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bstract

Redox and acid–base properties of thionine immobilized in crosslinked chitosan films are analyzed. The experimental conditions for the
reparation of the films are described. Results obtained with cyclic voltammetry, spectroelectrochemistry and spectrophotometry indicate that
he immobilized dye retains the redox and acid–base activity of free thionine. An acid dissociation constant (K ) for the immobilized dye of
a

a = 2.7 × 10−11 was obtained.
Due to the stable and reversible pH dependent optical signal of the studied film, this membrane can be used as a building component of an optical

H sensor.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Optical sensors for different analytical purposes have been
xtensively developed during the last decades [1–4]. They
ave shown advantages over other type of chemical sensors
ainly due to their easy and low cost manufacturing processes,

nhanced selectivity and low detection limits [5]. Usually, one
r more specific indicator dyes [6–10] are immobilized into a
ubstrate matrix, such as a polymeric film, with good filmo-
enic properties, mechanical stability and high diffusion rate for
he analyte. Perhaps, the most trick task is to obtain the effec-
ive immobilization of the dyes in such a way that their sensing
apabilities remain unaltered or even enhanced. Immobilization
echniques involve mechanical entrapment [11,12], multilayered
lms [13], electrostatic interactions [14] and covalent immobi-

ization [15–17]. Physical entrapment and multilayered films

uffers the problem of slow leakage of the dye to the solu-
ion, while electrostatic interactions are normally efficient to
mmobilize a charged species but if its charge changes, diffu-
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ion away from the sensing film can occur. By far, covalent
mmobilization is the best approach to stabilize a dye molecule
nside the substrate matrix; however, in this case the optical sen-
itivity of the dye generally decreases. Different approaches to
ovalent immobilization can be found in the literature [5]; for
nstance, Tan et al. [15] have reported the immobilization of
-aminopyrene on the surface of a quartz glass functionalized
ith gold nanoparticles; Hashemi and Abolghasemi [16] suc-

eeded with the immobilization of Congo Red into an agarose
embrane through crosslinking with different agents.
The substrate for dye immobilization is normally a hydropho-

ic membrane, but in such case the ion mobility inside the
olymeric matrix is normally slow, affecting the response time
f the optode. The use of polyelectrolytes or ion conducting
olymers has gained importance due to their excellent mechani-
al properties, selective diffusion of ions and bio-compatibility.
pecifically, chitosan matrices have been frequently used with
ensing purposes [11,18–20].

In previous reports we have characterized the redox and

cid–base properties of thionine in solution [21,22]. It is very
ell known from the literature that this dye shows reversible

edox transformation accompanied by change of coloration
etween two states, blue in its oxidized form and non-colored in
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dx.doi.org/10.1016/j.snb.2007.12.006
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relationships observed in Fig. 2, where the peak current value
is plotted as a function of the square root of the sweep poten-
tial rate, for the reduction of Ru(NH3)3+

6 , at the bare and film
modified electrode. These linear dependences indicate that in
56 L. Gerbino et al. / Sensors an

ts reduced state [23]. On the other side we have previously found
hat this dye also shows acid–base activity between two differ-
nt forms, the blue-colored protonated form and a red-colored
mine conjugated base [22].

In this work the immobilization of thionine into a crosslinked
hitosan bed is reported. The aim of this paper is to immobi-
ize thionine into a crosslinked chitosan film and analyze the
edox and acid–base behavior of the immobilized dye. Cyclic
oltammetry, spectroelectrochemistry and spectrophotometry
ere used for the analysis.

. Experimental

.1. Materials

Chitosan of low molecular weight from the shrimp shell with
degree of deacetylation of 83.3% and thionine acetate were

btained from Sigma–Aldrich. Acetic acid and glutaraldehyde
5% were obtained from J.T. Baker. Hexaammineruthenium(III)
hloride, Ru(NH3)6Cl3, 99%, was purchased to Strem Chemi-
als. All chemicals were of analytical grade and used without
urther purification; and the solutions were prepared with ultra-
ure water (Milli Q—Milli RO system).

