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Abstract

An amperometric biosensor for total biogenic amine determinations, using a carbon paste electrode modified with horseradish peroxidase
(HRP) enzyme is described. The HRP immobilization on graphite was made using bovine serum albumin, carbodiimide and glutaraldehyde.
The biosensor response was optimized using serotonin and it presented the best performance in‘Ophosphate buffer (pH=7.0)
containing 1qumol I-* of hydrogen peroxide. Under optimized operational conditions& mV versus SCE, a linear response range from
40 to 470 ng mit! was obtained. The detection limit was 17 ngfrand the response time was 0.5 s. The proposed sensor presented a stable
response during 4 h under continuous monitoring. The difference of the response between six sensor preparations was <2%. The sensor wa
applied in the determination of total biogenic amines (neurotransmitters) in rat blood samples with success, obtaining a recovery average of
102%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and reasons for several neurological disorders, with the aim
to open possibilities of pharmacological treatments in a dis-
Among several different species of clinical interest, neu- turbed system.
rotransmitters are the most investigated compounds. Neuro- Many techniques have been developed and improved for
transmitters are compounds that have a very important roledetection and quantification of biogenic amines in biolog-
in the nervous system, because they are the key to commusical fluids and nervous tissues, including fluorime[8y,
nication between neurons. Biogenic amines, including cate- thin layer chromatography with fiber optic detecti@h and
cholamines such as dopamine, norepinephrine, epinephrinecapillary electrophores[3,8]. Nowadays, high-performance
and indoleamines such as serotonin, are neurotransmitterdiquid chromatography (HPLC) with fluorimetric detection
that have special roles in neuroscience. Dopamine (DA) is [9—11], electrochemical detectigd2—14]or combined flu-
related to Parkinson’s diseafk2]. Epinephrine (EP) and  orimetric and electrochemical detectiftb], has been ap-
norepinephrine (NE) have been a special interest in the originplied for neurotransmitter determinations. However, all these
of neurological tumorg3,4]. Serotonin (5-HT, 5-hydroxy-  methods require sample pre-treatment and long analysis
tryptamine) plays an important role in a variety of physio- times, making them inadequate for routine w{itg]. In ad-
logical functions (sleep regulation) and pathological states dition, some of these methods present poor selectivity and/or
(psychiatric disorders, depression, mental retardation, infan-sensitivity. Thus, the development of quick, efficient, sensi-
tile autism, etc.)5]. Medical and pharmaceutical research tive, rapid and low cost methodology for these very important
has focused on this matter in order to clarify the mechanismsanalytes is still important.
Electrochemical determination of biogenic amines using
* Corresponding author. Tel.: +55 19 37883127; fax: +55 19 37883023, Cchemically modified electrodes (CME), such as carbon fiber
E-mail addresskubota@igm.unicamp.br (L.T. Kubota). electrode$17,18] gold electrodes (modified with host—guest
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complexes of fullerene$) 9], graphite reinforced by carbon  sorg[32,34,36,37,40,42—-45However, even though biogenic
[20], glassy carborj21-23] copper-plated screen-printed amines, such as catecholamines and serotonin, are potential
electrode$24] and carbon paste (modified with iron and cop- analytes to be determined with HRP biosensors, no results
per phtalocyanines) electrod@$,26], have been reportedin  have been described in the literature. Based on this context,
the literature, as a good and cheap alternative for the tradi-this work reports biosensor construction with HRP immobi-
tional methods. lized in a modified carbon paste, to evaluate its potential and
However, another attractive alternative for biogenic amine performance as a neurotransmitter detector; and their appli-
determinations are the biosensors, which combine biologi- cation in the total biogenic amines determination in rat blood
cal recognition through enzyme specificity with construction plasma samples expressed in term of serotonin.
simplicity. Biosensors, especially the amperometric ones,
have been the most successful and still have the most promis-
ing future for practical application. In this sense, biosensors 2. Experimental
for biogenic amines determinations have been reported in the
