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Electrochemical, microgravimetric and AFM studies of polythionine films
Application as new support for the immobilisation of nucleotides
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bstract

The experimental conditions for the thionine potentiodynamic electropolymerisation in acidic media are optimised in order to achieve polythionine
PTN) modified electrodes with high stability and reproducible redox behaviour in acidic and biological compatible media. The data obtained
y cyclic voltammetry and electrochemical quartz crystal microbalance (EQCM) show that under the selected conditions, polythionine films
rowth, presents a non-linear relation between mass and electroactivity which suggests structural changes during electropolymerisation, that are
orroborated by atomic force microscopy (AFM). The pH effect in the redox switching of PTN films is studied in solutions with pH from 1.3 to
2 where two processes with different dependence on protons occurs in the interval from 5.5 to 9, indicating a complex behaviour. PTN redox
onversion in acidic media is film thickness sensitive and a non-permselective behaviour is found in acidic and neutral media, being the mass

hange dependent on the electrolyte nature. The presence of free amino functions in the polymer structure enable the nucleotide immobilisation by
dsorption and covalent attachment, which was simultaneously monitored by EQCM and open circuit potential. The nucleotidic phosphate groups
eactivity is enhanced by adding coupling agents leading to an higher amount of mass immobilisation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conducting polymers have been widely studied due to their
otential applicability in fields like catalysis, electronic devices
nd sensor and biosensors design [1]. Their ability to enhance
lectron transfer along with good sensitivity and versatility has
ttracted much interest in the use of conducting polymer films,
amely polypyrrole, polythiophene and polyaniline, as suitable
atrices for biomolecules immobilisation [2,3]. For this pur-

ose, the presence of free functional groups, appropriate for the
nteraction with biomolecules, provide further advantage.

Functionalised polymer films can be prepared by direct
lectropolymerisation of functionalised monomers [3,4] or by
hemical post-functionalisation of the deposited polymer [5,6];

roviding the free functional group is kept after the polymer elec-
rosynthesis, the first route is a promising approach to enable a
lm formation with specific interaction sites [7–9].

∗ Corresponding author. Tel.: +351 21 7500890; fax: +351 21 750 00 88.
E-mail address: luisa.abrantes@fc.ul.pt (L.M. Abrantes).
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It is known that the use of polymer films able to mediate
catalytic response, is advantageous over the use of media-

ors in solution. The electropolymerisation of redox mediators
as been used to introduce highly efficient redox centers into
olymeric system such as polyviologens [10] and phenazine,
henoxazine and phenothiazine derivatives [11–13]. Among
he phenothiazine monomers, thionine is a promising mate-
ial since it contains two amino groups in the � positions
nd can be electrochemically polymerised by potentiodynamic
ethods, from acidic [14–19] to neutral [20,21] and slightly

lkaline media [12,22,23] and onto different substrates as gold
12,14,15,23,24], platinum [17,18] and carbon [19–21]. Poly-
hionine modified electrodes have been used for the development
f catalytic biosensors with enzyme immobilisation by cross-
inking [20] or using a Nafion membrane [21]. An electropoly-

erisation mechanism similar to polyaniline has been proposed
n the literature [12,13,22], due to the presence of primary amine

lectron-donating groups and at least one non-substituted ortho
r para position in the aromatic ring. In this case, it occurs
he formation of a stable single charged cation-radical, upon

onomer irreversible oxidation at fairly positive potential, just
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following cycles, a small increase in the oxidation current at
1.150 V is observed; the monotonic increment in the reduc-
tion and oxidation peaks current, at approximately 0.185 and
0.220 V, respectively, indicates the growth of electroactive PTN.
V. Ferreira et al. / Sensors and

efore oxygen evolution [12,22]. Although polythionine (PTN)
tructure is not completely known, spectroscopy studies point to
econdary amino bridges between two monomer units and free
mino functions in the polymer structure [12,14,22].

PTN characterisation has included electrochemical tech-
iques (cyclic voltammetry and chronoamperometry), electro-
hemical quartz crystal microbalance (EQCM), ellipsometry,
nd spectroscopy (UV–vis and infrared), in different aqueous
edia from acidic to slightly alkaline revealing electroactive and

table responses. The electrochemical behaviour of PTN films
s pH dependent [20,21] and the redox switching influenced by
he nature and concentration of the electrolyte not verifying the
ermselective model, as shown by the EQCM studies, reported
y Hillman and co-workers [15,16,24,25].