.2. Instrumentation

Electrochemical and spectroelectrochemical measurements
ere alternatively performed using an AUTOLAB electro-

hemical multipurpose module with PGSTA30 or a Hi-TEK
nstruments potentiostat with a LYP Argentina potential gener-
tor. The cell for the spectroelectrochemical experiments was
uilt with polytetrafluorethylene having a flat glass window
n the bottom in order to reach a total internal reflection of
collimated beam arising from a 150 W Xe lamp bulb. The

eflected light beam was collected with an Ocean Optics HR2000
pectrometer (2048 diode elements for 350–800 nm wavelength
ange).

A gold foil was used as counterelectrode and the interface
efined by Ag|AgCl|[Cl−] = 3 M was used as the reference elec-
rode. All potentials are referred to this interface.

Absorption spectroscopy of thin films was performed with an
V 1601 Shimadzu spectrometer using a homemade flow cell
ith glass windows. Flow rate through this cell was controlled
ith a Gilson Minipulse 3 peristaltic pump.

.3. Preparation of crosslinked chitosan film

Crosslinked chitosan membranes were prepared using glu-
araldehyde as the crosslinking agent according with the
ollowing procedure. Chitosan of low molecular weight was
sed to prepare a 2% w/v solution using acetic acid solution
2% v/v) with vigorous stirring during 48 h. After dissolution
f the chitosan powder the solution was filtered and preserved

n a colored flask. A volume of 2.50 mL of this solution
as poured to 160 �L of glutaraldehyde solution (10% v/v in
ater) and acetic acid solution (2% v/v) was added to obtain a
mL of total volume of reaction mixture. Immediately, 15 �L

F
f
0
c

ators B 131 (2008) 455–461

f this final mixture were drop casted onto a polycrystalline
old electrode (0.124 cm2) and left to react during 48 h at
oom temperature, in an almost water saturated chamber. After
olvent evaporation, a stable and homogeneous crosslinked chi-
osan film (CHI|GDI) was formed and washed with ultrapure
ater.

.4. Preparation of crosslinked chitosan film containing
hionine dye

Dye-containing films were prepared following the same pre-
ious sequence except that 100 �L of 0.01 M thionine solution
ere added to the reaction mixture before the acetic acid. In

he same way, 15 �L of this final mixture were poured onto the
isc gold electrode and left during 48 h until solvent evapora-
ion. After washing the film, the water used did not show any
bsorbance at 600 nm.

. Results and discussion

.1. Redox activity

Fig. 1 shows the voltammogram of the heterogeneous elec-
ron transfer of Ru(NH3)3+

6 , dissolved in the aqueous phase,
t two different surfaces: the bare gold electrode and the film
odified gold electrode. A four times lower current is observed

or the process occurring through the chitosan film indicating a
eduction of the diffusion coefficient of Ru(NH3)3+

6 inside the
olymer layer (Dfilm

Ru ) and/or a reduction of the active interfacial
rea of the gold electrode due to blocking by the electroinactive
hitosan layer. Either, as the shape and peak potential differ-
nce value is the same in both voltammograms, the diffusion or
locking effects do not influence the reversibility of the elec-
ron transfer. This last evidence is also attained by the linear
ig. 1. Current–potential profiles corresponding to the heterogeneous trans-
er of 5.0 mM Ru(NH3)3+

6 in phosphate buffer (CA = 0.50 M, pH 3.0). v =
.100 V s−1. (1) Bare gold electrode. (2) Electrode modified with crosslinked
hitosan film.
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Fig. 2. Cathodic peak current dependence of the square root of sweep potential
rate for the transfer of 5.0 mM Ru(NH )3+ in phosphate buffer (C = 0.50 M, pH
3
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.0). (�) Bare gold electrode. (�) Electrode modified with crosslinked chitosan
lm.

oth cases the heterogenous charge transfer is reversible and
ontrolled by diffusion of the electroactive species. Linear fit
f these dependences allows the determination of the diffusion
oefficient of Ru(NH3)3+

6 in solution (Dsol
Ru). Considering that

he disc gold electrode has an area Ag = 0.108 cm2 and one of

he slope gives a value of Ag(Dsol
Ru)

1/2 = 2.51 × 10−4 M, the
btained value for the diffusion coefficient is Dsol

E = 5.40 ×
0−6 cm2 s−1. On the other hand, as both, the active gold sur-
ace area after thin film coverage of the electrode (Aeff) and
he diffusion coefficient of Ru(NH3)3+

