as a gold electrode as working electrode, which is separated
rom the silver reference electrode by insulating epoxy resin;
oth electrodes dip into an internal aqueous solution, i.e. phos-
hate buffer (pH 6.6; 0.06 mol l−1) and 0.1 mol l−1 KCl, con-
ained in a cylindrical hood, closed at one end with a PTFE
ermeable gas membrane. The gold electrode was polarized at
800 mV with respect to the anode. The amperometric system

ncluded also a temperature probe able to automatically correct
ny temperature changes.

.3. Physical entrapment of the enzyme and biosensor
ssembly

Enzyme entrapment was carried out in a cellulose triacetate
TAC) membrane. The TAC membrane was prepared using a
ethod previously developed in our laboratory [43]: to this end
viscous polymer solution was prepared (4% by weight) by

issolving TAC in a formic acid and water mixture (9:1 v/v).
Once the TAC was solubilized and the viscose obtained, the

atter was stratified with a suitable stratifier (0.3 mm) on a glass
late. The stratified viscose was then coagulated with the plate
ipping in distilled water, thus obtaining a gel like membrane.
he membrane was repeatedly washed with distilled water until

he washing water was no longer acid. The membrane obtained

as preserved in distilled water containing a small amount of

odium azide until used.
For enzyme entrapment a disc of gelled film of cellulose

riacetate was cut and dipped into a phosphate buffer solution
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Fig. 1. Measuring system and electrochemical biosensor scheme: (A) ther-
mostated cell; (B) magnetic stirrer; (C) electrode body; (D) electrode cap; (E)
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nternal solution; (F) Teflon membrane (gas permeable); (G) TAC membrane
ith enzymes; (H) dialysis membrane; (I) O-ring.

f the enzyme or both enzymes (3 mg of enzyme in 50 �l of
hosphate buffer solution, pH 7.0; 0.07 mol l−1). The membrane
ontaining the enzyme was subsequently dried at 5 ◦C for at least
8 h before use, the membrane was washed with buffer solution
o remove the enzyme adsorbed on the surface and not entrapped
n the membrane. The membrane was then fixed to the head of the

2 electrode, allowing it to overlap the gas permeable membrane
sing a dialysis membrane and fixing the whole assembly to the
lectrode head by means of an O-ring. The biosensor assembly
s illustrated in Fig. 1.

.4. Measures

The analysis were carried out in a thermostated cell at
5 ◦C, containing 10.0 ml of phosphate buffer solution (pH 7.0;
.07 mol l−1); before measurements were performed, the biosen-
or was stabilized under continuous stirring for 20 min. pH 7.0
as chosen as a compromise value, i.e. the pH at which the

wo different enzymes (SH and PPO) showed a good enzymatic
ctivity.

Two different approaches were tried; in the first, only the PPO
as immobilised in the TAC membrane and the SH enzyme, the

alicylate standard solutions and the NADH excess were added
irectly, in that precise order, to the buffer solution contained
n the analysis cell. In the second approach, both enzymes were
mmobilised in the TAC membrane, while salicylate standard
olutions and NADH were subsequently added to the solution
n the cell.
Measurements were performed by dipping the biosensor (in
he two different configurations) into a thermostated cell contain-
ng 10.0 ml of phosphate buffer solution (pH 7.0; 0.07 mol l−1),
hen leaving it to stabilize under magnetic stirring. From this

m

l
s
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oint on the analyses differed according to the type of biosensor
sed.

When only the tyrosinase (PPO) was immobilised in the TAC
embrane, additions were made to the cell in the following

rder: the salicylate hydroxylase powder (SH) (about 4 mg),
00 �l of standard salicylate solution and a proper volume of
.0 × 10−2 mol l−1 NADH solution. The final salicylate concen-
ration in the cell ranged from 3.5 × 10−6 to 5.0 × 10−3 mol l−1

nd the final concentration of the NADH solution was varied
ccording to the final salicylate standard concentration so that
t least 3:1 ratio of NADH/salicylate was always obtained in the
ell solution.

In the second approach, in which both tyrosinase and sal-
cylate hydroxylase were immobilized in the TAC membrane,
00 �l of the salicylate standard solution, then 500 �l of the
ADH solution, were added to the buffer solution into which

he biosensor was dipped. In this case too, the final concentra-
ion of the added NADH was always at least three times higher
han the final salicylate solution concentration.

For both approaches the respective calibration curves were
onstructed using standard salicylate and phenol solutions (pre-
ared daily).

The experimental conditions and some features of the two
iosensor types are as follows: analysis temperature, (20–30) ◦C;
ype of immobilization, physical (in TAC); signal transducer,
xygen gas diffusion amperometric electrode; pH 7.0; buffer,
hosphate 0.07 mol l−1; response time, 80% of the full response
fter 2 min, in the case of biosensor with PPO immobilised, and
0% of the full response after 2 min, in the case of biosensor
ith PPO and SH both immobilised in the TAC membrane; life

ime, about 30 days in all cases.

