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ABSTRACT. Grass pea amine oxidase (GPAO) and oat polyamine oxidase 
(OPAO) were immobilized along with horseradish peroxidase (HRP) and an 
Os-redox polymer (Os-RP) onto the surface of a graphite electrode by cross-
linking with poly(ethylenglycol) diglycidyl ether. The resulted reagentless 
amperometric biosensors were inserted in a flow injection setup and used as 
electrochemical detectors for the biogenic amines (BA) detection. Both 
biosensors were operated at low applied potential (-50 mV vs. Ag/AgCl, 
KCl0.1M) where electrochemical interferences are minimal. The quantification 
of ten BA (tyramine, putrescine, cadaverine, histamine, cystamine, 
phenylethylamine, agmatine, tryptamine, spermine, and spermidine) either 
individual or in mixture (after a preliminary separation by using cation 
exchange chromatography) was reported. G/(Os-RP)-HRP-GPAO biosensor 
detected all ten BA, while G/(Os-RP)-HRP-OPAO biosensor detected only 
spermine and spermidine. Finally, a simple and low-cost method for free and 
acetylated polyamines determination in human urine samples, by using the 
highly selective G/(Os-RP)-HRP-OPAO biosensor, was proposed. 
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INTRODUCTION 
 
Biogenic amines (BA) are organic bases present in a wide range of 

food products and living organisms deriving mainly from microbial 
decarboxylation of amino acids or from amination and transamination of 
aldehydes and ketones [1]. Histamine (Hist), putrescine (Put), cadaverine 
(Cad), tyramine (Tyra), tryptamine (Trypt), phenylethylamine (PEA) and 
agmatine (Agm) are among the most important BA in food. Polyamines like 
spermine (Spm) and spermidine (Spd) are found only in small quantities in 
food like legumes and meat, but they take part in growth and development of 
cells [2, 3]. However, it has been demonstrated that high amounts of Spm and 
Spd in blood and urine are reliable markers for cancer therapy monitoring [4]. 

Oxidation of BA can be catalyzed by different types of amine oxidases 
(AOs). AOs are widely spread in bacteria, fungi, higher plants and animals [5]. 
Copper-containing AOs catalyze the oxidative deamination of BA, generating 
the corresponding aldehyde, ammonia and hydrogen peroxide [6, 7]. The 
reaction of flavin-containing polyamine oxidases (PAOs) results in the 
production of an aminoaldehyde (alternatively, typically in plants, they may 
form 1,3-propanediamine, 1,3-pn) and hydrogen peroxide, but not in ammonia 
[7, 8]. Plant PAOs show very restricted substrate specificity, oxidizing only 
Spm and Spd including their N-acetyl derivatives [4, 5]. 

The determination of BA by enzymatic analysis using AOs and PAOs 
was previously studied. For example, the use of PAOs immobilized in 
reactors [9, 10] or cross-linked with glutaraldehyde onto electrochemical 
biosensors [11] as well as electrochemical enzyme probes based on oxygen 
electrodes and AOs [12] have been reported in the literature. 

AOs-based amperometric biosensors for biogenic amines detection 
were formerly developed, both in single [13-16] and coupled enzyme-based 
designs (with peroxidase) [16, 17-20]. The single AO-based biosensors 
required high applied potentials (>200 mV vs. Ag/AgCl), which can lead to 
high background currents and interfering signals when complex matrices are 
analyzed. At the same time, the bienzyme electrodes, operated at lower 
applied potentials (-50 or 0 mV vs. Ag/AgCl) allowed a considerably reduction 
of the matrix interferences. However, such devices have a major drawback 
because they are not able to discriminate between different BA due to the 
low selectivity of the detecting AO used. 

Various chromatographic techniques are frequently applied for 
separation of biogenic amines. Among these techniques HPLC [21-23], thin 
layer chromatography [24] or electrophoresis [25] are the most frequently 
used. Thin layer chromatography is simple and inexpensive but requires 
extensive analysis time and the obtained results are only semi-quantitative. 
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Capillary electrophoresis has been a popular tool for BA separation, but 
since the BA could not be detected directly in a sensitive manner [25], HPLC 
became a better alternative. 

In a previous work [26], a new analytical system based on coupling a 
weak cation exchange column with an AO-based amperometric biosensor 
for determination of biogenic amines, with application in food analysis, was 
described. 