6 inside the film (Dfilm
Ru )

re unknown, the other slope allows only the quantification
film 1/2 −5
f Aeff(DRu ) = 7.06 × 10 M. However, considering the

alue of Dfilm
Ru < 5 × 10−7 cm2 s−1 reported in the literature for

rosslinked chitosan films [24], the main effect of the change
n the diffusion control across the chitosan film must be given

o
F
t
v

ig. 3. (A) Current–potential profiles corresponding to the heterogeneous transfer of 5
—) Electrode modified with crosslinked chitosan film. (—–) Electrode modified with
ransference values between both modified electrodes measurements vs. square root o
ators B 131 (2008) 455–461 457

y a pronounced reduction of the diffusion coefficient value of
u(NH3)3+

6 instead of a blocking effect due to the electroinactive
ayer (i.e. Dfilm

Ru < Dsol
Ru and Aeff ∼= Ag).

Fig. 3A shows the voltammograms corresponding to the het-
rogeneous charge transfer of Ru(NH3)3+

6 at a chitosan film
odified electrode and at an electrode with a film containing

hionine (THI) immobilized in the crosslinked chitosan matrix.
he decrease of the backward (anodic) peak corresponding to the
ye-containing film is the main aspect that should be observed.
his fact becomes more evident when the sweep potential rate
ecomes smaller as indicated in Fig. 3B where the charge differ-
nce (�Q) denoted in Fig. 3A is plotted against the reciprocal
f the square root of the sweep potential rate. Smaller is the
weep potential rate higher is the charge difference. This evi-
ence is typical of EC reactions and in this case implies that
u(NH3)3+

6 , formed during the cathodic scan, is consumed by a
oupled chemical reaction and it is not available to be reoxidized
uring the anodic scan. Particularly, immobilized THI is the only
pecies capable to react with the metal complex; i.e. Ru(NH3)3+

6
s reduced at the surface of the metal electrode to Ru(NH3)3+

6
nd this species can react through a redox irreversible reac-
ion with THI to produce Ru(NH3)3+

6 and the reduced form of
he dye, leucothionine [25–27], which, due to its lower charge
elocalization (see reaction (R.2)), is a non-visible absorbing
pecies. Additional evidence to support this mechanism is given
n Fig. 4 where the in situ interfacial absorbance spectrum of
he film is recorded during a cyclic voltammetric experiment.
s Ru(NH3)3+

6 is formed during the cathodic scan, the in situ
nterfacial absorbance spectrum shows one negative band cen-
ered at 650 nm which corresponds to the absorption spectrum

f THI included in a crosslinked chitosan matrix (see inset of
ig. 4). This negative band indicates the decrease of THI inside

he thin film followed by the formation of leucothionine without
isible absorption. In this way, considering the reduction of THI

.0 mM Ru(NH3)3+
6 in phosphate buffer (CA = 0.50 M, pH 3.0). v = 0.010 V s−1.

crosslinked chitosan film containing THI. (B) Graph of difference in the charge
f the sweep potential rate.
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Fig. 4. Interfacial absorbance spectra of THI|CHI|GDI obtained during the elec-
trochemical reduction of 5 mM of Ru(NH3)3+ in phosphate buffer (pH 3.17,
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A = 0.10 M). v = 0.010 V s−1. Einitial = 0.40 V; Efinal = −0.05 V. Inset: normal-
zed spectra. (1) Thionine in aqueous solution and (2) thionine in crosslinked
hitosan.

o leucothionine, the proposed global mechanism is:

u(NH3)3+
6 + 1e− � Ru(NH3)2+

6 (R.1)

hio+
(film)+H++2Ru(NH3)2+

6 →HThio(film)+2Ru(NH3)3+
6

(R.2)

It should be noticed that the diffusion rate of Ru(NH3)3+
6

way from the electrode surface and into the polymer layer
etermines the time response of the optical signal; however, the
on-linearity of the plot shown in Fig. 3B is a clear indication
hat not only the diffusion but also the kinetic of the coupled

hemical reaction (R.2) have to be considered.