.5. Recovery test in real samples

Recovery tests to determine salicylate in cow urine were car-
ied out in the following way: initially the total phenols contained
n the cow urine samples were detected using the PPO biosensor;
hen, using the SH + PPO biosensor, the overall contribution of
he phenols and the added salicylate was determined. The added
alicylate content was computed as the difference between the
iosensor measure of phenols + salicylate and the measure of the
henols only, obtained using the PPO biosensor.

To perform these tests, standard salicylate solutions were
dded to 500 �l of urine in order to obtain samples of sev-
ral different final concentrations (between 1.70 × 10−6 and
.60 × 10−4 mol l−1). After the stabilization of the biosensor
ignal in the phosphate buffer solution, 1 ml of the sample, i.e.
he urine containing the salicylate, was added to the cell in which
he biosensor was dipped; lastly, the NADH was added to the
ell.

It is important to observe that the method of analysis pro-
osed here did not need any preparation of the cow urine sample,
xcept for filtration by membrane filter (0.45 �m) to remove any

icroorganisms that could interfere with the measurement.
In the case of urine samples being found positive to salicy-

ate before performing the measurements it was found useful to
ubject them to a deconjugation process via �-glucuronidase as
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Table 2
Analytical data of the method: calibration curve towards phenol or salicylate standard solutions, obtained by two different biosensor approaches

Immobilized enzyme Tested substance Calibration curve and correlation
coefficient (y = ∆ ppm O2, x = mol l−1)

Linearity range (mol l−1) R.S.D.% (n = 5)

Tyrosinase (PPO) Phenol y = (29.7 ± 0.5) × 10−3x − (0.048 ± 0.021);
r2 = 0.9946

2.0 × 10−6 to 1.0 × 10−4 ≤6

Salicylic acid y = (54.9 ± 2.1) × 10−2x − (0.01 ± 0.01);
r2 = 0.9917

3.6 × 10−6 to 1.0 × 10−4 ≤7

Salicylate hydroxy-
lase + tyrosinase

Phenol y = (29.3 ± 0.5) × 10−3x − (0.06 ± 0.03);
r2 = 0.9983

2.0 × 10−6 to 1.5 × 10−4 ≤6

10−2x + (0.014 ± 0.014); 4.0 × 10−6 to 1.0 × 10−4 ≤6

t
f
i
b

4

4

c
l
(
m
s

s
i
f
t
1

F
t
b

Fig. 3. Comparison of biosensor life times (in the two different configurations).
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(SH + PPO)
Salicylic acid y = (97.2 ± 3.2) ×

r2 = 0.9934

he salicylate is partly secreted into the urine in the glucuronide
orm [1]. The deconjugation pretreatment usually proved useful
n obtaining all the salicylate present in non-conjugated form
efore quantitative analysis.

. Results and discussion

.1. Biosensor analytical characterization

Biosensor analytical performance was tested, first in the
onfiguration with the tyrosinase immobilised and the salicy-
ate hydroxylase free in solution and then with both enzymes
tyrosinase + salicylate hydroxylase) immobilized in the TAC
embrane. The respective calibration curves were then con-

tructed.
Calibration curve data for phenols and salicylate standard

olutions in the two different proposed approaches are reported
2
n Table 2. The correlation coefficient (r ) was always satis-

actory for all the identified calibration curves (always higher
han 0.99). The linear range was usually between 10−6 and
0−4 mol l−1 and the detection limit about 0.5 × 10−6 mol l−1

ig. 2. Comparison between two different biosensor approaches: (�) calibra-
ion curve of biosensor with only PPO immobilized; (�) calibration curve of
iosensor with both PPO and SH immobilised.
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he biosensor PPO data are shown in black, while those of the SH + PPO biosen-
or are shown in grey. Percentage biosensor response is represented by setting
he experimental signal on day 1 to 100%.

lso for measures in real samples (urine), i.e. five to seven times
ower than the LOD of biosensor described in literature, which
as applied early [39] to the analysis of the same matrices (urine

nd pharmaceutical preparations).
The precision of the method (in terms of repeatability using

tandard solutions during the entire biosensor life time) was
xpressed in terms of relative standard deviation (R.S.D.%), the
alue of which was always lower than 7%, so the precision was
atisfactory for both considered approaches.

In Fig. 2 trends obtained for the two different calibration
urves for the salicylate are compared. The calibration sensi-
ivity of the biosensor is twice as high if the two enzymes are
mmobilized together.

