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We describe a new DNA biosensor for the detection of toxigenic Penicillium sclerotigenum in pure culture
or infected yams. The P. sclerotigenum detection takes place on a self-assembled monolayer of a (magne-
tite)/(poly(allylamine hydrochloride)) (Fe3O4–PAH) composite that serves as an anchoring layer for the
DNA hybridization interaction. Electrical impedance spectroscopy (EIS) was used to evaluate and quantify
the hybridization degree. The Fe3O4–PAH composite is a good platform for the immobilization of biomol-
ecules, due to the presence of many possible binding sites for nucleotides and to its large surface-to-vol-
ume ratio and good biocompatibility. The biosensor was capable of not only qualitatively detecting the
presence of the fungus genome at low concentrations, but also shown a good quantitative impedimetric
response its electrical resistance was monitored along the time of exposure. A Fe3O4–PAH-probe biosen-
sor would require only small volumes and low concentrations of the analyte when used, for instance, in
detecting P. sclerotigenum contamination of food, besides presenting many comparative advantages, such
as selectivity, specificity and reproducibility, relative to alternative techniques.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Biosensors are analytical devices used for direct measurement
of a given substance in complex biological samples. Electrical bio-
sensors are important class of these sensors in which an electrode
is used as the transduction element. For them, the principle of
detection is based on the specific binding of the analyte to the bio-
molecule immobilized on a solid support [1], producing an electri-
cal signal proportional to the concentration of the analyte.

At present, there is a keen interest in biosensor technology due
to its large potential for applications in many fields, such as drug
research, disease diagnosis, environmental control and food tech-
nology [2–5]. Genosensors are biosensors that combine a single-
stranded DNA (ssDNA) – the DNA probe – with a transducer to de-
tect a specific genome. DNA biosensors present several advantages
such as low cost, rapid analysis, simplicity and possibility of min-
iaturization. Currently, when compared to conventional methods,
DNA biosensor is a useful tool for the diagnosis of diseases and
detection of toxigenic fungi in food [6,7].

Classical methods for detection and identification of fungi in
food are based on either cultures in different media or microscopic
and biochemical analysis. However, usually these classical meth-
ll rights reserved.

Oliveira).
ods not only have low specificity and lack reproducibility, but they
are also time-consuming and require the involvement of experi-
enced technicians [8]. Hence, there is a current trend in using
molecular techniques, such as PCR and fluorescence in situ hybrid-
ization, to detect and recognize if fungi are present. Although such
methods are fast and have good specificity, they still demand high
technological support and qualified personnel [9]. DNA array tech-
nology, another promising method for detection of fungi is still
expensive and time-consuming [10].

Among the many alternative techniques that have been used to
the development of DNA biosensors, electrical impedance spec-
troscopy (EIS) stands out. As a simple, sensitive, low cost and use-
ful method to monitor the interfacial properties of a modified
surface, this technique is very well suited for the development of
DNA biosensors [11,12]. The EIS operating principle is the analysis
of the response of the sample of interest to an electrical stimulus
selectively applied to it. The stimulus consists in submitting the
system to a continuous sinusoidal potential of small amplitude
[13–15]. The immobilization of the DNA at the electrode surface
and corresponding recognition events result in changes in the
capacitance and interfacial electron transfer resistance of the sam-
ple [16,17].

Penicillium sclerotigenum is a phytopathogenic and toxigenic
fungi responsible for high losses in the production of yams for
causing the postharvest green rot disease. Yam green rot is a com-
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mon problem in Nigeria (Tropical Africa) and Brazil (South Amer-
ica), important yam export-producing countries. In addition, this
fungus also produces the mycotoxin patulin [18,19]. Patulin (Ptn)
is a mycotoxin that represents a problem in food industry and pub-
lic health because of its mutagenic, neurotoxic and immunotoxic
properties that include genotoxic effects. About 10 biochemical
reactions associated to 15 enzymes and production of other co-
metabolites are involved in the biosynthetic pathway of Ptn [20],
where one of the key steps is the conversion of isopoxycon to phyl-
lostine catalyzed by isoepoxydon dehydrogenase (IDH). The idh
gene encodes the enzyme isoepoxydon dehydrogenase and the
presence of this gene in fungi has been correlated to patulin pro-
duction [21]. Therefore, the idh gene can be used in the screening
of the presence of this toxigenic fungus and in the development
of new devices for patulin detection.