It is well know that leucothionine can be reversible oxidized
o the THI form [25–27], however, in this case the reverse of
eaction (R.2) is thermodynamically unfavorable and leucothio-

d
(

a

ig. 5. (A) Absorbance spectra of the THI|CHI|GDI film obtained at different pH va
avelengths: (–�–) λ = 647 nm; (–�–) λ = 540 nm. (B) Linearization of absorbance r

he immobilized dye. pH 11.2. (—) Linear fit. ( ) Experimental data.
ators B 131 (2008) 455–461

ine can be fully reoxidized if the film is left in contact with an
xygen saturated electrolyte. In this case repeated voltammo-
rams obtained after this treatment do not show any differences
not shown in figures).

.2. Acid–base activity

In a previous work [21] we analyzed the acid–base equilib-
ium of THI in aqueous solutions and found that at high pH
alues (pH > 10) a conjugated imine base is reversibly formed:

(R.3)

This acid–base equilibrium is followed by a noticeable
hange in the absorption spectrum because THI has an absorp-
ion maximum located at 650 nm while the imine absorbs mainly
t 540 nm.

When THI is immobilized into a CHI|GDI film, the same
quilibrium occurs as it is shown in Fig. 5A. In this figure the
bsorbance spectra of a THI|CHI|GDI film are plotted for differ-
nt pH values. At pH < 9 and pH > 12.5 approximately constant
pectra are obtained. Considering that the spectrum at pH 9.3
s due to the THI form while the spectrum at pH 12.4 accounts
nly for the imine form, the acid dissociation constant of THI
mmobilized in the THI|CHIGDI film can be obtained using the
lope of the parametric plot shown in Fig. 5B (see Appendix
or details). In this figure the absorbance at a given pH value
ivided by that at pH 9.3 is plotted against the absorbance at pH
2.4 divided that at pH 9.3; this is done in a wavelength range
iven by 540 nm < λ < 660 nm (spectra overlapping). The acid

issociation constant obtained in this way is Ka = 2.7 × 10−11

pKa = 10.6).
It can be noted that the changes of absorbance with pH show

linear relationship for pH values ranging from 9 to at least

lues. Inset: absorbance changes as a function of solution pH taken at the peak
atios (see Appendix) to obtain the acid dissociation constant corresponding to
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ig. 6. Absorbance of THI|CHI|GDI taken at 540 nm (�) and 647 nm (�) during
uccessive changes of pH between pH 9.3 and pH 12.4.

3 units (see inset of Fig. 5a). For pH < 7 the optical signal
emains constant indicating that an optical sensor build with
his membrane is useful for high pH values were a pH glass
lectrode suffers of alkaline errors.

Reversibility and time response of the optical signal of
HI|CHI|GDI films under pH variations are important aspects to
e considered. The absorbencies at 540 and 645 nm are followed
s the film is alternatively put in contact with buffer solutions of
H 9.3 and pH 12.4, respectively. Fig. 6 shows that the stationary
ptical signal is reversible after several cycles. It is important to
emark that the time responses are considerable shorter than
or other optical pH-sensitive films reported in the literature
28–31]. It takes less than 5 s to reach a stationary optical sig-
al when the pH increases while 15 s are needed when the pH
ecreases. This difference of the response time would be given
y different diffusion coefficients of H+ and HO− inside the
olymer layer due to some kind of electrostatic interaction with
he positive charge density of the CHI|GDI film. Gorski and
oworkers [24] have reported similar aspects when they studied

he voltammetric response of anionic and cationic redox species
t chitosan film modified electrodes.

Fig. 7 shows the change of the in situ absorbance spectrum of
THI|CHI|GDI film modified electrode when H2O2 is reduced

ig. 7. Interfacial absorbance spectra of THI|CHI|GDI obtained during the
lectrochemical reduction of H2O2 at 0.0 V (vs. Ag/AgCl/KCl sat.). Reference
pectrum at open circuit.
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y a cathodic step potential applied at the electrode. When H2O2
s reduced at the gold surface the following global heterogeneous
ransfer takes place:

2O2(aq) + H+
(aq) + 2e � H2O(l) + HO−

(aq) (R.4)

This interfacial reaction provokes a local pH change due to the
ormation of HO− which changes the acid–base equilibrium of
HI. Concomitant with the HO− formation, THI is progressively

ransformed to the imine form with the corresponding diminu-
ion of the absorbance at 650 nm and the increase at 540 nm. This
esult indicates the utility of the THI|CHI|GDI film modified
lectrode as an optical pH-sensitive membrane.

