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Abstract. The enzyme polyamine oxidase from maize has been purified and covalently immobilized onto polymeric supports to
assemble a polyamine electrochemical biosensor. The enzyme has been used in conjunction with either an O2 or a H2O2 electrode. The analytical behaviour of this enzyme electrode has been studied with respect to sensitivity, selectivity, optimum pH and
buffer, response time and lifetime. Recovery studies performed on urine samples demonstrated that the pol yamine biosensor developed can be successfully used to measure polyamines in biological fluids.

Introduction

during the synthesis of nucleic acids and proteins; high levels of polyamines in biological fluids have been also
observed in case of cancer development [2]. For this reason,
polyamines have been proposed as tumour marker [2,3]; the
increase of polyamines in blood levels is well correlated
with the amount in urine and this biological fluid has been
suggested for cancer therapy monitoring [4,5].

Putrescine (put), spermidine (spd) and spermine (spm)
belong to a class of compounds known as polyamines.
Polyamines are low molecular weight molecules present in
bacteria, plant and tissues and playing an important role in
growth processes [1]. In fact, polyamines content increases

Received F ebruary 20, 1998; r evised May 08, 1998; accepted May 27, 1998.

219
Article available at http://analusis.edpsciences.org or http://dx.doi.org/10.1051/analusis:1998138

Original articles
Polyamine analysis is currently carried out using electrophoretic and chromatographic techniques [2,6-9]. The
determination of polyamines via enzymatic analysis using
the enzymes polyamine oxidase (PAO) and diamine oxidase
(DAO) has been a goal to achieve in recent years.
Electrochemical enzyme probes based on oxygen electrodes
and the enzyme DAO have been realized [10,11]. The use
of the enzyme polyamine oxidase (PAO) immobilised in
reactors [12-14] or cross-linked with glutaraldehyde onto
electrochemical probes [15] has been attempted and reported
in the literature.

Enzyme immobilisation procedure
Two different membranes were used for the immobilisation
of polyamine oxidase:
a) ImmobilonTM affinity membrane (hydrophilic
polyvinylidene difluoride) chemically derivatized to allow
covalent protein immobilisation through the ε - amino
groups of lysines;
b) nylon net used only as physical support with glutaraldehyde as cross - linking agent.
10 µL of a solution containing 80 U/mL PAO were pipetted onto a 1 cm2 Immobilon membrane. The membrane was
let to dry for 1 hour then washed with KCl 1 mol/L and
stored at 4 °C in citrate buffer 0.1 mol/L pH 5.5 + 0.1%
kathon (w/v). Kathon was used as antibacterial agent.

However, these probes showed low sensitivity for spermidine (spd) and spermine (spm). Our work consisted in the
construction and assembling of a highly specific and sensitive amperometric biosensor for spermidine and spermine
using the enzyme PAO purified from maize. This enzyme
was covalently linked onto a commercially available
Immobilon affinity membrane and the detection has been
carried out using either H2O2 or O 2 sensors. Analytical parameters such as enzyme immobilisation, optimum pH and
buffer have been optimised and interferences minimised. A
recovery study has been carried out in urine; the O2 based
probe appears more suitable to the measurement of
polyamines in biological fluids because of its interferencefree performance.

The immobilisation of the enzyme on the nylon net was
carried out as follows: 20 µl of a solution containing 16 µL
of PAO (1.28 U) and 4 µL of glutaraldehyde 0.25% in
0.1 mol/L phosphate buffer pH 7.0, were pipetted onto the
net and let to dry for 1 hour. The enzymatic membrane was
then washed with 0.1 mol/L glycine pH 8.0 to remove the
excess of unreacted glutaraldehyde and stored at 4 °C in
citrate buffer 0.1 mol/L pH 5.5 + 0.1% kathon.
Probe assembling

Experimental

The H 2O2 biosensor was assembled by placing onto the platinum electrode the membranes in the following order: the
cellulose acetate membrane to protect the electrode from
electrochemical interferences, the enzyme membrane and the
polycarbonate externally to protect the enzyme from large
molecules and bacterial attacks. The membranes were then
secured with an O - ring. 0.1 mol/L KCl was used as supporting electrolyte and the working electrode was polarised
at +650 mV vs. Ag/AgCl.