In this work, the results of a detailed investigation on the
ffect of the electropolymerisation parameters upon the forma-
ion of PTN polymer films, electroactive and stable both in acidic
nd biological media, are analysed aiming to select the opti-
al conditions for the preparation of a base for biomolecules

mmobilisation. The morphology and redox behaviour of the
o-obtained polythionine modified electrodes, displaying free
mino functions, is presented; the films are used as matrix for
ucleotide immobilisation achieved by specific interaction or
ovalent attachment.

. Experimental

Electrochemical experiments were performed with an IMT
lectrochemical Interface and a DEA332 Digital Electrochem-

cal Analyser connected to a computer for data acquisition
VoltaMaster2 software). A three-compartment cell, with a poly-
rystalline Pt disk working electrode (0.181 cm2 geometrical
rea), a Pt foil counter-electrode and a saturated calomel refer-
nce electrode (SCE), was used.

The electrochemical quartz crystal microbalance (EQCM)
xperiments were performed with a frequency analyser (CH
nstruments model 420), in a single compartment cell. The work-
ng electrode was an 8 MHz AT-cut quartz crystal coated with
000 Å Pt (0.2 cm2 geometrical area), a Pt wire as counter elec-
rode and a SCE.

The morphological characterisation of polythionine films
PTN) was performed by atomic force microscopy (AFM) ex
itu, tapping mode, at an atomic force microscope (Nanoscope
IIa Multimode—Digital Instruments).

PTN were potentiodynamically grown on a Pt working elec-
rode by cycling the potential at a scan rate, ν = 20 mV s−1

etween 0 and 1.15 V versus SCE in a 0.05 mol dm−3 H2SO4
Fluka, p.a.) solution containing 50 �mol dm−3 of thionine
cetate (Fluka). Prior to all measurements the solutions were
eaerated with N2 for 15 min.

The polymer layers were washed with monomer free solu-
ion, H2SO4 0.05 mol dm−3 and characterised electrochemically
by cycling the potential at 20 mV s−1) in a wide range of pH

alues: H2SO4 0.05 mol dm−3 (pH 1.3), 0.1 mol dm−3 sodium
hosphate solutions (di-sodium hydrogen phosphate and sodium
ihydrogen phosphate, Merck, p.a.) with pH from 5.5 to 12
nd 0.05 mol dm−3 MES (pH 6.6) (2-morpholinoethanesulfonic

F
t
ν

ators B 119 (2006) 632–641 633

cid, Duchefa-Biochemie, >99%). The polythionine films will
e referred as PTN n/ν, where n represents the number of
otential cycles and ν is the sweep rate used in the electropoly-
erisation.
The immobilisation of biomolecules, deoxyguanosine-

riphosphate (dGTP) or 20-mer deosyguanosine oligonu-
leotide, 5′-phosphate modified (dG20-P) (Invitrogen Tech-
ologies), was carried out by adsorption (procedure A) or
ovalent attachment plus adsorption (procedure B) and fol-
owed by the EQCM frequency changes. The PTN films
ere immersed in a 0.05 mol dm−3 MES solution (2 mL)

o which the nucleotides were added with a micro-syringe.
or the procedure B, a 0.05 mol dm−3 MES solution (2 mL)
ontaining 0.010 mol dm−3 N-hydroxysuccinimide (NHS)
Sigma) and 0.05 mol dm−3 N-(3-dimethylaminopropyl)-N′-
thylcarbodiimide hydrochloride (EDC) (Sigma Ultra) was
sed. All the solutions were prepared with Milli-Q water.

