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Development and evaluation of a highly sensitive rapid response enzymatic
nanointerfaced biosensor for detection of putrescine
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Putrescine (1,4-diaminobutane) a biologically active diamine has been found to be a valuable analyte

for several clinical and analytical purposes. The present work deals with diamine oxidase immobilized

on iron oxide nanoparticles for quantifying the amount of putrescine produced, by the decarboxylation

of ornithine, which is converted into hydrogen peroxide by the enzyme diamine oxidase (DAO). This

reaction can be quantified using electrochemical techniques, which forms the basis of this work. Iron

oxide (Fe3O4) nanoparticles, synthesized using thermal co-precipitation, were chosen for

immobilization of DAO due to its simple preparation procedure, high surface area and cost-

effectiveness. The size of the particles was in the range of 25–35 nm and the enzyme was linked

covalently by carbodiimide activation and confirmed using FT-IR. For detecting the hydrogen

peroxide released in the reaction, a glassy carbon-working electrode coated with enzyme linked iron

oxide nanoparticles was poised at +0.4 V versus an Ag/AgCl reference electrode and a platinum wire

was used as the counter electrode. A step-wise increase in current was observed and linearity was

obtained in the range of 2–8 nM, with 0.65 nM as the minimum detection limit and the response time

was found to be 0.3 seconds. Ascorbic acid, a common interfering molecule in biological samples, did

not interfere with the measurements indicating the high degree of specificity of the diamine oxidase-

based nano-interfaced biosensor.
1. Introduction

Polyamines such as putrescine, spermidine and spermine are

biologically active amines, which are essential for many cellular

processes such as cell growth, cell proliferation and cell differ-

entiation in cells that are both malignant and normal.1 Among

them, putrescine has been implicated for the foul odour of

putrefying flesh, bad breath and bacterial vaginosis. Abnormally

high levels of putrescine have been associated with Menky’s

Kinky hair disease, a heritable copper deficiency disorder.2

Putrescine, when present at high concentrations in the

mammalian brain, has an influence in modulating depression.

Putrescine levels in plasma of the renal failure patients have been

shown to be elevated.3 Since putrescine plays a very important

role in the metabolism of various biological tissues, its detection

even at very low concentrations is critical. It was found that most

of the polyamines circulating in blood are localized in the
aCentre for Nanotechnology & Advanced Biomaterials, School of Chemical
& Biotechnology, SASTRA University, Thanjavur, 613 401, India. E-mail:
umakrishnan@sastra.edu; Fax: +91 4362 264120; Tel: +91 4362 304000
ext: 677
bCentre for Nanotechnology & Advanced Biomaterials, School of Electrical
& Electronics Engineering, SASTRAUniversity, Thanjavur, 613 401, India

5234 | Analyst, 2011, 136, 5234–5240
erythrocytes, their content in normal human blood being sper-

midine 14.1 � 3.1, and spermine 8.4 � 2.8 nmol mL�1 packed

erythrocytes. Putrescine is not present in normal human eryth-

rocytes. The polyamine level in serum is less than 0.1 nmol mL�1.

The polyamine content of the erythrocytes from patients with

malignant neoplasm was significantly elevated.4

The basic principle in the detection of putrescine is

its conversion to hydrogen peroxide by diamine oxidase.

Diamine oxidase (E.C: 1.4.3.6) also known as histaminases is

a copper-containing enzyme found in human intestinal

mucosa.5

PutrescineþH2OþO2 ����!DAO
H2O2 þ 4-AminobutanalþNH3

Conventional HPLC techniques have been employed to deter-

mine the levels of biogenic amines.6 Previously an amperometric

diamine sensor was developed for clinical applications in the

diagnosis of bacterial vaginosis based on putrescine oxidase

(crosslinked), which catalysed the conversion of diamines to

products including hydrogen peroxide. This sensor demon-

strated a linear dynamic range from 0.5–300 mM for putrescine

and a response time of 20 s.7 L. Nagy et al. developed an

amperometric biosensor for the in vitro measurement of low

concentration of putrescine in blood, which had a detection
This journal is ª The Royal Society of Chemistry 2011
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limit of 50 nM.8 Similarly another amperometric biosensor for