Biosensor lifetime, in the two different configurations, was

ested by measuring their daily response respectively towards a
nal phenol concentration 1.50 × 10−5 mol l−1, in the case of

he PPO biosensor, and towards a final salicylate concentration
.50 × 10−5 mol l−1, in the case of the SH + PPO biosensor.

able 3
iosensor responses towards interfering substances

nterfering substances Final concentration of tested
solution (mol l−1)

% Signala

enzoic acid 0.001 15%
-Hydroxybenzoic acid 0.001 n.d
-Hydroxybenzoic acid 0.001 n.d.

a Percentage experimental response by setting the biosensor experimental sig-
al towards salicylate solution at the same final concentration to 100%.
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Table 4
Salicylate determination in real urine samples

Cow urine
samples

Initial salicylate
concentration (mol l−1)

Added salicylate
concentration (mol l−1)

Experimental salicylate
concentration (mol l−1)

R.S.D. % (n = 6) Recovery %

1 −6 1.86 × 10−6 7.5 109.0
2 1.39 × 10−5 8.6 87.0
3 1.33 × 10−4 8.3 82.7
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Table 5
Salicylate determination in pharmaceutical products

Pharmaceutical
products

Nominal value
of salicylate
g/100 ml (a)

Experimental
value of
salicylate
g/100 ml (b)

R.S.D.%
(n = 6)

∆%
= [(b − a)/a]%

Pharmaceutical
formulation 1

1 0.70 8 −25

Pharmaceutical
formulation 2

1 0.80 8 −20

Galenic
preparation 1

2 2.20 8 +10
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0.00 1.70 × 10
0.00 1.60 × 10−5

0.00 1.60 × 10−4

The test showed that the highest values of the biosensor
esponse were recorded during the first 5 days. The experimental
ignal decreased lightly between the first and the fifth day and
hen remained stable at about 87% of the starting value until the
wentieth day; after this it again decreased in a more pronounced
ay. At day 30 however, the experimental signal was still about
alf that recorded on day 1. The trend of the answers of the two
iosensors during their life time is shown in Fig. 3.

Bienzymatic biosensor responses were also evaluated as a
unction of several possible interfering substances (Table 3),
uch as benzoic acid, p-hydroxybenzoic and m-hydroxybenzoic
cids. In addition it was verified that the presence of ethyl alco-
ol negatively affected the biosensor response to a significant
egree.

.2. Salicylate determination in real samples (cow urine)

Once the method was optimized, it was applied to salicylate
etermination in the real matrixes. To analyse the cow urine
amples, the authors chose the PPO + SH biosensor because,
y comparing the experimental data with the two biosensor
pproaches (Table 2), better calibration sensitivity and a better
recision (see R.S.D.%) were obtained when the two enzymes
ere immobilized together in TAC membrane.
To validate the method, recovery tests were carried out.

o this end, fixed salicylate standard solutions were added to
ow urine samples. The urine samples were obviously negative
or salicylate before the addition, as demonstrated by chro-
atographic analysis carried out at the Veterinary Medicine
aboratory (now “Dipartimento della Sanità Veterinaria and Ali-
entare”) of the “Istituto Superiore di Sanità” in Rome.
The absence of salicylate in the bovine urines examined was

lso demonstrated by the authors by means of biosensor analysis,
sing the biosensor described.

In Table 4 the results of quantitative recovery test are shown
or cow urine samples using the calibration curve (a) reported in
able 2. The recoveries, reported in Table 4, are always higher

han about 80% and lower than 109%, while R.S.D.% is always
f the order of 8% or lower.

Lastly, salicylate concentration was determined in two
alenic preparations and two commercial pharmaceutical for-
ulations by the enzymatic biosensor. Pharmaceutical formula-

ion analysis was made directly on the drug (0.20 ml of sample)
y analysing the preparation with the same standard procedures

s described in the Section 3 for the standard salicylate solutions
nd using the above calibration curve to check the concentration
f the salicylate it contained. Conversely, in the case of the two
alenic preparations, in practice an ethyl alcohol solution of sal-

f
t
i

alenic
preparation 2

1 1.05 7 +5

cylate, measured volumes of the two solutions were first dried
y rotavapor and then the residue re-dissolved in water and anal-
sed by the same procedure as described in the Section 3.

However, galenic preparation No. 2 contained the same resor-
ine concentration of salicylate, so it was necessary to carry out
he quantitative analysis as already described for the urine sam-
les, i.e. first determining the resorcine concentration using the
PO biosensor, then obtaining the total (resorcine + salicylate)
sing the SH + PPO biosensor. The salicylate concentration was
omputed as the difference between the two concentrations
ound.

In Table 5, the experimental values were compared with the
espective nominal values supplied by the manufacturers.

. Conclusions

In the presence of excess NADH, the (SH + PPO) biosensor
ave an excellent response towards the salicylate and using this
evice it was possible to obtain some good measures of the
alicylate and phenol contained in the cow urine.

On the other hand, the biosensor using only immobilised PPO
as also necessary for this kind of application because it allowed
henol content to be measured; this must be subtracted from the
otal phenols + salicylate content obtained using the SH + PPO
iosensor. In the case of galenic solutions, after pre-treatment
onsisting of simple alcohol elimination and if necessary using
lso the PPO biosensor in case the sample also contained phe-
ols, it was possible to obtain good results (see Table 5). For
nstance, in the case of galenic preparation No. 2 containing
esorcine, ∆% was 5 and R.S.D.% was always 7 or lower.
Finally in the case of the two commercial pharmaceutical
ormulations, the values obtained were always 20–25% lower
han the nominal values. The authors believe that this difference
s due to the presence of ethanol and glycols (in percentages
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