Here we report on the construction and assembling of a highly 
specific and sensitive amperometric biosensor for polyamines incorporating 
polyamine oxidase from oat seedlings (OPAO), denoted G/(Os-RP)-HRP-
OPAO, and its potential application in biomedical analysis. At the same time, 
the extended use of a previously reported amperometric biosensor [26], 
based on amine oxidase from grass pea (GPAO) (denoted G/(Os-RP)-HRP-
GPAO) is discussed. A comparison between the two amperometric 
biosensors has been performed under similar experimental conditions. 

Thus, both OPAO and GPAO were cross-linked to horseradish 
peroxidase (HRP) and an Os-based redox polymer (Os-RP) by using the 
poly(ethylenglycol) diglycidyl ether and were immobilized onto the surface of 
solid graphite (G). The detection of BA has been carried out amperometrically, 
by monitoring the H2O2 generated by the enzymatic reaction. At first, both 
biosensors, operated at a low applied potential (-50 mV vs. Ag/AgCl, KCl0.1 M), 
were integrated in a single line flow injection (FI) setup. Further, the 
amperometric detection was coupled with a cation-exchange column and the 
method was optimized for the separation and quantification of ten BA (Tyra; 
Put; Cad; Hist; cystamine, i.e. Cyst; PEA; Agm; Trypt; Spm and Spd) 
from a synthetic mixture. Finally, preliminary experiments were carried out 
by using G/(Os-RP)-HRP-OPAO biosensor to estimate the content of Spd 
and Spm in sample of human urine. 
 
 
RESULTS AND DISCUSSION 

 
A bienzymatic approach, based on GPAO or OPAO in combination 

with HRP, was considered for biosensors development. The biosensor 
design involved the immobilization of both enzymes (i.e., the oxidase and the 
peroxidase) on solid graphite, and the detection was carried out by mediated 
electron-transfer using an Osmium-based redox polymer (Os-RP). The 
detection principle of the resulting biosensors is schematically presented in 
Figure 1. Due to the presence of Os-RP and to the low applied potential (-50 
mV vs. Ag/AgCl, KCl0.1 M), this approach confers simultaneously a high 
sensitivity and an excellent selectivity to the amperometric measurements. 
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Figure 1. Detection principle of biogenic amines at G/(Os-RP)-HRP-GPAO and 

G/(Os-RP)-HRP-OPAO reagentless amperometric biosensors. 
 

Individual calibration curves for ten BA (Tyra, Put, Cad, Hist, PEA, Cyst, 
Agm, Spd, Trypt and Spm) were recorded at both developed biosensors, 
G/(Os-RP)-HRP-GPAO and G/(Os-RP)-HRP-OPAO, in a single line FI setup 
(Figure 2). 
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Figure 2. Calibration curves for different biogenic amines obtained at G/(Os-RP)-HRP-

GPAO (A) and G/(Os-RP)-HRP-OPAO (B) biosensors, by using FI measurements. 
Experimental conditions: supporting electrolyte, 0.1 M phosphate buffer (pH 7.2); 

applied potential, -50 mV vs. Ag/AgCl, KCl0.1 M; flow rate, 0.5 mL/min;  
injection loop, 100 µL; dispersion coefficient of the FI setup, 2. 
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The G/(Os-RP)-HRP-GPAO biosensor responded to all tested amines 

(Figure 2A), whereas G/(Os-RP)-HRP-OPAO biosensor could only detect Spm 
and Spd (Figure 2B), proving that GPAO is an enzyme with a much broader 
selectivity than OPAO. 

As expected, the calibrations curves recorded for all tested amines 
follow a Michaelis-Menten pattern. The main kinetic (KM, Michaelis-Menten 
constant; Imax, maximum current intensity) and analytical parameters (linear 
range, sensitivity -estimated as the slope of the linear domain-, and detection 
limit), were calculated from the calibration curves shown in figure 2 and are 
summarized in Table 1. It can be stated that, under the specified FI conditions, 
the sensitivities observed at the GPAO based biosensor decrease in the 
following sequence: 

(Spd ≈ Cad ≈ Cyst) > Put > Agm > Hist > Tyra > PEA > Trypt > Spm 

It is worth noticing that, for both investigated enzymes, the highest 
sensitivities correspond to the lowest Michaelis-Menten constants (Table 1). 
This fact suggests that, for the actual biosensor design, a high substrate-enzyme 
affinity can be considered as the main factor determining the biosensor 
sensitivity. 