detection of diamine using diamine oxidase purified from

porcine kidney and a platinum working electrode was linear up

to 6 mM histamine, cadaverine, or putrescine with a lower

detection limit of 25 mM.9 A hydrogen peroxide biosensor based

on peroxidase activity of haemoglobin in a polymeric film with

linear detection range from 5 to 125 mM has been developed.10

An amino oxidase amperometric biosensor for polyamines in

which the linear calibration range is 0.5–10 mM of putrescine,

with a lower detection limit of 0.2 mM and the response time of

15 to 60 s.11 An enzyme sensor array for the determination of

biogenic amines in food samples has a lowest detection limit

of 5 mg kg�1 putrescine.12

Use of a nanointerface for sensing applications has gained

popularity due to better sensitivity, improved response time,

enhanced electron transfer rates and minimal analyte volume.13,14

In the recent years, Shen et al.15 reported the direct electro-

chemistry of haemoglobin on carbonized titania nanotubes and

its application in a sensitive reagentless hydrogen peroxide

biosensor. The developed sensor offered a low detection limit of

0.92 mM and a quick response time of 3 s. It offered a high

dynamic response range of 10�6 to 10�4 M with a heterogeneous

electron transfer rate constant (kET) 108 s�1.

Guo et al.16 reported the biointerface by cell growth on

layered graphene–artificial peroxidase–protein nanostructure

for in situ quantitative molecular detection. The developed

sensor showed a fast response time of 5 s, with a wide linear

detection range up to 100 � 10�6 M. A high sensitivity of 4.5 mA

mM�1 cm�2 and a low detection limit of 0.1 � 10�6 M (S/N ¼ 3)

was reported. The same group reported thin-walled graphitic

nanocages as a unique platform for amperometric glucose

biosensor. The linear response range, detection limit, sensitivity

and response time are found to be 0.02 to 6.2 mM, 8 mM, 13.3

mA mM�1 cm�2, <5 seconds respectively.17 Recently, Guo et al.18

reported a unique HRP/Au NPs/PANI nanofibre biofilm for the

in situ molecular detection of ischemic cells in which a fast

response of 3 seconds, high sensitivity of 117.8 mA mM�1 cm�2,

with a low detection limit of 0.3 mM and the electron transfer

rate constant of 3.52 s�1 were obtained.

Recently, iron oxide nanoparticles have been used in

biosensors for detecting biogenic compounds. Iron oxide

nanoparticles–chitosan composite based glucose biosensor

was developed with a linear detection range of 10–400 mg

dL�1.19 Iron oxide nanoparticles–multiwalled carbon nanotubes

matrix was used to immobilize acetylcholine esterase on gold

electrodes for detection of organophosphorus pesticides.20 The

aim of the present study is to design an amperometric biosensor

for estimating the levels of putrescine in nanomolar concen-

trations. The introduction of the nano-interface in the present

work is expected to improve the detection levels of putrescine in

nanomolar ranges and exhibit fast response time below

5 seconds.
Immobilization% ¼ Total amount of e

Total amou

This journal is ª The Royal Society of Chemistry 2011
2. Materials and methods

2.1. Materials

Diamine oxidase from porcine kidney, diethyl carbodiimide and

iron(II) chloride were purchased fromM/s Sigma Aldrich Co, Ltd

(India). Sodium dihydrogen phosphate, sodium potassium

tartrate, disodium hydrogen phosphate, Folin–Ciocalteu’s

phenol reagent, iron(III) chloride and ascorbic acid were

purchased from Merck (India). All chemicals were used as such

without further purification and solutions were prepared using

deionized water.

2.2. Synthesis of iron oxide nanoparticles

Iron oxide nanoparticles were synthesized by a thermal co-

precipitation method. The thermal co-precipitation using ferric

and ferrous chlorides was carried out according to the method

reported by Kouassi et al.21 Briefly, 0.25 M iron(II) chloride

and iron(III) chloride were dissolved in double distilled water at

a ratio of 1 : 2 and chemically precipitated at room temperature

(25 �C) by adding ammonium hydroxide solution (30% v/v) at

pH 10–10.4. The solution was heated at 80 �C for 35 minutes

under continuous stirring. Impurities were removed from the

iron oxide nanoparticles by centrifuging several times at

2800 rpm in water followed by ethanol. The iron oxide nano-

particles in the slurry form were then dried at 70 �C in a vacuum

oven.