literature based on diamine oxidase (DARY], DAO and 2.1. Reagents and solutions
HRP [27], and pea seedlings amine oxid4d28] enzymes,
for applications in seafood, such as fish and its derivative  All chemicals used were analytical reagent grade.
products. Monopotassium phosphate (KPQOy), 30% (w/v) hy-
Among amperometric biosensors, those based on modi-drogen peroxide, disodium phosphate §NBRO;) and
fied carbon paste have been extensively described, in whichsodium hydroxide were acquired from Synth,acS
the carbon paste is a suitable matrix for enzyme immobiliza- Paulo, Brazil. Serotonin, dopamine, 1-cyclohexyl-3-(2-
tion, principally due to the simplicity of the bulk modifica- morpholinoethyl)carbodiimide  methmtoluenosulfonate
tion, allowing the stabilization of enzymes in the paste, and (CDI), piperazineN-N'-bis[2-ethanesulfonic acid] (Pipes),
the possibility of surface renovatig29—31] Based on this, N-[2-hydroxyethyl]piperazinéN’-[2-ethanesulfonic  acid]
carbon paste amperometric biosensors become, in potential(Hepes), tris-hydroxymethylaminoethane (Tris), bovine
a practical tool for rapid and cheap biogenic amine determi- serum albumin (BSA) and the HRP lyophilized enzyme
nations. (290U/mg solid) were acquired from Sigma, St. Louis,
Horseradish peroxidase (HRP) has been widely used in theUSA. Epinephrine, norepinephrine, graphite powder (GP)
construction of biosensors for phenolic and catecholic com- and mineral oil were purchased from Aldrich, Milwaukee,
pound determinations, since these compounds improve theUSA. Sodium acetate and acetic acid were supplied by
rate of electron transfer between the electrode and the immo-Nuclear, &0 Paulo, Brazil. A 50% (w/v) glutaraldehyde (GI)
bilized enzyme[32—-35] When peroxidase is immobilized was purchased from Fluka Chemie AG, Buchs, Switzerland.
on an electrode surface, the oxidized form of the enzyme,  The solutions were prepared with water purified in a Milli-
which is formed in the reaction with peroxide (its natural sub- Q Millipore system and the actual pH of the buffer solutions
strate), can be reduced to its native form by dif88t36—39] were determined with a model 350 Corning pH/lon Analyzer.
and/or mediated electron transfer. In the mediated electron
transfer mechanisrn3,36,37,40,41]Scheme }, electron 2.2. Biosensors construction
donor compounds, such as catechols are used, which act as
electron mediator in the system. This reaction converts cat- For HRP immobilization, first GP activation with CDI was
echols to quinones species, which are electroactive and carcarried out, to obtain the GP-CDI materidl6]. For this,
be electrochemically reduced on the electrode surface. The300 mg of GP was mixed with 4.2 mg of CDI and 300
generated reduction current is proportional to the concentra-of acetate buffer (pH 4.8; 0.05 M), reacting for 2 h at’25
tion of catecholic species in solutidB82,40,42] Based on The material obtained (GP-CDI) was washed and allowed to
these principles, a lot of phenolic, catecholic and other elec- dry for 4 h at room temperature. Then, 40 mg of the GP-CDI
tron donor substances have been determined by HRP biosenmaterial were mixing with 25Q.1 of 290 U/ml HRP aqueous
solution (equivalent to weight 0.25 mg of HRP lyophilized
enzyme), Gul of 5% (w/v) glutaraldehyde (corresponding
Flecttode to 0.30 mg of Gl) and 16Ql of 2.5 mgmi! BSA solution
] prepared in phosphate buffer (pH 7.0; 0.1 M), corresponding
to 0.4 mg of BSA, allowing the reaction to proceed for 16 h
: at 4°C. After this time the obtained material was dried.
H,0 Catey For the modified paste preparation, d0of mineral oil
H,05 Catye '_) was added to the dried material and mixed until obtaining
a homogeneous paste. The biosensor was constructed by
Scheme 1. Mechanism of mediated electron transfer at a modified carbon p'ﬁ'“'”Q the mOdIfIEd_ carbon paste into a_CaV'tY of a platinum
paste electrode. Gag and Cagy are the reduced and oxidized forms of the ~ fOil, with a geometrical area of 0.07 dfixed into a glass
catecholic compounds, respectively. tube at 1 mm depth.
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For the preparation of an unmodified carbon paste firstly LS
40 mg of the GP were mixing with 404 of phosphate buffer é:‘ﬂ .
(pH 7.0; 0.1 M). Before dried, this material was mixed with E —"
30l of mineral oil for the paste preparation, which was < 09 /
putting into a cavity of a platinum foil, with a geometrical ; 06
area of 0.07 crh fixed into a glass tube at 1 mm depth, in the = o '/'
same way of the modified carbon paste. § °