. Results and discussion

.1. Potentiodynamic electropolymerisation of thionine in
cidic media

The current–voltage behaviour in the course of potentio-
ynamic electropolymerisation of polythionine at a platinum
lectrode (80 cycles, ν = 20 mV s−1) is presented in Fig. 1. In
he first potential sweep, with the initial potential at the open
ircuit potential (EOCP = 0.5 V), the irreversible oxidation of
hionine on platinum occurs at potentials higher than 1.0 V,
ith the formation of cations-radical, which probably yields

n isomeric dimmer, as reported for amino substituted azines
13]. The oligomers deposition on the electrode surface may
ccur over a PtO layer [17,18] and no nucleation is observed
ince thionine adsorbs reversibly on platinum [18]. During the
ig. 1. Cyclic voltammograms (80 cycles) of the electropolymerisation of poly-
hionine in 50 �mol dm−3 thionine and 0.05 mol dm−3 H2SO4 on platinum,
= 20 mV s−1.
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Table 1
Electrochemical data obtained from the voltammograms of the characterisation of PTN films grown under different experimental conditions

Eal (V) ν (mV s−1) n Qox (mC cm−2) Qred (mC cm−2) Qox/Qred Ea
p(V) Ec

p(V) �Ep (V)

1.100 20 80 0.315 0.322 0.98 279.2 201.2 78.0

1.150 20 20 0.406 0.306 1.33 276.8 225.8 51.0
40 0.616 0.466 1.32 271.3 209.7 61.6
80 0.751 0.803 0.94 262.7 167.2 95.5

50 80 0.419 0.445 0.94 248.3 153.9 94.4
100 0.312 0.281 1.11 245.6 167.4 78.2

1.200 20 80 0.427 0.410 1.04 275.1 156.0 119.1
1.230 0.277 0.280 0.99 243.7 163.5 80.2
1.250 0.160 0.202 0.79 258.0 169.5 88.5

Eal: anodic limit potential in the electropolymerisation; ν: electropolymerisation sweep rate; n: number of potential cycles; Q: oxidation (ox) and reduction (red)
c a sweep rate of 20 mV s−1; Qox/Qred: ratio between oxidation and reduction charges;
E odic and cathodic peak potentials.
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Fig. 2. �m/cycles potentiodynamic profile registered during the electropoly-
merisation of PTN film (80 cycles, between 0 and 1.150 V) on Pt electrode from
a 50 �mol dm−3 thionine in 0.05 mol dm−3 H2SO4 solution; ν = 20 mV s−1.
harges obtained from the PTN films characterisation by cyclic voltammetry at

p: anodic (a) and cathodic (c) peak potentials; �Ep: difference between the an

t includes the homogeneous redox reaction of the monomer in
olution, overlaid with the PTN film redox switching.

Polythionine films formed with different anodic potential
imit, sweep rate and number of potential cycles were pre-
ared, rinsed with electrolyte and characterised in monomer
ree solution, aiming to select the experimental conditions for
he potentiodynamic electropolymerisation of thionine in acidic

edia leading to higher electroactivity of the PTN films. Table 1
resents the obtained electrochemical characterization parame-
ers. The oxidation (Qox) and reduction (Qred) charges was seen
o increase with the anodic limit potential (Eal) up to 1.150 V and
he number of potential cycles (n) and with the decrease in the
weep rate (ν) between 100 and 20 mV s−1, pointing out the con-
itions for the formation of the highest amount of electroactive
olymer onto the platinum surface, as underlined in the table.
t is worthwhile to note that a decrease in electroactivity was
bserved for PTN produced with more than 80 potential cycles.
t can also be seen in Table 1 that to the highest charges involved
n the polymer redox conversion corresponds the largest differ-
nce of anodic and cathodic peak potentials, �Ep, suggesting
hat structural changes occur in the course of the polymer thick-
ning.

Under the selected experimental conditions, the PTN elec-
rosynthesis has been monitored by EQCM. For the frequency
ariations treatment, a rigid layer behaviour of the deposited film
as been assumed and thus using the Sauerbrey equation [26]
negative frequency shift of 1 kHz equals an electrode-mass

ncrease of 7 �g. From the changes in the resonant frequency
f the microbalance during the electropolymerisation cycles, it
as possible to observe that the mass increases linearly with the
umber of cycles, as shown in Fig. 2.

Surface coverage of electroactive sites, Γ , calculated from
he film oxidation charge by assuming a two-electron process,
s plotted against the deposited PTN mass after 20, 40 and 80
otential cycles, as represented in Fig. 3. In spite of the referred
inearity, the electroactivity of PTN films with different thickness

oes not follow the mass changes, tending to a plateau. This
act can be related to the already mentioned structural changes
ccurring on the course of the PTN electropolymerisation, which
s a possible cause to the lower conductivity of the film [27].