2.3. Linking of DAO to iron oxide nanoparticles

DAO was covalently linked to the iron oxide nanoparticles

according to the method reported by Kouassi et al.21 50–70 mg of

iron oxide nanoparticles were added to 1 mL of phosphate buffer

saline solution (0.1 M, pH 7.2). After adding 0.5 mL of N-(3-

dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride

solution (0.02 g mL�1 in phosphate buffer), the mixture was

sonicated for 15 minutes for the carbodiimide activation,

following which 10 mL of DAO (10 mg mL�1) was added and

further sonicated at 4 �C for 30 minutes. The mixture was

centrifuged at 3000 rpm and the precipitate containing free and

Fe3O4 bound DAO was washed with 0.1 M phosphate buffer

(pH 7.2) followed by 0.1 M Tris–HCl buffer (pH 8.0) and with

0.1 M NaCl to enhance the separation of the iron oxide

nanoparticles.

2.4. Determination of immobilization efficiency

The immobilization efficiency of the DAO enzyme onto the iron

oxide nanoparticles was determined by the amount of free

enzyme content in the supernatant which was estimated using

Folin–Ciocalteu’s phenol reagent by spectrophotometry at

660 nm. The following relation was used to calculate the

percentage immobilization of the enzyme
nzyme added� free enzyme

nt of enzyme added
� 100

Analyst, 2011, 136, 5234–5240 | 5235

http://dx.doi.org/10.1039/c1an15637c


Fig. 1 (A) Scanning electron micrograph of iron oxide nanoparticles;

(B) transmission electron micrograph image of the iron oxide nano-

particles. Inset shows the d-spacing; (C) powder X-ray diffraction pattern

of iron oxide nanoparticles.

Fig. 2 (A) FT-IR spectra (4000–400 cm�1) of iron oxide nanoparticles

(a) and DAO immobilized iron oxide nanoparticles (b). (B) FT-IR

spectra between 2000 and 2500 cm�1 of iron oxide nanoparticles (a) and

DAO immobilized iron oxide nanoparticles (b). (C) Reaction mechanism

showing the formation of the amide bond.
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2.5. DAO tagged iron oxide nanoparticles coating onto the

glassy carbon electrode

Glassy carbon (GC) electrode was subjected to cleaning by

ultrasonication in acetone solution followed by de-ionized water

for about 10 minutes in each medium. The enzyme tagged iron

oxide nanoparticles were evenly coated with the help of a thin
5236 | Analyst, 2011, 136, 5234–5240
layer of carbon paste, which was spread on the GC electrode tip.

The carbon paste acts as an embedding interface between the

glassy carbon and the DAO tagged iron oxide nanoparticles.13

Finally 5 mL of Nafion solution was added and air dried. Nafion

acts as a protective coating for the enzyme tagged iron oxide

nanoparticles. The modified electrode was then air dried for

2 hours and the electrode is referred to as DAO/nano-Fe3O4/GC.
2.6. Characterization techniques

2.6.1. Iron oxide characterization. The morphology of the

iron oxide nanoparticles was studied using a cold field emission

scanning electron microscope (FE-SEM) (JSM 6701F, JEOL,

Japan) while the crystalline nature of the iron oxide nano-

particles was characterized by X-ray diffraction (XRD) (D8

Focus, Bruker, Germany) which was performed from an angle

10� to 60�. A field emission transmission electron microscope

(FE-TEM) (JSM 2100, JEOL, Japan) was also used for the

morphological and determination of d-spacing. The iron oxide
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Control voltammograms: (A) cyclic voltammograms at a scan rate of 0.1 V s�1 vs. Ag/AgCl in phosphate buffer of pH 7.2 in the absence of

putrescine for (a) DAO/GC and (b) DAO/nano-Fe3O4/GC electrodes; (B) in the presence of putrescine for (a) DAO/GC and (b) DAO/nano-Fe3O4/GC

electrodes.
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nanoparticles and the enzyme tagged iron oxide nanoparticles

were analysed using Fourier transform infrared spectroscopy

(FT-IR) (Spectrum 100, Perkin Elmer, USA). The spectrum was

recorded at a resolution of 4 cm�1 averaging 15 scans between

4000 and 400 cm�1. The immobilization efficiency of the enzyme

DAO was estimated by UV-visible spectrophotometry (Lambda

25, Perkin Elmer, USA) at 660 nm, using Lowry’s method.
Fig. 4 (A) Cyclic voltammograms at a scan rate of 0.1 V s�1 vs. Ag/AgCl in p

carbon electrode, (b) GC electrode coated with iron oxide, (c) GC electrode

tammograms for DAO/nano-Fe3O4/GC at various scan rates (0.01 V s�1 to 0.1

for DAO/nano-Fe3O4/GC at various concentrations of putrescine (0.95 nM

between concentration of putrescine and the corresponding current.