3 6a 05 05 07 o5 09

2.3. Amperometric measurements % HRP (w/w) in the paste

The amperometric measurements were carried out with Fig. 1. Influence of the HRP amount on biosensor sensitivity for sero-
a potentiostat (PGSTAT30, Autolab Echo Chemie, Utrecht, tonin determinations. Measurements carried out in phosphate buffer (pH
Netherlands), using an electrochemical cell with three elec- 7.0; 0.1 M) containing 1p.M H,0, and applying-50mV vs. SCE. Con-
trodes: a saturated calomel electrode (SCE) as reference, a PRentration range between 40 and 470 nghf serotonin.
wire as auxiliary and the biosensor as working electrode.

The measurements were carried out in 5.00 ml of buffer containthese groups, and theimmobilization to occur through
solution containing KO, (natural peroxidase substrate) and them is viable, could diminish the enzyme activity, supply-
applying an adequate potential. Initially the current was con- ing biosensors with low sensitivities. The use of stabilizers
tinuously monitored until it reaches the steady state. After in the paste preparation is very important, in order to supply
that, additions of standard solution of biogenic amines were More robust biosensor. Thus, in this work the use of Gl in the
made into the buffer solution, which was stirred for a few immobilization procedure promotes a good enzyme reticula-
seconds, in order to homogenize the solution before currenttion, and BSA supplies an ambient more similar to the natural
monitoring. ones. Considering these aspects, exhaustive studies of ade-

The voltammetric measurements were carried out using quate amounts of Gl and BSA were carried out, in order to
current-time measurements at potentiostatic conditions, in©btain optimum condition for the carbon paste preparation.
order to investigate the redox potentials of the four biogenic ~ Results of the study for optimization of the glutaraldehyde
amines (5-HT, DA, EP, NE) in unmodified carbon paste elec- (Gl) amount in the paste preparation are listedlable 1
trodes. For each compound the paste was exchanged, belhese pastes were prepared using 0.4 mg of BSA. It can be
cause there was the electrode surface passivation. Voltam®bserved that when 0.7% (w/w) of Gl is used in the paste
metric measurements were carried out in phosphate bufferPreparation, a better response for the biosensor is observed,
(pH 7.0; 0.1 M), containing 1.0 mM of each compound in a decreasing for higher amounts of Gl. This behavior can be

scan rate of 10 mV/s. explained considering that a dependent effect occurs between
the paste components, specifically between Gl and BSA. As
2.4. Sample preparation a consequence, in a determined GI/BSA mass ratio, the re-

sponse presented by the biosensor will be the best. However,

The plasma of the rat blood samples, were supplied by if this ratio was changed (for Glamounts lower or higher than
Prof. J.A.R. Gontijo, from Nucleo de Medicina e Cirurgia 0-7%) the sensor response became worst. Thus, Gl amount
Experimental of FCM-UNICAMP. These samples were di- 0f 0.7% was chosen for pastes preparation to perform further

rectly used without any previous treatment in the biosensor Optimization studies. _ _ _
application. Finally, the BSA amountin the paste preparation was opti-

mized, and the results are showTable 2 It can be observed
that, when 1.0% of BSA (w/w) is used in the paste prepara-
3. Results and discussions tion, the best results are obtained, considering that with this