In this paper we describe the development of an impedimetric
biosensor based on magnetite/(poly(allylamine hydrochloride)) –
hereafter Fe3O4–PAH – composite for detection of idh as a probe
of the presence of toxigenic P. sclerotigenum in yam (Fig. 1). While
use of new materials can contribute to improve the electrical re-
sponse of a given biosensor, due to their properties of biocompat-
ibility and large surface-to-volume ratio [22], magnetite (Fe3O4)
nanoparticles have been extensively used in immobilizing biomol-
ecules. The use of superparamagnetic iron oxide nanoparticle (SPI-
ON) in a biosensor has the advantage of high magnetic
susceptibility and good dispersibility (not form cluster as long as
no magnetic field is applied) [23]. SPION has also been covered
with gold (an external inert shell) in order to add new properties
(inertness, protection of the magnetic core against oxidation),
without modifying their superparamagnetic behavior [24]. Mirkin
Fig. 1. Schematic representation
group has developed a bio-bar code assay for detection of genomic
DNA based on the use of magnetic particles for molecule isolation/
purification and the oligonucleotide-functionalized gold nanopar-
ticles as recognition agents [25]. Poly(allylamine hydrochloride)
(PAH) is a cationic polyelectrolyte with many ionizable amine
groups in its structure, which is fully protonated in neutral and
acid solutions, but partially deprotonated in slightly basic solutions
[26]. To the best of our knowledge, we have shown for the first
time the development of an electrochemical biosensor for detect-
ing toxigenic P. sclerotigenum in yam.
2. Experimental

2.1. Materials

FeCl3�6H2O (Synth, Brazil), FeSO4�7H2O (Reagen, Brazil) and
NH4OH (Quimex, Brazil) were the reagents used in the preparation
of the magnetic particles. PAH was obtained from Sigma Chemical
(St. Louis, USA). All chemicals and solvents were of analytical-grade
and used as received, without further purification. High-purity
water was obtained after a Milli-Q plus (Billerica, USA) treatment.
2.2. Extraction of DNA from P. sclerotigenum and Yam with green rot

The sensor layer of the detection system was based on idh1 pri-
mer to recognize complementary target DNA of P. sclerotigenum
and yams contaminated [21]. The primer sequence of idh1 is 50-
CAATGTGTCGTACTGTGCCC-30. Pure culture of one isolate of P. scle-
rotigenum was grown in liquid medium CY and after obtaining the
of the biosensor fabrication.
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mycelium, genomic DNA was extracted using the AxyPrep Multi-
source Genomic DNA Miniprep Kit (Axygen, USA), from 0.1 g of
the mycelium of the fungus. The same kit was used to extract
genomic DNA from naturally contaminated yam with P. sclerotige-
num, from 0.2 g of yam fragments with green rot, following the
protocol established by the manufacturer. The samples were sub-
jected to maceration in liquid nitrogen until resulting in a powder,
prior to DNA extraction. The negative control sample of DNA was
Yam experiments without contamination (non-complementary).

2.3. Preparation of magnetic nanoparticles

The magnetic nanoparticles were prepared via a previously re-
ported co-precipitation method [27,28]. Equal volumes (200 mL)
of aqueous solutions of 0.1 M FeCl3�6H2O and 0.5 M FeSO4�7H2O
were prepared with deionized water and transferred to a three-
necked round-bottom flask, maintained under intense stirring in
a nitrogen atmosphere for 30 min, and then 0.45 M HCl solution di-
luted in deoxygenated water was mixed in until a pH of 1.7 was
reached. Thereafter, small quantities of a 1.5 M aqueous solution
of NH4OH were progressively added to the flask until the liquid
turned blackish and the pH increased to 8. The system was then
stirred for another 12 h, after which the resulting magnetic parti-
cles could be magnetically separated [28].

2.4. Preparation of Fe3O4–HPA matrix and biosensing system

Initially, the bare gold electrode was cleaned using piranha
solution. A sol–gel method was employed to modify the gold elec-
trode surface [29]. A small volume (3 mL) of a 2% p/v PAH solution
was mixed to 200 lL (corresponding to 20 mM) of an aqueous
solution of the Fe3O4 nanoparticles. Finally, 2 lL of this mixture
were deposited on the electrode surface and allowed to dry for
30 min.

For the oligonucleotide immobilization, 2 lL of the DNA probe
(495 nM) were added to the Fe3O4–PAH-modified gold electrode
surface. The adsorption was then allowed to occur for 10 min at
20 �C, by means of the electrostatic interaction between Fe3O4–
PAH and the DNA probe. The hybridization experiments were car-
ried out by the addition of 2 lL of different concentrations of com-
plementary genome sequence (24, 33, 49, 99 and 196 pg/lL) on the
Fe3O4–PAH-probe-modified electrode surface for 10 min at 20 �C.
Following the previous procedure, a small volume (2 lL) of differ-
ent concentrations (50, 66, 100, 200 and 400 pg/lL) of yam’s gen-
ome contaminated with P. sclerotigenum was also analyzed.