Fig. 3. Surface coverage of electroactive sites and mass deposited on a Pt elec-
trode relation for the potentiodynamic electropolymerisation of PTN films with
distinct thickness (20/20, 40/20 and 80/20).
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Fig. 4. Cyclic voltammograms of the PTN 80/20 films characterisation in (—)
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.2. Electrochemical characterisation of PTN films

As observed for other polymers [11,13], the electrochemical
ehaviour of PTN films, is pH dependent. It has been reported
20,21] that PTN potentiodynamically grown on screen-printed
nd glassy carbon electrodes show, in solutions with pH between
and 8, a potential decrease of 55 mV/pH, in agreement with the
ernstian value (59 mV) for a two-electron/two-proton process.
owever, PTN redox switching mechanism it not completely

stablished.
The presence of more than one pair of redox waves in elec-

roactive polymer characterisation has also been detected in
ther systems such as poly(methylene blue) [13]. The process
ccurring at more positive potentials was assigned to be due
o changes in the aromatic rings which, reducing the donat-
ng character of the nitrogen atom, induce the potential shift.
he redox pair at more negative potentials was suggested to
e due to monomer-type conjugation also present in the poly-
er [28]. This kind of conjugation, likely arising from the
onomer molecules adsorbed on the polymer by S S bonds,

ncreases the electronic density of the aromatic system and
nduces the potential shift in the cathodic direction. The for-

ation of benzidine-type bonds by ring-to-ring coupling during
he electropolymerisation of azines with primary amino groups
s it occurs in polyaniline, has also been reported [22].

The electrochemical characterization of PTN 80/20 in solu-
ions with a wide range of pH values, at pH 1.3 (H2SO4) and
rom 5.5 to 12 (phosphate solutions), Fig. 4, has shown stability
nd high electroactivity in solutions with pH range from 1.3 to 9.
ue to the loss of electroactive sites with increasing pH, in more

lkaline media, lower electroactivity was observed which is in
greement with electron transfer between neighbouring redox
ites accompanied by proton transfer, i.e., the deprotonation of
he polymer reduce the electron transfer rate [27].

Two redox processes can be indentified at pH higher than
.5 (Fig. 4) which are possibly overlaid in acidic media where
nly one pair of redox peaks is observed. Among those, the pro-
ess at more negative potential (I) exhibits pH dependency: the
xidation (I) shifts to less negative potentials with pH decrease
y 30 mV/pH between 12 and 7 and 65 mV/pH between 7 and

.5, which are close to the expected Nernstian values of 29.5
nd 59 mV for a one-proton/two-electron and two-electron/two-
roton processes, respectively. From pH 5.5 down to 1.3, the
xidation potential shifts by 90 mV/pH, which represents a

r
f
p
p

able 2
nodic and cathodic peaks potentials of PTN 80/20 films in solutions with different p

TN 80/20 Ea
p(V)

olution pH (I) (II)

2SO4 0.05 M 1.3 0.263

hosphate solutions 0.1 M 5.5 ≈−0.115 0.014
7 −0.213 0.005
8 −0.245 0.059
9 −0.273 0.038

12 −0.360 ≈−0.272

p: anodic (a) and cathodic (c) peak potentials; �Ep: difference between the anodic a
2SO4 0.05 mol dm−3 (pH 1.3) and in 0.1 mol dm−3 phosphate solutions with
ifferent pH values: 5.5 (– – –), 7 (· · ·), 8 (– · – · –), 9 (– · · – · · –) and 12 (- - -);
= 20 mV s−1.

hree-proton/two-electron process. This result differs from the
reviously proposed in the literature [14] but is in agreement
ith the reaction scheme represented by Hillman and co-workers