3.1. Optimization of the paste component amounts inthe Table1

biosensor preparation Influence of the amount of glutaraldehyde on the biosensor current density
(Aj) for 213 ng mi (1 M) of serotonin
First, the amount of the HRP enzyme in the paste prepara-C! (%. w/w) in the paste Aj (nAcm™?)
tion was optimizedFig. 1shows that the biosensor response 0.4 84+ 22
. . . . a
is practically independent of the enzyme quantity foramounts 8-3 ﬁgi ;a
higher than 0.6% of HRP in the paste. Thus, based on this re-g 1741 22
sult, pastes containing this percentage of HRP were prepared, 1 126+ 42
to perform further experiments. 1.3 95+ 3

In spite of the CDI be able to introduce a strong bODd be-  a Measurements carried out in phosphate buffer (pH 7.0; 0.1 M), contain-
tween enzyme and electrode, by covalent bonding with car- ing 10uM H20;, applying—50 mV vs. SCE. Standard deviation for three
boxylic groups, the possibility of the enzyme active site to replicates.
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Table 2 15
Influence of the BSA amount on the biosensor response, for 213Tigafl Y
serotonin 5 12
=)

BSA (%, w/w) in the paste Aj (nAcm™2) - — T T,
0.5 99+ 22 < 09 ./
0.7 170+ 22 2 064
1.0 180+ 32 z
12 138+ 42 Z 03]
15 64+ 12 @

@ Measurements carried out in phosphate buffer (pH 7.0; 0.1 M), contain- 0.0 +——\ ———— . . .
ing 10puM H20,, applying—50 mV vs. SCE. Standard deviation for three 6 8 10 12 14 16 18 20 22
replicates. [H,0,]/ uM

BSA amount, the optimum GI/BSA mass ratio is reached. A Fig. 3. Hz'Og conceqtration effect on the seqsitivity of the proposed biosen-
decrease in the signal is observed with the addition of higher sor- Applied potential of-50mV vs. SCE, in phosphate buffer (pH 7.0;
amounts of BSA. This result can be explained due to the in- 0.1 M), in the concentration range of serotonin from 40 to 470 ng'ml
crease of the diffusion resistance to an unfavorable and too . .
rigid enzyme fixation, or, yet, to a displacement of HRP by centration on the biosensor response showed that the best
BSA on the graphite ,surf,ac{é17] result was obtained in a concentration of 0.10 M. Thus, these

' optimal conditions were used for the subsequent studies.

3.2. Influence of the applied potential :
bp P 3.4. Hydrogen peroxide dependence

In the investigation of the applied potential effect on the Hvd de is th wral substrate of th
biosensor response for serotonin, it was observed that the, ydrogen peroxide IS the natural substrate of the perox-
response increases for more negative potentials (data no{dase enzyme and its presence is essenUa} for the_blosensor
shown). However, it is known that for potentials more nega- response. Thus, the effect QEGZ copcentratmn on l:l)lpgen—.
tive than—150 mV a slow irreversible deactivation of HRP  S°" performance was |nve§t|gated, |n'terms of sen5|t|V|t.y, lin-
occurs[38]. Thus, in order to avoid HRP deactivation, a po- ear response range a_nd lifetime. Th'sf last para_meter IS very
tential of —50 mV was fixed for further experiments, which Important because_|t IS _kno_wn that hlgh_peromdc_e amounts
allowed obtaining satisfactory results. For more positive po- can cause enzyme inactivatit8], decreasing the biosensor

tential a significant decrease in the signal was observed. I|fet|me_. It (.:Ol.“d be observed .'F"g' sthat, as the Izpzlcon-
centration is increased, the biosensor sensitivity is increased,

reaching higher values between 13 anduMH20,. How-
ever, a concentration of M H,0O, was chosen, which is