Next, G/(Os-RP)-HRP-GPAO and G/(Os-RP)-HRP-OPAO biosensors 
were alternatively coupled to a single line FI setup incorporating a cation-
exchange column. A synthetic mixture containing all investigated BA was 
injected in the chromatographic column and the biosensor signal was recorded. 
In this way, by using the cation-exchange chromatography the BA mixture was 
firstly separated in its components and, subsequently, each resulted individual 
BA was detected by the biosensor used as a chromathographic electrochemical 
detector (Figure 3). 

When the G/(Os-RP)-HRP-GPAO biosensor was used as 
chromatographic detector, the chromatogram recorded for a mixture of ten 
BA (Tyra, Put, Cad, Hist, PEA, Cyst, Agm, Spd, Trypt and Spm) evidences 
a complete separation of the initial mixture (Figure 3A). Contrarily, the  
G/(Os-RP)-HRP-OPAO biosensor was able to detect only Spd and Spm 
(Figure 3B). The total time spent for analysis was ∼ 53 min. The sudden 
decrease of the baseline occurring around the 35th minute is due to an 
increase of the carrier concentration from 16 to 24 mM. 
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Table 1. Kinetic and analytical parameters for BA detection recorded at  
G/(Os-RP)-HRP-GPAO and G/(Os-RP)-HRP-OPAO biosensors used  

in FI setup. For experimental conditions see Figure 2. 
 

BA KM* 
(mM) 

Imax* 
(μA) 

Linear 
range (µM) 

Sensitivity (μA/mM) 
R2 / N** 

DL*** 
(µM) 

G/(Os-RP)-HRP-GPAO 

Tyra 2.2 ± 0.2 8.8 ± 0.2 5-1000 2.64 ± 0.08 
0.9928 / 9 2.7 

Put 0.38 ± 0.06 10.8 ± 0.4 1-500 13.1 ± 0.4 
0.9929 / 8 0.5 

Cad 0.38 ± 0.06 12.4 ± 0.5 1-500 15.6 ± 0.4 
0.9958 / 8 0.4 

Hist 0.45 ± 0.04 3.2 ± 0.1 1-100 7.3 ± 0.3 
0.9939 / 6 0.8 

PEA 3.2 ± 0.6 4.5 ± 0.3 1-500 1.06 ± 0.03 
0.9960 / 8 0.5 

Cyst 0.31 ± 0.02 5.9 ± 0.2 1-100 15.0 ± 0.7 
0.9906 / 6 0.4 

Agm 1.01 ± 0.07 6.6 ± 0.1 1-100 8.27 ± 0.04 
0.9998 / 6 0.7 

Spd 0.71 ± 0.04 15.7 ± 0.3 1-250 15.5 ± 0.8 
0.9874 / 7 0.4 

Trypt 1.8 ± 0.1 1.12 ± 
0.02 25-1000 0.39 ± 0.02 

0.9884 / 9 15.4 

Spm 79 ± 8.0 28 ± 2.0 25-10000 0.310 ± 0.003 
0.9993 / 11 19.4 

G/(Os-RP)-HRP-OPAO 

Spd 0.25 ± 0.03 3.1 ± 0.1 1-50 11.3 ± 0.6 
0.9916 / 5 0.5 

Spm 0.40 ± 0.05 0.83 ± 
0.05 5-100 1.68 ± 0.06 

0.9940 / 6 3.6 

*KM and Imax were estimated from the Michaelis-Menten non-linear fitting of the 
calibration curves (Figures 2A and 2B) 
**R, correlation coefficient; N, number of experimental points 
***DL was estimated for a signal/noise ratio equal to 3. 
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Figure 3. Chromatographic separation of a synthetic mixture of 10 biogenic 
amines by using G/(Os-RP)-HRP-GPAO (A) and G/(Os-RP)-HRP-OPAO (B) 
as amperometric detectors. Retention times: (A): Tyra (10.62 min), Put (15.83 
min), Cad (17.58 min), Hist (22.45 min), PEA (24.51 min), Cyst (27.38 min), 
Agm (29.95 min), Spd (39.98 min), Trypt (46.22 min), and Spm (50.00 min); 
(B): Spd (39.95 min) and Spm (47.13 min). Experimental conditions: applied 
potential, -50 mV vs. Ag/AgCl, KCl0.1 M; flow rate, 1.8 mL min-1; injection loop, 
50 µL; [Put], [Cad], [Cyst], and [Spd] were 100 µM; [Tyr], [Hist] and [Agm] 
were 200 µM; [PEA] was 500 µM; [Trypt] and [Spm] were 1 mM; flow carrier, 
12 mM MSA. 