15,17] for the redox switching process occurring in polythion-
ne films at pH less than 5. Moreover, it may mean that both the
eterocyclic nitrogen and the nitrogen ring-bridging atoms must
e protonated in this media despite of the pKa of the thionine pri-
ary amino groups be less than −1. Azine rings reduction leads

o the amino groups protonation in azine containing primary
mino which reinforces the three-proton/two-electron mecha-
ism [27]. The second oxidation process (II), at least in the
H interval from 5.5 to 9, appears to be pH independent with
o protons taking part on it. On the other hand, the reduction
eak (II) seems to have some pH dependency, being shifted to
ore negative potentials as the pH increases. Table 2 summa-

izes the potential shift of the anodic and cathodic processes with
he increase in solution pH. Besides the protons participation
eing pH dependent, the oxidation and reduction peaks (I) do
ot present the same behaviour. For the pH intervals between 1.3
nd 5.5, 5.5 and 7 and 7 and 9, a 90 mV/pH (three-proton/two-
lectron process), 60 mV/pH (two-proton/two-electron process)
nd 30 mV/pH (one-proton/two-electron process) relations were

espectively observed. In the pH range from 9 to 12, while
or the oxidation peak (I) a 30 mV/pH (one-proton/two-electron
rocess) dependency was found, for the reduction peak (I) the
otential shift was 20 mV/pH (less than one-proton/two-electron

H

Ec
p(V) �Ep (V)

(I) (II) (I) (II)

0.167 0.096

−0.175 −0.058 ≈60 72
−0.250 ≈−0.143 37 ≈148
−0.283 ≈−0.158 38 ≈217
−0.319 ≈−0.185 46 ≈223
−0.379 Not observed 19 –

nd cathodic peak potentials.
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ig. 5. Plot of the peak current density and sweep rate for polythionine films w

rocess). This may suggest that the cathodic process is complex
nd takes place in two steps with distinct protons contribution.

Also shown in Table 2, the lower �Ep values observed for
he redox process (I), support its assignment to protons trans-
er, which must display faster kinetics than other species, since
hey may move within the polythionine film via a Grotthus-type
rocess [27] with water molecules and/or amine sites on the
olymer, by intermolecular acid/base reactions. This observa-
ion is also in agreement with the above mentioned hypothesis of
his process being related to monomer-type conjugation present
n the polymer [28], since it is pH dependent. On the other
and, oxidation process (II) showed pH independence in the pH
ange from 5.5 to 9, and much higher �Ep. The peaks separation
eflect the slower electron transfer, as previously referred, and
he stabilisation of the positive charge of the sulfur atom in the
henothiazine ring by the hydroxide anions from the solution

28,29].

In acidic media, the redox switching of PTN films is thickness
ensitive, as depicted in Fig. 5. For PTN 20/20 the peak current
ensity presents a linear relationship with the sweep rate but in

o
t
a
t

ig. 6. Cyclic voltammograms and frequency/potential profiles of the (· · ·) PTN 20

2SO4 (a and a′) and in 0.05 mol dm−3 MES solution (pH 6.6) (b and b′); ν = 20 mV
ferent thickness in H2SO4 0.05 mol dm−3: (a) PTN 20/20 and (b) PTN 80/20.

he case of PTN 80/20 a linear dependence of ν1/2 was found. The
ata indicates that the charge transport process in the polymer
hanges from electron transfer to diffusion control with film
hickening.

.3. EQCM polythionine characterisation

Fig. 6 illustrates the simultaneously recorded voltammetry
nd EQCM data for PTN films with different thickness, PTN
0/20, PTN 40/20 and PTN 80/20, at 20 mV s−1 scan rate in
2SO4 0.05 mol dm−3 and in 0.05 mol dm−3 MES solutions.
s expected, in both media, the electroactivity (Fig. 6a and b)

nd the variations in the frequency (Fig. 6a′ and b′) depend on
he film thickness.