Apparatus
The hydrogen peroxide probe was from Universal Sensors
Inc. Metairie, LA, USA; the oxygen probe was from
Instrumentation Laboratory S.p.a., Milano, Italy. The current
signal was recorded with an Amperometric Biosensor
Detector (ABD) from Universal Sensors Inc. connected with
a Linseis Selb L6512 x-t recorder. Temperature was kept
constant with a Haake (Berlin, Germany) thermostat connected to a double wall beaker.

The O 2 sensor was assembled as already described replacing the cellulose acetate membrane with a Teflon gas-permeable membrane. The working electrode was polarised at
−700 mV vs. Ag/AgCl.

Materials
Polyamine oxidase (PAO; EC 1.4.3.4), specific activity
32 U/mg, was obtained from maize seeds grown for 8 - 10
days on vermiculite in a dark room at 25 °C . The enzyme
was purified following the procedure of Suzuki and
Hirasawa [16,17]. The enzymatic activity was determined at
37 °C in 0.1 mol/L phosphate buffer pH 7.0 as reported by
Padiglia et al. [18]. Spermidine, spermine, putrescine and all
other reagents were from Sigma Chemical Co., St Louis,
MO, USA. Kathon CG  was from Sinerga s.r.l., Pero, Milan,
Italy.

Results and discussion
The reaction catalysed by the enzyme polyamine oxidase
(PAO) from maize seeds is the following [20]:
1) NH2(CH2)3NH(CH2)4NH2 (spd) + O2 + H2O
> NH2(CH 2)3CHO + Dap + H2O 2

The cellulose acetate membrane (nominal molecular
weight cut-off 100 Da) was prepared in our laboratory as
reported in the literature [19]. The teflon gas-permeable
membrane was from AMEL, Milan, Italy and the polycarbonate membrane (0.2 µm porosity) was from Nuclepore,
Pleasanton, CA, USA.

2) NH2(CH2)3NH(CH2)4 NH(CH 2)3NH2 (spm) + O2 + H2O
> NH2(CH2)3NH(CH2)3CHO + Dap + H2O2
Dap = diaminopropane.

An ImmobilonTM Affinity membrane from Millipore Co.,
Bedford, MA, USA and a nylon net (60 mesh/cm2, 100 µm
thickness), obtained from a local shop, were used as support
for the enzymatic mixture.

An enzyme electrode can thus be realised by monitoring
the O 2 consumed or the H2O2 produced during the enzymatic
reactions.
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H2O2 probe
The calibration curves for spermine and spermidine and for
an equimolar solution of the two are reported in figure 1.
These calibration curves have been attained using the two
immobilisation procedures described in the Experimental
section. Both the procedures gave good results and it was
evident that the response was very similar for the two
amines. This was confirmed by the response of the equimolar mixture of spermidine and spermine.
The biosensor response was linear in a wide range of concentration (1 × 10−6 − 7 × 10−4 mol/L). Even though both
the immobilisation procedures led to the same results the
procedure based on the Immobilon membrane was selected
because it was easier, needed lower amount of enzyme and
resulted in a longer enzyme life-time (100% of the response
after 3 month storage in working buffer + kathon 0.1%).
The effect of pH and buffer on the response of the PAO
biosensor was studied in the 4.2 − 9.3 range using phthalate
buffer (4.2 − 5.2), citrate buffer (5.2 − 5.9), phosphate buffer
(5.6 − 7.4), and borax buffer (8.0 − 9.3). The concentration
of all the buffers used was 0.1 mol/L.
As shown in figure 2 the probe was able to perform the
analysis of both the polyamines over a wide range of pH.
No significative change in sensitivity was observed with all
the buffer tested in the 5.2 − 8.0 pH range. Since it is advisable to use as a calibrator for the polyamine analysis an
equimolar mixture of spermine and spermidine, citrate
buffer, which gave the most similar response for both the
amines (at pH 5.5) was selected for further experiments.
The response time of the probe was about two minutes.
This time was calculated as the time necessary to reach 95%
of the current steady state after injection of the standard into
a solution consisting of citrate buffer pH 5.5. The concentration of the amine injected was 1 × 10−4 mol/L.

Fig. 1. Calibration curves for: spm (n), spd (l) e spm + spd (∆)
using PAO immobilised with Immobilon AV (A) and BSA-glutaraldehyde (B).