2.5. Dielectric measurements

The EIS measurements were performed with a 1260 impedance/
gain-phase analyzer (Solartron, UK) by monitoring the variation of
the real and imaginary parts of the impedance in the frequency
range of 0.1–105 Hz. The amplitude of the applied sine wave poten-
tial was 10 mV. We used a bare gold electrode (/ = 2 mm) and a
platinum wire as working and auxiliary electrodes, respectively.
All experiments were carried out using deionized water. All mea-
surements were performed in triplicate using at least three differ-
ent sensors.

2.6. Atomic force microscopy characterization

The atomic force microscopy (AFM) measurements were per-
formed with a commercial PicoPlus microscope (Molecular Imag-
ing, USA). Cantilevers with a Cr–Au tip (NSC18, MikroMasch,
F0 = 90KHz, nominal spring constant = 5.5 N m�1) were used for
the tapping mode AFM in air at room temperature (approximately
25 �C). Scan areas varying from 1.0 lm � 1.0 lm with a resolution
of 512 � 512 pixels were obtained. To reduce artifact errors, for
each sample the images were obtained from at least two macro-
scopically separated areas.

3. Results and discussion

3.1. Morphological analyses

We performed an AFM analysis to elucidate the variations of the
stepwise process influencing the surface topography and morphol-
ogy of the biosensor. The surface morphology of Fe3O4–PAH-probe-
complementary sequence system immobilized on gold surface was
studied by high-resolution in situ AFM imaging measurements. In
Fig. 2a we show homogenous film of the PAH with some aggre-
gates, while the PAH–Fe3O4 system can be seen in Fig. 2b; in this
latter image we can observe some particles that demonstrate the
presence of Fe3O4 particles. Also, it is possible observe some aggre-
gates. In Fig. 2c we show a complete covering of the PAH–Fe3O4

surface due to the hybridization of the PAH–Fe3O4-probe with P.
sclerotigenum genome. In addition, differences in the film rough-
ness were obtained. The typical heights of the different PAH,
PAH–Fe3O4 and PAH–Fe3O4-probe-complementary genome sys-
tems were 16.9 nm, 43.2 nm and 97.2 nm, respectively.

3.2. EIS analysis

EIS is a technique that allows the investigation of the interac-
tion between different molecules on a given interface through
the corresponding changes in its electrical properties, e.g., capaci-
tance and resistance. For us, it became a useful tool in obtaining
information about changes in the impedance of the modified elec-
trode during the process of fabrication of the sensor.

In Fig. S1a (see Supporting information) we show the Nyquist
plots after the progressive addition of PAH on the electrode surface
at distinct times within a 5 min to 45 min interval. We observed a
gradual increase of the resistance to the passage of electric current
(Re) on the electrode surface. The Re is dependent on the time of
exposure of the electrode to the PAH solution and, thus, this in-
crease is proportional to the amount of adsorbed material. In this
way, one can follow the corresponding kinetics adsorption by mon-
itoring variation in the blockage of the passage of current at the
electrode surface. From the data shown in Fig. S1b, one can see that
after 30 min there is already saturation of the response measured
on the gold electrode surface. Thus, 30 min was chosen as the time
limit to perform the experiments of this study.

Several concentrations (10, 15, 20, 25 and 30 mM) of the Fe3O4

nanoparticles were tested. The results of the variation of the mag-
netic particles concentration for Fe3O4–PAH system are shown in
Fig. S2a. We observed a gradual increment of Re for Fe3O4–PAH,
which is proportional to the increase of the Fe3O4 concentration
(Fig. S2a). From the data presented in Fig. S2b, it can be observed
that, after an initial Re increase between 10 mM and 20 mM, there
begins a trend to form a saturated plateau. The Fe3O4 concentration
used for all experiments was 20 mM.

The DNA probe was immobilized for different intervals of time
varying from 5 min to 20 min (Fig. S3a), when a corresponding in-
crease of the Re was observed. From the data shown in Fig. S3b (see
Supporting information) it can be observed that the saturation
behavior develops above 10 min. As a consequence, 10 min was
the time limit chosen for the immobilization of the P. sclerotigenum
probe on Fe3O4/PAH modified electrode surface.

3.3. Specificity tests

As explained before, the highest Re values were obtained for the
Fe3O4–PAH-probe-complementary sequence system, that are ex-



Fig. 2. An AFM topographic image of the electrode surface modified with PAH (a), PAH–Fe3O4 (b) and PAH–Fe3O4-probe-complementary (c). All scan areas were varied from
1.0 lm � 1.0 lm with a resolution of 512 � 512 pixels.