. Conclusion

Thionine was effectively immobilized inside the crosslinked
hitosan matrix and this composite showed excellent filmogenic
roperties. This dye is irreversibly bounded to the polymer and
ts stability, after physical and chemical changes, indicates that
t is probably covalently bounded to the crosslinked chitosan

atrix. We are studying at the moment the interaction between
hionine and the polymer matrix.

It is known that the amino groups play an important role when
HI is reduced or deprotonated in solution due to delocalization
f charge onto this site; noteworthy, when the dye is immobilized
nside the polymer matrix, almost the same chemical properties
re observed; indicating that at least one of the amino groups
emains free to react, i.e. the dye should be located as pendant
roups of the polymer matrix. Particularly, this is necessary for
he formation of the conjugated imine base of thionine.

The global mechanism involved during the reduction of
u(NH3)3+

6 at the dye-containing film modified electrode has
een characterized. It was shown that not only diffusion control
ut also the kinetic of the coupled chemical reaction determine
he rate of reduction of the dye. Numerical simulations of the
lobal process considering diffusion in solution and diffusion
cross a thin polymer film, and kinetics for an EC reaction are
urrently being performed. Work is being carried out related to
his latter aspect.

Immobilized thionine cannot be reduced by applying
athodic potential values to the electrode, but as the dye retains
ts redox activity, perhaps a conducting copolymer inserted in the

atrix must allow for the electrochemical reduction-oxidation
f the immobilized dye. If this is the case, these films can be
irectly used as a component of smart windows.

In this paper, the acid dissociation constant of the immobi-
ized dye was also determined. The pH dependent absorbance
f the THI|CHI|GDI film, its reversibility and short response
ime makes this thin film membrane a good candidate for the
onstruction of a miniaturized optical pH sensor.
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ppendix A

Considering a thin film containing two immobilized species
elated by an acid base reaction with an acid dissociation con-
tant Ka:

T+
(film) + HO−

(aq) � T(film) + H2O(l)

For the particular case treated in this work HT+ is thionine
hile T is its conjugated imine base.
The total absorbance of the film (A(λ,pH)) will depend on

avelength (λ) and pH of the surrounding solution; and it can be
ritten as the sum of the individual absorbencies corresponding

o HT+ and T:

(λ, pH) = AHT(λ, pH) + AT(λ, pH) (A.1)

nd using the Beer–Lambert’s law:

(λ, pH) = ελ
HTγ[HT+] + ελ

Tγ[T] (A.2)

eing ελ
HT, ελ

T the molar absorptivities of HT+ and T, respec-
ively; γ the optical path length through the film (normally the
lm thickness); and [HT+], [T] the film concentration of HT+

nd T, respectively.
At sufficiently high pH values (pHI) the only one absorbing

pecies is T while HT+ is responsible for the total absorbance at
ery low pH values (pHII); i.e.:

High pH values (pHI > pKa + 2) :

A(λ, pHI) = AT(λ, pHI) = ελ
TγCA (A.3)

Low pH values (pHII < pKa − 2) :

A(λ, pHII) = AHT(λ, pHII) = ελ
HTγCA (A.4)

eing CA = [HT+] + [T] the total analytical concentration.
By taking off the molar absorptivities from Eq. (A.3) and

A.4) and replacing them into Eq. (A.2) the following expression
an be obtained:

A(λ, pH)

AT(λ, pHI)
= AHT(λ, pHII)

AT(λ, pHI)

[HT+]

CA
+ [T]

CA
(A.5)

Thus, a parametric plot of A(λ, pH)/AT(λ, pHI) as a func-
ion of AHT(λ, pHII)/AT(λ, pHI) gives a straight line with slope
= [HT+]/CA and y-intercept b = [T]/CA.

Finally, the acid dissociation constant can be computed by:
a = b

a
[H+] (A.6)

Main advantages of this methodology are that the spectra for
T+ and T can be overlapped and the total species concentration

CA) and film thickness (γ) are not necessarily needed.
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