This journal is ª The Royal Society of Chemistry 2011
2.6.2. Electrochemical analysis. Electrochemical analysis was

carried out with an electrochemical analyzer (CHI600C, CH

Instruments, USA) with DAO/nano-Fe3O4/GC as a working

electrode, Ag/AgCl as a reference electrode and platinum wire as

a counter electrode. Cyclic voltammograms (CVs) were recorded

at a scan rate of 0.1 V s�1 in pH 7.2 phosphate buffer with DAO/

nano-Fe3O4/GC at 25 �C. Owing to the low potential range and
hosphate buffer of pH 7.2 to show the effect of putrescine. (a) Bare glassy

coated and modified with iron oxide and DAO enzyme. (B) Cyclic vol-

V s�1) in the presence of 0.95 nM putrescine. (C) Cyclic voltammograms

to 4.75 nM) at a scan rate of 0.1 V s�1. Inset shows the calibration plot

Analyst, 2011, 136, 5234–5240 | 5237
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Fig. 5 Amperometric i–t curve for a DAO/nano-Fe3O4/GC electrode.

(A) Amperometric i–t curve showing stepwise increase in the current and

(B) calibration plot for the linear range of concentrations of putrescine.
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good electrochemical inertness, the glassy carbon electrode was

chosen for amperometric studies. The amperometric i–t curve

was recorded for successive additions of putrescine to 5 mL of 0.1

M phosphate buffer (pH 7.2) at an applied potential of +0.4 V.

3. Results and discussion

3.1. Characterization of iron oxide nanoparticles

The surface morphology of the synthesized iron oxide nano-

particles observed with a field emission scanning electron

microscope is shown in Fig. 1(A). Uniform spherical

morphology of the nanoparticles was observed with a size

ranging from 25–35 nm. The transmission electron micrographs

reveal the d-spacing as 0.2 nm which is shown in Fig. 1(B). The

powder X-ray diffraction pattern of the iron oxide nanoparticles

is shown in Fig. 1(C). The pattern indicates the polycrystalline

nature of the particles. The characteristic peaks at 30.17�, 36�

and 57.23� in the 2q scale confirm the formation of Fe3O4. The

peak positions are well in agreement with JCPDS (65-3107) and

are indexed to (311), (400) and (511). The low intense broad

peaks indicate the nanosize of the particles.

FT-IR spectroscopy. The FT-IR spectra of iron oxide nano-

particles and DAO immobilized iron oxide nanoparticles is

shown in Fig. 2(A&B). Both the iron oxide and the enzyme

tagged iron oxide exhibit the vibration band of Fe–O bond at 591

cm�1. This shows the presence of iron oxide. DAO tagged iron

oxide exhibits unique bands at 2390 cm�1 and 1723 cm�1 corre-

sponding to –C–N– stretch and –C]O stretch which are absent

in the pristine iron oxide spectrum. This confirms the presence of

the enzyme in the modified iron oxide sample. The covalent

linking is likely due to the formation of an amide bond (Fig. 2

(C)) resulting from the reaction between a carboxyl group on the

enzyme and an amine group on the nanoparticle surface

(specifically, the C–O to C–N conversion).22

Determination of immobilization efficiency using a UV-visible

spectrophotometer. The immobilization efficiency is confirmed

using the Folin–Ciocalteu reagent at a lmax of 660 nm. The

experiments were carried out in triplicate and the immobilization

efficiency of DAO was found to be 86–89%. The absorption

maxima of the enzyme do not shift after sonication as in the case

of free enzyme thus confirming that the immobilized enzyme does

not denaturate.

3.2. Electrochemical studies with DAO/nano-Fe3O4/GC

electrode

Control experiments were carried out using DAO/GC and DAO/

nano-Fe3O4/GC electrodes, and the cyclic voltammograms in the

absence and presence of putrescine analyte are shown in Fig. 3

(A) and (B). A slight increase in current is observed even in the

presence of iron oxide alone. This may be attributed to the

formation of Fe2O3 when it reacts with oxygen as Fe3O4 is

susceptible to oxidation.23 The cyclic voltammograms obtained

at a scan rate of 0.1 V/s vs. Ag/AgCl are shown in Fig. 4(A). The

voltammetry was carried out using phosphate buffer saline

solution at pH 7.2. When comparing the overlayed plots, it can

be seen that the bare glassy carbon electrode did not have any
5238 | Analyst, 2011, 136, 5234–5240
characteristic peak when 0.95 nM putrescine was added, while

iron oxide modified electrode showed an increase in current on

addition of same concentration of putrescine. However, it was

observed that the voltammogram of diamine oxidase/iron oxide

modified electrode had the highest current due to the catalytic

reaction that occurs on the addition of putrescine, which is

converted into hydrogen peroxide.