It was reported by Hillman and co-workers [15,16,24,25]
hat the permselective model cannot be applied to this type

f redox polymers, since the mass changes observed during
he redox switching of the films are not in agreement with it
nd are influenced by the nature and concentration of the elec-
rolyte. Decoupling between charge and mass transfer and the

/20, (– – –) PTN 40/20 and (—) PTN 80/20 characterisation in 0.05 mol dm−3

s−1.
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Table 3
Experimental and calculated mass changes for different thickness PTN films
redox switching in acidic media

Film �mexp (ng cm−2) �m1 (ng cm−2) �m2 (ng cm−2)

PTN 20/20 23.6 346 7.0
PTN 40/20 46.8 513 10.0
PTN 80/20 55.3 587 11.8
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Table 4
Experimental and calculated mass changes for different thickness PTN films
redox switching in neutral media

Film �mexp 1

(ng cm−2)
�mexp 2

(ng cm−2)
�m3

(ng cm−2)
�m4

(ng cm−2)

PTN 20/20 −4.1 −9.6 −527 5.5
PTN 40/20 3.5 −8.4 −967 10.1
PTN 80/20 11.5 −6.3 −1255 13.1
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3

mexp: observed mass change during the redox switching of the film; �m1:
alculated mass change assuming a three-protons/two-electrons process; �m2:
alculated mass change assuming a two-protons/two-electrons process.

lectroneutrality requirements primarily satisfied by protons, in
cidic media, due to their easier movement as compared with
ther ions have also been suggested by the same authors. Indeed,
hese polymers may contain counter-ion sources, which con-
ributes to differences between experimental and expected mass
hanges. Moreover, the solvation of charged species and the
hermodynamic equilibrium may be only slowly established.
owever, information about the effect of the solution pH and
f PTN films thickness on the mass change during the redox
witching is still scarce, and the present study was developed
iming to give some contribution on this issue. The obtained
ata were compared with the expected values according to the
eaction schemes proposed in the literature, in acidic and neutral
edia.
In acidic media, according to a three-proton/two-electron

edox mechanism, suggested by the above discussion on the
esults of the pH study and reported in the literature [15], upon
eduction the PTN film acquire an extra counter-ion for the
harge compensation. In this way, a mass increase is expected
nd was experimentally observed as can be seen in Fig. 6a′.
he mass change expected in this media, �m1, was calculated

rom the surface coverage of electroactive sites (Γ ), assum-
ng that three protons and an extra counter-ion are involved.
s represented in Table 3, the observed, �mexp, mass increase

n the reduction did not come up to the expected value. How-
ver, comparing the experimental mass change and the mass
xpected according with a two-proton/two-electron mechanism,
m2, where no protonation of the nitrogen-bridging atom occurs

14] and no counter-ion is required to enter the film, �mexp and
m2 are closer.
In neutral media, 0.05 mol dm−3 MES solution, the observed

ass change is lower than in acidic media and two domains
an be distinguished in Fig. 6b′: during the cathodic scan, up to
bout −0.2 V, the frequency variation appear to be film thick-
ess sensitive but at more negative potentials a similar slope is
btained for the three films. Although for the reduction of PTN
0/20 it is only detected a mass decrease, different slopes fits
he mass change with potential, one from the anodic potential
imit (0.35 V) to −0.188 V and another from this to the cathodic
otential (−0.4 V), corresponding to a mass decrease of 4.1 and
.6 ng cm−2, respectively. In the case of thicker films, PTN 40/20
nd 80/20, an initial mass increase from the anodic potential

imit down to −0.228 and −0.242 V, respectively, followed by
mass decrease are observed. The experimental (�mexp 1 and
mexp 2) and calculated mass changes (�m3), are contrasted

n Table 4. �m3 was obtained by assuming a one-proton/two-

s
t
a
(

mexp: observed mass changes (1 and 2) during the redox switching of the film;
m3: calculated mass change assuming an one-proton/two-electron process;
m4: calculated mass change assuming a two-proton/two-electron process.

lectron process, which implies that without any positive charge
ithin the film, the counter-ion present in the oxidised state may

gress the film. However, counter-ions may not need to egress
ut of the film during reduction if they are able to form ion-pairs
r if solvated by water molecules ingressing the film, which
eads to its mass increase. On the other hand, assuming a two-
roton/two-electron mechanism, the experimental and expected
ass (�m4) changes become closer (Table 4). From the present

nalysis it is expected that the redox switching of PTN films in
eutral media is described by a mixture of both mechanisms and
he non-permselective behaviour of polythionine films, in both

edia, appears to be confirmed.