Fig. 3. Nyquist (a) and Bode (b) plots of the stepwise modification process: (j) Gold
electrode, (s) Fe3O4–PAH, (N) Fe3O4–PAH-probe, (�) Fe3O4–PAH-probe-non-com-
plementary, (�) Fe3O4–PAH-probe-complementary sequence.
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actly those associated to the blockage in the passage of current
caused by the progressive addition of molecules to the electrode
surface. This result is consistent with the hypothesis that the
Fe3O4–PAH-probe system can effectively detect the hybridization
process associated to the use of a complementary genome. In fact,
lower Re values were obtained for the case of Fe3O4–PAH-probe-
non-complementary systems when compared to the dielectrical
response of Fe3O4–PAH-probe-complementary ones, in a demon-
stration of the specificity of the biosensor (Fig. 3a). We consider
that, when taken together, these results have demonstrated that
our biosensor shows selectivity to specific DNA sequences.

Nyquist plots of the stepwise assembly of the sensor taken in
the 1–105 Hz a frequency range, and for a sine wave potential of
amplitude equal to 10 mV, are shown in Fig 3a. The curve obtained
for the pure gold electrode corresponds to a small semicircle,
which can be associated to a small Re and to the occurrence of a dif-
fusional process. The assembly of the Fe3O4–PAH composite atop
the gold electrode surface leads to an increase in the Re value
(6.64 � 106 X as compared to that of the pure electrode
(3.63 � 106 X). The immobilization of the DNA probe on the
Fe3O4–PAH-modified gold electrode promotes a further increase
in the Re value (8.90 � 106 X. During the hybridization tests, when
genome complementary sequence from P. sclerotigenum was used,
a new increase in the value of Re was observed. This continuous in-
crease in the Re values results from the progressive blockage of the
passage of the electric current in the electrode/solution interface.
Thus, the amount of adsorbed material on the electrode surface
contributes directly to the total impedance of the system. In fact,
a negligible contribution was observed for the dielectric response
of the Fe3O4–PAH-probe-modified gold electrode after contact with
a non-complementary DNA sequence.

In Fig 3b we can observe that while small changes can be no-
ticed in the impedance values at high frequencies, at lower fre-
quencies there is a clear distinction between the impedimetric
responses of the different analyzed systems. After the hybridiza-



Fig. 4. Equivalent circuit adopted to fit the impedance data, where Rs is the ohmic
resistance of the solution, Cdl the capacitance double layer, W the Warburg
impedance and Re the resistance to passage of electric current.

Fig. 5. Nyquist plots of solutions of genome P. sclerotigenum at different
concentrations.

Fig. 6. DRe% of Fe3O4–HPA-probe system after hybridization process with the P.
sclerotigenum genome at different concentrations.
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tion process, one can observe an increase in the impedance response
that can be explained by the reduction in the density of water mol-
ecules. When of the adsorption of the genome on the Fe3O4–PAH-
probe-modified gold electrode, an additional barrier to the displace-
ment of ions arises near of the surface and, as a consequence, notice-
able changes occur in the electrical impedance [30].

3.4. Simulated curves

Detailed information about the impedimetric spectra can be ob-
tained by analyzing the system through the use of equivalent cir-
cuits. In the present work, the Randles circuit was chosen to fit
the experimental data (Fig. 4). The Randles model consists of the
ohmic resistance of the solution (Rs), which represents the resistive
effect associated to the ion migration in the solution, the Warburg
impedance (W) resulting from the diffusional transport of electro-
ative species to an electrode surface, the resistance to the passage
of electric current (Re) and the capacitance of the double layer (Cdl).

The response curve (Fig. 3a) obtained for the equivalent circuit
exhibits excellent agreement to the experimental impedance plots.
The parameters calculated from the fitting for the stepwise forma-
tion of the sensor are presented in Table 1. As discussed before, the
successive increase in the Re values along the Fe3O4–PAH, Fe3O4–
PAH-probe and Fe3O4–PAH-probe-(complementary sequence)
tests indicates the progressive formation of insulating layers on
the gold electrode surface.

3.5. Sensitivity measurements

The sensitivity of the sensor for P. sclerotigenum was also inves-
tigated by exposing the system to distinct concentrations of com-
plementary DNA sequence (Fig. 5). The impedance spectra
indicate that the increase in the Re was directly proportional to
the concentration of complementary sequence.