) i enough to get good results and also avoids enzyme inactiva-
The evaluation of pH effect on the biosensor response tion

showed an optimum pH at 7.0 in 0.1 M phosphate buffer so-
lution (Fig. 2). Experiments carried out in different buffer

solutions (Tris, Hepes, Pipes and phosphate), in concentra
tion of 0.10 M indicated that phosphate buffer gives the best
response. Finally, the influence of the phosphate buffer con-

3.3. Influence of pH, buffer and its concentration

Itis important to emphasize that when unmodified carbon
paste electrodes were tested in the catecholamines detection
in presence of KHO», under same optimized conditions of
the proposed bhiosensor, practically no signal were obtained
(data not shown). This result eliminates the possibility that
the H,O, can be oxidizing these analytes without any other

180 mediator.
g Lo 3.5. Biosensor characteristics
<
= 140 ./ In the optimized conditions the proposed biosensor
< gt e showed a linear response range from 40 up to 470 ng ofl
120 serotonin, which can be expressed according to the following
equation:
100 +— : : ; . . . _
55 60 65 70 75 80 Aj(nAcm 2) = 0.01(0.01)
pi +0.95 (:0.01)Gs 147 (ng mI™Y) (1)

Fig. 2. Response profile for the biosensor in phosphate buffer solutions with . . . _ . )
different pH values. Applied potential 650 mV vs. SCE, in phosphate with a correlation coefficient of 0.9998 for=10. This re

buffer (pH 7.0; 0.1 M) containing 213 ngm! of serotonin and 1M of sponse range is very similar to Fhose showed by L.C. D?WS
H,05. et al., who described a carbon fiber electrode, coated with a
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Nafion film, for in vivo chronoamperometric measurements 3.6. Response for other neurotransmitters
of the serotonin in rg49]. The detection limit of 17 ng mi
was calculated from a signal/noise ratio equal to 3, this de-  Although the biosensor response was optimized in
tection limit is much better than the other biosensor for sero- function of the serotonin, it is obvious that the proposed
tonin determination where the amine oxidases enzyme wasbiosensor can detect others cathecolic and monophenolic
used[50]. These excellent characteristics qualify this pro- compounds$cheme L However, it is known that the sensi-
posed biosensor for serotonin determination in most real tivity for the monophenols obtained with HRP based biosen-
samples. sor is lower than those obtained with diphenolic systems
The response time, considering the time to reach 100% of[32,35] Among the cathecolic compounds, the catheco-
the signal, was shorter than 1s. Repeatability in the sensorlamines, such as dopamine, norepinephrine and epinephrine
construction was evaluated by preparing six sensors and de€an be detected. Thus, in the case of an analysis of a real
termining the sensitivity obtained for each one. The repeata- sample this biosensor supplied the total amount of neuro-
bility expressed as the relative standard deviation (r.s.d.) wastransmitter based on biogenic amines (5-HT, DA, NE and
lower than 2%. This result indicates a very good repeatability EP) contained in the sample and that can be detected by
in sensor construction. the biosensor. In these sense, the biosensor characteristics
Under optimized conditions the proposed sensor presentedor biogenic amines besides serotonin, such as DA, NE
good stability, at least during 4 h of continuous use, making and EP, were studied in detailable 3shows the analyti-
possible in a next step the coupling of this proposed biosensorcal parameters for the evaluated neurotransmitters. The best
in a flow system. responses in terms of sensitivity, and consequently selec-
The influence of the interfering species on biosensor re- tivity, were obtained with dopamine and epinephrine, fol-
sponse is another important parameter that was consideredowed by serotonin and norepinephrine, respectively. The
in order to the biosensor application in biological samples. same responses were expected for DA, EP and NE, since
In this sense, the interference of reducing metabolites suchtheir chemical structures are very similar. This behavior can
as ascorbic and uric acids was investigated. Since thesebe explained considering the redox potentials of these com-
species can be directly oxidized on the electrode surfacepounds in an unmodified carbon paste electrode. The order
or still react with the HHO, necessary for obtaining the sig- is DA<EP <NE<5-HT {able 3. Thus, compounds with
nal, decreasing the biosensor response. The studies demoriewer redox potential should be more easily and rapidly ox-
strated that the ascorbic and uric acids do not interfere inidized, allowing better responses according to the biosen-
the serotonin determination in a 1:4 molar ratio (interfer- sor mechanism. On the other hand, the better response was