 
 
The electrochemical detection of biogenic amines, carried out after 

their separation by using high performance liquid chromatography, was found 
much more efficient than the ultraviolet detection [27, 28]. However, in these 
studies the separated amines were quantified by oxidation at unmodified 
electrodes poised at substantial positive potentials (+700 mV and +400 vs. 
Ag/AgCl, respectively). Aiming to show the efficiency of the developed 
biosensors, the amperometric responses observed for Spd at G/(Os-RP)-
HRP-GPAO and G/(OS-RP)-HRP-OPAO were compared with those recorded 
at bare graphite electrodes, poised at two different applied potentials (Figure 
4). 

As it can clearly be seen from Figure 4, the bare graphite electrode, 
even poised at a relatively high positive potential (+550 mV vs. Ag/AgCl, 
KCl0.1 M), is practically insensitive to the Spd presence. Contrarily, both 
biosensors are highly sensitive to Spd, G/(Os-RP)-HRP-GPAO being the 
most efficient. Moreover, due to the low applied potential, the Spd detection 
at both biosensors is practically without electrochemical interferences. 
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Figure 4. Spd amperometric detection at G/(Os-RP)-HRP-GPAO, G/(Os-RP)-
HRP-OPAO biosensors and bare graphite electrodes (G) operated at two different 
applied potentials. Experimental conditions: supporting electrolyte, 0.1 M phosphate 
buffer containing 0.1 M KCl (pH 7.2); biosensors applied potential, -50 mV vs. 
Ag/AgCl, KCl0.1 M; flow rate, 0.5 mL/min; injection loop, 100 µL; dispersion coefficient 
of the FI setup, 2. 

 
It is worth mentioning, that the response of the G/(Os-RP)-HRP-OPAO 

biosensor was examined for the acetylated Spm and Spd (AcSpm and AcSpd), 
since Spm and Spd are frequently found in these forms in real samples (Figure 
5). The biosensor was found sensitive to both acetylated polyamines (AcSpm, 
KM = 136.5 ± 33.8 µM; Imax = 67.2 ± 5.9 nA; AcSpd, KM = 120.7 ± 50.0 µA; 
Imax = 28.1 ± 3.3 nA), but the signals were ~10 and ~100 times smaller than 
those corresponding to the unacetylated amines, respectively. 

 
Figure 5. Calibration curves for AcSpm and AcSpd recorded at G/(Os-RP)-
HRP-OPAO biosensor by using FI amperometric measurements. Experimental 
conditions: supporting electrolyte, 0.1 M phosphate buffer (pH 7.2); applied 
potential, -50 mV vs. Ag/AgCl, KCl0.1 M; flow rate, 0.5 mL/min; injection loop, 
100 µL; dispersion coefficient of the FI setup, 2. 
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As a proof of concept, taking into account that the presence in human 
urine of high amounts of Spm and Spd and their N-acetylated forms are 
markers for a serious illness (e.g. cancer, osteoporosis, or hepatic cirrhosis) 
[9], some preliminary investigations using the G/(Os-RP)-HRP-OPAO 
biosensor were performed in order to estimate the polyamine content in real 
samples of human urine. Because polyamines exist in urine mainly in their 
conjugated form, an acid hydrolysis was carried out before the detection to 
ensure that all polyamines are present in their free form. 

Due to the low concentrations of Spm and Spd that normally exist in 
the urine of healthy persons, they were not detected in fresh urine samples 
by using the G/(Os-RP)-HRP-OPAO amperometric biosensor coupled to a 
cation exchange column. However, the biosensor in contact with hydrolyzed 
samples of urine provided a signal ≈40 times higher than that corresponding 
to the non-hydrolyzed urine, indicating significant concentrations of acetylated 
polyamines (AcSpm and AcSpd). In order to facilitate the comparison, the 
estimated concentrations of Spd and Spm were expressed in mg/L urine and 
in mg/g creatinine, as well (Table 2). The obtained values were found similar 
to those reported in the literature [29], suggesting the suitability of the developed 
method for clinical assays. 
 