.4. Morphological characterisation by AFM

The PTN 20/20, 40/20 and 80/20 modified platinum elec-
rodes were examined in air by tapping mode AFM and the
btained 2 �m × 2 �m AFM images and the corresponding pro-
les are presented in Fig. 7. The topographic images of PTN
0/20 film, presented in Fig. 7a, show the presence of a compact
olymeric matrix of small globular features with diameter of
a. 20 nm and nodules spread throughout all surface with typi-
al size ranging from ca. 30 to 70 nm, which may be related to
he subsequent formation of a second polythionine layer with
istinct structure, as supported from the electrochemical data
Γ versus n) presented in Fig. 3. Increasing the number of the
otential cycles in the electropolymerisation, part of the globu-
ar features aggregate, as illustrated in Fig. 7b. It is possible to
bserve the formation of irregular sized and shaped but compact
omains with film thickening, which become clearly visible for
he film grown with 80 cycles, Fig. 7c. The rms roughness (Rq)
verage values, 3.3 and 3.8 nm, obtained for 20/20 and 40/20
lms, respectively, are similar. However, in spite of the referred
ompact domains formation, the thicker film present higher Rq
alue (5.6 nm), which is due to the presence of plateaus, isolated
y pronounced cliffs, when compared with the thinner films, as
epicted in the profiles.

.5. Nucleotides immobilisation on PTN films

Biomolecules immobilisation by adsorption onto modified

urfaces that contains free functional groups with affinity to
hese molecules, as DNA, has been reported [30,31]. Unsal et
l. [30] studied the DNA immobilisation onto polyethylenimine
PEI) modified poly(p-chloromethylstyrene) (PCMS) particles;
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Fig. 7. 3D-processed topographic AFM-tapping mode images and p

EI contains free amino functions, enabling the immobilisation
n its surface by interaction with DNA phosphate groups.

Electrostatic interaction between positively charged thionine
mine groups and the negative nuclei acids phosphate groups
eading to complex formation has also been reported [31]. In
his case, the interaction forces are stronger for solutions with
ow pH; for pH values higher than 2.7, less positive thionine
harges result in an weaker interaction. For the nucleotides
nd DNA sequences immobilization by covalent bonding, the
ost used coupling agent are NHS and EDC [9,32,33]. The

resence of appropriated free functions in the polymer struc-
ure enables, through the carbodiimide chemistry, the covalent
oupling between the nucleotide phosphate groups, activated

y the NHS/EDC agents, and the polythionine amino groups.
DC is a water-soluble carbodiimide derivative which catalyses

he formation of the amide bonding between phosphate groups
or carboxylic acids) and amines, by activating the phosphate

N
b
m
a

s of the polythionine films, PTN 20/20 (a), 40/20 (b) and 80/20 (c).

ith an o-urea derivative formation. This rapidly reacts with
ucleophiles, as amines. NHS is commonly used with EDC for
ssisting the coupling of the carbodiimide and to lead to a more
table active intermediary. In this case, it is an intermediary ester
hat reacts with the amino groups leading to a phosphate–amine
ond formation.

In the present work, the biomolecule immobilisation onto
TN 80/20 films was performed using two different approaches.
n the procedure A, the nucleotide was added to 2 mL of elec-
rolyte solution in the EQCM cell and the interaction is just due
o the adsorption of biomolecules on the polymer. For the other
pproach, procedure B, the biomolecules were added to the MES
olution (2 mL) containing the coupling agents (0.01 mol dm−3
HS and 0.05 mol dm−3 EDC) and the immobilisation occurs
y covalent coupling plus adsorption. The immobilisation was
onitored simultaneously by EQCM frequency changes (�f)

nd open circuit potential (EOCP) evolution, for 2 h.
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Fig. 8. (a) Frequency and (b) open circuit potential changes during dGTP immobilisation on PTN 80/20 film by (�) adsorption (procedure A) and ( ) adsorption
plus covalent coupling (procedure B) in 0.05 mol dm−3 MES solution.
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ig. 9. (a) Frequency and (b) open circuit potential changes during dG20-P imm
lus covalent coupling (procedure B) in 0.05 mol dm−3 MES solution.