H2NðCH2Þ4NH2þO2þH2O ��!DAO H2NðCH2Þ3CHOþNH3þH2O2

H2O2 �����������!GC

þ0:4 V vs: Ag=AgCl
2Hþ þO2 þ 2e�

The effect of scan rate on the cyclic voltammogram for a DAO/

nano-Fe3O4/GC electrode system is illustrated in Fig. 4(B), with

different scan rates 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,

0.09 and 0.1 V s�1. The peak current increases linearly as the scan

rate increases due to a progressive decrease in the diffusion layer

near the electrode thereby causing an increase in the electron

transfer rate and hence in the current. However, a marked shift in

the peak is also observed with increasing scan rate, which indi-

cates that the electron transfer is slower than the voltage scan

rate which is a characteristic of the quasi-reversible or irreversible

electrode reactions.24 The CV curves show relatively oblique

shape instead of the flat shapes, which may be due to the poor

contact between the electrode materials and electrode surface

and/or the poor conductivity of electrode materials.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Response time illustration in amperometric i–t curve of a DAO/

nano-Fe3O4/GC electrode.
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The effect of increasing concentration of putrescine in the

cyclic voltammogram for DAO/nano-Fe3O4/GC is illustrated in

Fig. 4(C) showing a progressive increase in the current due to the

production of hydrogen peroxide by the action of diamine

oxidase on the putrescine in the analyte solution. The inset in the

figure shows the linear relation between the putrescine concen-

tration and the current.

Fig. 5 illustrates the amperometric pattern for increasing

concentration of putrescine. The current measured for successive

addition of 0.95 nM putrescine showed a step-wise increasing

pattern in the current. The sharp increase in current is due to the

enhanced electron transfer rate triggered by the nanointerface

introduced in the glassy carbon electrode (Fig. 5(A)). The cali-

bration plot is shown in Fig. 5(B).

As the concentration is increased by the addition of putrescine

there was a steep increase in the current and consecutive addi-

tions lead to steep increasing steps with a response time of 0.3

seconds (Fig. 6). The iron oxide nanoparticles facilitate faster

electron transfer from enzyme to the electrode and are respon-

sible for very short response time. Similar short response time

was reported by Fumio Mizutani et al. for monolayer enzyme

modified glassy carbon electrodes.25

The specificity of the designed biosensor was monitored by the

addition of ascorbic acid, since it is a well-known interfering

agent in peroxide measurements as it oxidises at the same

potential as H2O2. The current profile shown in Fig. 7, confirms

that the diamine oxidase-based biosensor did not show any

response on addition of ascorbic acid indicating high degree of

specificity.
Fig. 7 Effect of the interfering agent ascorbic acid in the amperometric

i–t curve.

This journal is ª The Royal Society of Chemistry 2011
Thus, the overall sensing may be attributed to the presence of

nanoparticles on the electrode surface which enhance the elec-

tron transfer rate thereby facilitating the oxidation of H2O2 at

a lower voltage of +0.4 V instead of +1.2 V reported for

unmodified glassy carbon electrodes.26

To check the stability of the developed sensor, continuous

cyclic voltammetric measurements were carried out for 50 cycles.

The peak current decreases by 4% after 10 cycles. The storage of

the modified DAO/Fe3O4 NPs/GCE electrode was checked by

immersing it in a phosphate buffer solution of pH 7.4 over

a period of 2 weeks. The results demonstrate that the modified

electrode exhibited a long storage time of 6 days after which the

current reduced by 35% after the 7th day.
4. Conclusions

Iron oxide nanoparticles were synthesized and characterized

using FE-SEM, FE-TEM, XRD, FT-IR and were modified with

diamine oxidase enzyme. Characterization of the enzyme tagged

iron oxide nanoparticles was carried out using FT-IR, which

showed the presence of free and immobilized iron oxide. The

electrochemical studies performed using a DAO/nano-Fe3O4/GC

electrode showed a quasi-reversible pattern at the electrode. The

DAO/nano-Fe3O4/GC electrode exhibited a linear response

between 2 and 8 nM, with 0.65 nM as the minimal detection limit.

The system possesses high selectivity and the response time was

found to be 0.3 seconds and has the ability to detect very minimal

concentration of the putrescine at a rapid time interval. The

ultrafast detection of low amounts of putrescine can be used for

clinical and analytical purposes.
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