Table 2. Spermine and spermidine concentrations in hydrolyzed human urine 
samples estimated by using the G/(Os-RP)-HRP-OPAO amperometric biosensor 

and FI measurements. For experimental conditions see Figure 5. 
 

Biogenic 
amine mM mg/L urine mg/g creatinine Obs. 
Spm 0.80 ± 0.06 162 ± 13 0.19 ± 0.001 Female (20 

years) Spd 1.20 ± 0.05 174 ± 7 0.20 ± 0.001 
Spm 1.00 ± 0.09 202 ± 19 0.24 ± 0.002 Male 

(23 years) Spd 0.60 ± 0.05 87 ± 8 0.10 ± 0.001 

*The creatinine concentration in the urine samples was 0.12 g/dL 
 
 
CONCLUSIONS 

 
The chromatographic separation and electrochemical detection of ten 

BA (Tyra, Put, Cad, Hist, PEA, Cyst, Agm, Spd, Trypt and Spm) from a 
synthetic mixture were attempted in order to prove the full functionality of two 
amperometric biosensors, G/(Os-RP)-HRP-GPAO and G/(Os-RP)-HRP-
OPAO, as electrochemical detectors for liquid chromatography. At the same 
time, the kinetic and analytical parameters of both biosensors were estimated 
by using the data shown in the calibration curves. 
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Irrespective of the BA nature, the G/(Os-RP)-HRP-GPAO biosensor 
showed a broad selectivity, a good linear response with low detection limits 
(from 0.4 µM for Spd, Cad and Cyst, to 20 µM for Spm) and upper limits of 
quantification ranging from 100 µM (Hist, Cyst, Agm) to 10 mM (Spm). 
Interestingly, the G/(Os-RP)-HRP-OPAO biosensor was found much more 
selective detecting only Spm and Spd. 

Finally, the G/(Os-RP)-HRP-OPAO biosensor was used to estimate 
the polyamines content in human urine, after their hydrolysis with NaOH. 
Thus, an attempt for a simple and low-cost method for BA detection in 
biological fluids, suitable for clinical analysis was made. 
 
 
EXPERIMENTAL SECTION 

Reagents 
Amine oxidase (EC 1.4.3.22) from grass pea (Lathyrus sativus) (GPAO) 

and polyamine oxidase (EC 1.5.3.14) from oat (Avena sativa) seedlings (OPAO) 
were isolated and purified according to previously published protocols [30, 
31]. Horseradish peroxidase (EC 1.11.1.7) was purchased from Sigma 
Chem. Co. (St. Louis, MO, USA) as a lyophilized powder with an activity of 
1100 U/mg solid. As described elsewhere [32], the osmium redox polymer 
(Os-RP) was prepared by complexing poly(1-vinyl imidazole) with [Os(4,4’-
dimethylbipyridine)2Cl]2+. Poly(ethylenglycol) (400) diglycidyl ether (PEGDGE) 
from Polysciences (Warrington, PA, USA) was used for the cross-linking of 
the bienzyme mixtures, i.e. GPAO-HRP or OPAO-HRP, to Os-RP. 

Histamine dihydrochloride (Hist), tyramine hydrochloride (Tyra), 
putrescine dihydrochloride (Put), cystamine dihydrochloride (Cyst), agmatine 
sulfate (Agm), spermine phosphate salt (Spm) and spermidine phosphate 
hexahydrate (Spd) were obtained from ICN Biochemicals Inc. (Aurora, OH, 
USA). Cadaverine dihydrochloride (Cad), N-acetylspermidine dihydrochloride 
(AcSpd) and N-acetylspermine trihydrochloride (AcSpm) were purchased 
from Sigma (St. Louis, MO, USA) whereas tryptamine hydrochloride (Trypt) 
and 2-phenylethylamine hydrochloride (PEA), were received from Fluka Chemie 
(Buchs, Switzerland). Methanesulfonic acid (>99 %) (MSA) was supplied by 
Sigma-Aldrich (Poole, UK) and hydrochloric acid (32%) by Merck (Darmstadt, 
Germany). 