The performance of the modified gold electrode for detection of
P. sclerotigenum genome was evaluated through the relative varia-
tion of this parameter (DRe), according to
Table 1
Values of the equivalent circuit elements from fitted impedance results and relative to pa

Modified electrode RS (O) (�103) Re

Bare gold electrode 0.45 3.6
Fe3O4–PAH 0.74 6.6
Fe3O4–PAH-probe 0.30 8.9
Fe3O4–PAH-probe-non-complementary 0.22 9.0
Fe3O4–PAH-probe-complementary (24 pg/lL) 0.26 9.0
Fe3O4–PAH-probe-complementary (33 pg/lL) 0.26 9.0
Fe3O4–PAH-probe-complementary (49 pg/lL) 0.37 9.4
Fe3O4–PAH-probe-complementary (99 pg/lL) 0.52 10
Fe3O4–PAH-probe-complementary (196 pg/lL) 0.52 10
Fe3O4–PAH-probe-yam contamined (50 pg/lL) 0.26 9.7
Fe3O4–PAH-probe-yam contamined (66 pg/lL) 0.38 9.9
Fe3O4–PAH-probe-yam contamined (100 pg/lL) 0.46 10
Fe3O4–PAH-probe-yam contamined (200 pg/lL) 0.37 10
Fe3O4–PAH-probe-yam contamined (400 pg/lL) 0.26 10
DReð%Þ ¼
ReðHÞ � ReðSÞ

ReðSÞ

� �
� 100
Here, Re(S) is the value of the resistance to the passage of the elec-
tric current of the system (Fe3O4–PAH-probe-modified gold elec-
trode) and Re(H) is the value of the resistance to passage of
electric current in the hybridization process of the Fe3O4–HPA-
ssage of electric current variation from impedance data.

(O) (�106) Cdl (F) (�10�12) W (O) (�10�7) DRe (%)

3 3.27 9.92 –
4 2.69 7.06 –
0 2.35 2.50 –
7 2.42 2.99 1.91
7 2.38 2.57 1.91
9 2.35 2.23 2.13
1 2.42 2.99 5.73
.73 2.49 2.48 20.56
.91 2.35 4.01 22.58
7 2.17 6.96 9.77
3 2,19 4,04 11.57

.22 2.21 4.79 14.83

.34 2.30 8.79 16.17

.40 2.14 4.38 16.85



Fig. 7. Nyquist plots of solutions obtained from yam contaminated with P.
sclerotigenum at different concentrations.

Fig. 8. DRe% of Fe3O4–HPA-probe system after hybridization process with yam
contaminated with P. sclerotigenum at different concentrations.
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probe system, after exposing the electrode to solutions containing
complementary and non-complementary genomic sequences.

The results corresponding to the use of different concentrations
on the DRe during the hybridization process between the Fe3O4–
PAH-probe system and complementary genome sequence are
shown in Fig. 6. One can observe a systematic increase in the
DRe values between 24 pg/lL and 99 pg/lL followed by a plateau,
indicating a non-linear relationship between DRe and the DNA con-
centration. These results show that the hybridization can be as-
sessed quantitatively using the Fe3O4–PAH-probe biosystem. In
addition, the high sensibility of the biosensor was demonstrated
by using small volumes (2 lL) and low concentrations (pg/lL) of
the test samples.

Thereafter, we used real samples obtained from yam contami-
nated with P. sclerotigenum. From the data shown in Fig. 7, it can
be observed an increase in Re (10.40 � 106 X after interaction be-
tween the Fe3O4–PAH-probe-modified gold electrode and the
yam’s genome contaminated. In Fig. 8 we observed a gradual in-
crease in the DRe values (ranging from 50 to 200 pg/lL). Therefore,
our data indicates that Fe3O4–PAH-probe system is capable of de-
tect the presence of P. sclerotigenum in foods.

4. Conclusions

In the present work we developed a biosensor for the detection
of the genome of fungus P. sclerotigenum based on Fe3O4–PAH-
probe systems in yam. The Fe3O4–PAH composite has a good bio-
compatibility, large surface-to-volume ratio and many binding
sites for nucleotide immobilization, therefore confirming that it
can be a good platform for the immobilization of biomolecules.
This biosensor was capable to detect the fungus genome at low
concentrations not only in a qualitative manner but also quantita-
tively, both in pure cultures of the fungus and in yam contami-
nated samples. This study is the first description of impedimetric
sensor for detection of toxigenic strains of fungus in food contam-
inated with P. sclerotigenum, as a model system. EIS was success-
fully applied for detection of DNA sequences of toxigenic fungi.
The sensor showed good specificity and sensitivity, representing
a promising tool for the development of improved quality control
of foods.
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