The data collected for dGTP and dG20-P immobilisation,
n polythionine films by both procedures A and B is presented
n Figs. 8 and 9. Sauerbrey equation [26] was used to calcu-
ate from the experimental �f values, the mass deposited, on
he modified electrode, �m presented in Table 5. As expected,
he amount of dGTP immobilised by covalent coupling plus
dsorption (0.297 �g cm−2) was seen to be twice the observed
or simple adsorption (0.158 �g cm−2). A similar relation has
een found for the case of dG20-P immobilisation, with a mass
ncrease of 0.442 and 0.978 �g cm−2 for adsorption and covalent
oupling plus adsorption, respectively.

The calculated mass changes allowed to estimate the surface

overage by biomolecules, Γ , considering the geometrical area
0.2 cm2) and using the molecular masses of 573.1 g mol−1 for
GTP and 6941.0 g mol−1 for dG20-P. The theoretical surface

able 5
xperimental and calculated data from the dGTP and dG20-P immobilisation
y adsorption and covalent coupling plus adsorption

iomolecules dGTP dG20-P

Aa Ba Aa Ba

f (Hz) −22.81 −42.45 −63.60 −140.77
m (�g cm−2) 0.158 0.297 0.442 0.978
(nmol cm−2) 0.276 0.518 0.064 0.141
EOCP (V) 0.145 0.130 0.168 0.173

f: experimental immobilisation frequency shift; �m: mass change; Γ : sur-
ace coverage of biomolecules; �EOCP: open circuit potential change after
iomolecules addition.
a Immobilisation procedure.
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sation on PTN 80/20 film by (�) adsorption (procedure A) and ( ) adsorption

overage for a dGTP monolayer (Γ theoretical = 0.276 nmol cm−2)
as calculated by assuming the most packed orientation, with

he area per molecule equal to 60.1 Å2.
Comparing the amount of dGTP and dG20-P immobilised

y using the same experimental procedure, it was found
hat the surface coverage of dGTP, was approximately four
imes larger than the obtained for dG20-P, as shown in
able 5. In this case, the size, orientation on the polymer
urface and repulsions between immobilised oligonucleotides
ay be responsible for the lower surface coverage observed.
he theoretical surface coverage for a dGTP monolayer
as found to be equal (Γ dGTP,A = 0.276 nmol cm−2) or lower

Γ dGTP,B = 0.518 nmol cm−2) than the values obtained through-
ut procedures A and B, respectively. It must be pointed out that
he estimation does not take into account the modified electrode
urface roughness. In fact, the electrode real area is known to be
igher than the geometrical one, but different orientations and
he occurrence of repulsions between the biomolecules may also
ontribute for the mentioned difference. Moreover, the shift of
he open circuit potentials, observed in Figs. 8 and 9b, are in
greement with the EQCM results, suggesting an alteration in
he interface, very likely due to those interactions.

. Conclusions
The electroactivity of PTN films strongly depends on the
xperimental polymerisation conditions, namely the anodic limit
otential, sweep rate and number of potential cycles. The pos-
ibility to monitor in situ both electropolymerisation and the



6 Actu

b
s

u
e
d
m
s
e
i

p
w
t
s
d
t

i
t
T
e
d
t

A

C
P
r

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

40 V. Ferreira et al. / Sensors and

iomolecules immobilisation process by EQCM proved to be a
uitable method to characterise these systems.

A linear mass increase with number of potential cycles
sed for the electropolymerisation is observed but the polymer
lectroactivity tends to a plateau suggesting structural changes
uring film thickening which are corroborated by the distinct
orphological features observed in AFM images. The redox

witching of PTN is film thickness dependent, changing from
lectronic transfer in thin films to diffusion controlled processes
n thick films.

The redox switching of PTN 80/20 films in media of different
H appear to be complex, involving two processes in solutions
ith pH between 5.5 and 9, with distinct dependence on pro-

ons. Accordingly, the mass changes observed during the redox
witching of PTN films in acidic and neutral media cannot be
escribed by a permselective model and depends on the elec-
rolyte nature, namely the solution pH.

Polythionine films showed a reversible and stable behaviour
n acidic and biological compatible media giving the possibility
o be employed as supports for the biomolecules immobilisation.
he presence of the free amino functions in the polymer structure
nabled the covalent attachment of dGTP (0.297 �g cm−2) and
G20-P (0.978 �g cm−2) being the immobilisation enhanced by
he presence of the coupling agents.
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