For flow injection (FI) measurements and chromatographic separation, 
standard solutions with concentrations ranging from 0.1 to 5000 µM were 
daily prepared by diluting the stock solutions of biogenic amines (10 mM in 
0.1 M phosphate buffer) with 0.1 M phosphate buffer or aqueous solution of 
12 mM MSA, respectively. 
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Disodium hydrogen phosphate dehydrate, potassium dihydrogen 
phosphate and sodium chloride purchased from Merck (Darmstadt, Germany) 
were utilized to prepare the 0.1 M phosphate buffer (pH 7.2), which was used 
as flow carrier in the FI setup or to neutralize the acidic effluent from the 
chromatographic column. Before usage, the buffer solution was filtered through 
a 0.45 µm filter type HA (Millipore, Molshem, France) and thoroughly degassed. 

If not otherwise indicated, all solutions were prepared in purified water 
obtained from a Milli-Q system (Millipore, Bedford, MA, USA). 

Equipment 
A single line flow-injection (FI) system, consisting of a manual injection 

valve (Valco Instruments Co. Inc., Houston, TX, USA) with an injection loop of 100 
µL, a peristaltic pump (Alitea AB, Stockholm, Sweden), a wall-jet electrochemical 
cell, a low current potentiostat (Zäta-Elektronik, Höör, Sweden) and a single 
channel chart recorder (Model BD 111, Kipp & Zonen, Delft, The Netherlands), 
was used to operate the amperometric biosensors. The “Peaksimple” software 
(SRI Instruments, Torrance, CA, USA) was employed for the data acquisition. 

The tubing connecting the peristaltic pump to the flow-through 
electrochemical cell was made of teflon (0.5 mm i.d.). The enzyme-modified 
graphite electrode was the working electrode. An Ag/AgCl, KCl0.1 M electrode 
and a Pt wire were used as reference electrode and counter electrode, 
respectively. 

The chromatographic system consisted of a gradient HPLC pump 
(Varian, Varian Inc., USA), an injector with a loop of 50 µL, a weak acid cation 
exchange analytical column (IonPac CS-17, Dionex, Sunnyvale, CA, USA; 
250 × 4 mm; particle size 7 µM), and a pre-column IonPac (GC-17 Guard 
column, Dionex, Sunnyvale, CA, USA; 50 × 4 mm; particle size 7 µM). The 
optimal gradient profile used was the following: from 0 to 30 min (8 mM MSA); 
from 32 to 34 min (16 mM MSA); from 36 to 44 min (24 mM MSA). 

The biosensors, used as electrochemical detectors, were incorporated in 
the chromatographic system by coupling the effluent of the analytical column 
to the electrochemical cell, as described elsewhere [26]. In order to neutralize the 
acidic effluent before coming in contact with the amine oxidase based-biosensor, 
a post-column T-connection was used to mix the column eluate (0.9 mL min-1) 
with a secondary flow containing phosphate buffer (0.9 mL min-1). 

Biosensor preparation 
Prior to the modification, the rods of spectroscopic graphite (Ringsdorff-

Werke GmbH, Bonn-Bad, Germany, type RW001, 3.05 mm diameter) were 
polished on a wet fine emery paper (Tufback, Durite P1200, Allar, Sterling 
Heights, MI). 
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In the case of G/(Os-RP)-HRP-GPAO electrode 5 µL of a mixture 
containing 2.5 mg/mL GPAO, 2.5 mg/mL HRP, 1 mg/mL Os-RP, and 1 mg/mL 
PEGDGE were placed on the top of a graphite electrode and left 1 day to dry 
at room temperature. 

Similarly, in the case of G/(Os-RP)-HRP-OPAO electrode 5 µL of a 
mixture containing 2 mg/mL OPAO, 2 mg/mL HRP, 0.8 mg/mL Os-RP, and 
0.8 mg/mL PEGDGE were deposited on the top of a graphite electrode and 
left 1 day to dry at room temperature. 

Real samples preparation 
The extraction of polyamines from urine was performed as previously 

described by Lipton et al. [33]: 1 mL of 10 M HCI was added to 1 mL of urine, 
pre-filtered through a 0.2 µm filter (Millipore) and then hydrolyzed with NaOH 
for 15 h at 110°C. 

The hydrolyzed urine was evaporated to dryness on a Buchler rotary 
evaporator (Buchler Instruments Div., Searle Diagnostics Inc., Fort Lee, N. J.) 
and reconstituted in 1 mL of wat er. The same hydrolysis procedure was 
carried out for 1 mL of AcSpm, AcSpd and buffer (as control experiments). 
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