The probe was stored at 4 °C in a 0.1 mol/L citrate buffer
solution pH 5.5 + kathon 0.1% when not in use. After 45
days of continuous use (standard and urine samples) the
probe maintained 100% of its initial activity.
The probe response to some substrates (amines and
aminoacids) at a concentration 1 × 10−4 mol/L was evaluated
to assess specificity of the immobilised enzyme.
Immobilised PAO was highly selective for spermidine and
spermine, giving no response for tryptamine, histamine,
putrescine, cadaverine, ornithine, glutamine, arginine, lysine,
tryptophan, tyrosine. Only tyramine gave a response of 9%
compared with spermine. The relative standard deviation
was 1.3% for a series of 5 measurements performed using a
concentration of 5 × 10−6 mol/L and 4.3 % using a concentration of 1 × 10−4 mol/L. The H2O2 probe was then tested
in a solution containing diluted urine (from 1:10 to 1:100 in
working buffer). The matrix resulted to contain high concentration of electrochemical interferants which pass through
the cellulose membrane giving a drift in the background current. This fact led us to abandon the H2O2 probe and our
efforts concentrated in the use of the O2 probe.
O2 probe

Fig. 2. pH profile of the PAO biosensor in the 4.2 − 9.3 range for
spm (bold) and spd (empty). pH = 4.2 − 5.2 phtalate buffer (▼, ∇);
5.2 − 5.9 citrate buffer (l, ¦); 5.6 − 7.4 phosphate buffer (n, q);
8.0 − 9.3 borax buffer (▲, ∆).

Being the O2 probe response subject to oxygen fluctuations
and temperature variation, samples and standards were aerated before measurements and all the measurements were
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carried out in a double wall beaker thermostated at 25 °C.
Figure 3 shows a calibration curve of a mixture of spermidine and spermine measured in the 5 × 10−6 − 2 × 10−4 mol/L
range. This narrower linearity range was expected because
of the lower sensitivity of the O2 electrode versus the H2O2
electrode (5 × 10−6 − 1 × 10−4 mol/L for O2, 1 × 10−7 − 1 ×
10−3 mol/L for H2O2). The relative standard deviation was
3% for a series of 10 measurements performed using a concentration of 2.5 × 10−5 mol/L and 2% using a concentration of 1 × 10−4 mol/L.
To assess the influence of the matrix onto the response of
the developed PAO biosensor a recovery study was carried
out. Standard solutions of a spm-spd mixture were added in
a pool of urine samples diluted 1:10 to 1:50 in the working
buffer. Results are reported in table I. A 100% recovery of
the signal was obtained using a 1:50 dilution of the urine
sample that would then be the recommended dilution for the
analysis of polyamines with this probe. Recovery for more
concentrated samples (1:10 and 1:20) was not satisfactory
indicating a decrease in the working solution oxygen content caused by the sample.

Fig. 3. Calibration curve for the O2 based probe.

Inhibition study
Free and acetylated polyamines content in urine has been
shown to increase in the presence of some forms of cancer
[13,5,2]. For this reason, all the current methods for the
determination of polyamines include an acid hydrolysis pretreatment of the sample in order to have all the polyamines
in the free form [21,22]. The effect of acetylspermine and
acetylspermidine on the biosensor response was studied.
Both the compounds resulted to decrease the response to
spermine and spermidine. This effect is clear from the calibration curves for spermidine shown in figure 4. The presence of acetylspermine in solution at concentrations of
10−5 − 5 × 10−5 mol/L clearly influenced the sensitivity of
the PAO biosensor. This inhibition effect can be explained
by the analogy of the structure of the acetylated and free
polyamines that compete for the site of the enzyme; this is
confirmed by the restored initial activity for subsequent calibrations run without acetylspermine in solution. The inhibition by the acetylated forms was found to be a characteristic of the immobilised PAO enzyme. Using a diamine
oxidase (DAO) biosensor previously developed in our laboratory [23], a current signal and the formation of a steadystate was observed for injections of acetylspermine in solution. This signal was about 30% of that measured for
spermine; moreover, no inhibition of the spermine response
was recorded.

Fig. 4. Calibration curves for spm without acetylspermine (l) and
with: 5 × 10−6 mol/L (n), 1 × 10−5 mol/L (∆), 2 × 10−5 mol/L (▼)
and 5 × 10−5 mol/L acetylspermine (u) in solution.

We can then conclude that in order to perform an accurate polyamine analysis with the PAO biosensor in urine
samples it will be necessary an acid hydrolysis step as in
the previously reported procedures.

Table I. Recovery study carried aut at different dilutions of a sample of urine.
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