ing:serotonin). obtained for serotonin when compared with norepinephrine,

Table 3

Analytical parameters of the biosensor for various biogenic amines

Biogenic amine Structure Redox Linear range Sensitivity Detection limit
potentiaf (ngmiY) (nAming~temt) (ngml1)

CH(OH)CH,NH(CH3)

Epinephrine ©\ 242 35-405 1.23-0.03 {=0.9977,n=10) 14
OH

OH
HO CH,CH,NH,
|
Serotonin O\T/( 350 40-470 0.9%0.02 ¢ =0.9998;n=10) 17
|
H
CHoCH,NH,
Dopamine *HCI 190 38-420 1.23 0.02 ¢ =0.9997:n= 10) 19
OH
OH
C[H(OH)CHgNHz
. . - . C4Hg0g
Norepinephrine \ 306 60-705 0.710.01 ¢ =0.9995;n=10) 33
S . XHzo
OH
OH

2 Potential values in mV vs. SCE, obtained using an unmodified carbon paste electrode in phosphate buffer (pH 7.0; 0.1 M).
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Table 4 The biosensor presented a linear response range for sero-
Values of total biogenic amines, in term of serotonin, obtained with the {5nin determination in the range between 40 and 470 er ml

[ through st iti thod f t bl : L ; :
proposed biosensor, through standard addition method for seven rat blood y oo v nin - Considering that in human blood the serotonin

samples . . 8
Samol 5 Serotom —" i level is around 76 ng mit* for healthy subjecf19], thus it
ample number erotonin concentration (ng could be also employed for serotonin determination in hu-

a

01 44+2 man blood samples.

02 68+ 62

03 44t 42

04 ND

05 47+6% 4. Conclusion

06 ND

07 ND

This work reports an easy biosensor construction for neu-
rotransmitter determination, modifying carbon paste with
BSA, glutaraldehyde and CDI. The biosensor construction is
highly reproducible, allowing to obtain biosensors with very
similar sensitivities (r.s.d. <2%). The biosensor presented a
linear response range between 40 and 470 ng rof sero-
action with HRP active site. to_nin,_with avery good se_nsitiv_ity, making possible the detgr-

mination of neurotransmitters in blood samples, and opening

It is important to emphasize that in spite of the bio- S ) . .
. . . - the possibilities for carry out serotonin and/or total biogenic
genic amines are electroactives on unmodified carbon paste

electrode, under the optimized conditions for the proposed amines quantifi_cation in human blood sample;. In this sense,
biosensor, no responses were obtained for any of these anat-he proposed blOS?hSOI’ offer a gooq altgrnatlve to the exist-
lytes in unmodified electrodes (data not shown). On the other N9 me_thods, allowing carried out rapid, simples and low cost
hand, it is known that in unmodified electrodes exists a high analysis with no pre-treatment of the sample.

probability of electrode surface passivation through polymer-

ization by intermediate phenolic derivatives, which is min-

imized or eliminated when chemically modified electrodes Acknowledgements

are used, mainly those containing enzymes.

@ Standard deviation for three replicates. ND: non-determined, values
lower than gquantification limit.
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