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a b s t r a c t

Our general aim is to develop reversible optical biosensors which can be used for continuous

monitoring. In this paper we propose a biosensor for H2O2 determination. The bioreceptor is catalase

(Cat) previously linked to a Ruthenium O2-sensitive fluorophore (Cat–Ru). It is based on the reversible

H2O2 disproportionation into O2 and H2O.

First, the fluorescent-enzymatic system was optimized for batch measurements (linear response

ranges from 1�10�4 to, at least, 1�10�3 M H2O2). Because of its reversibility, the same enzyme

aliquot can be used for performing the whole calibration step (and the subsequent determination).

Secondly, the optical sensor was prepared by Cat–Ru immobilization in a polyacrylamide film. The

sensor permits H2O2 determination in a similar concentration range as in batch mode and can be used

during at least 1 month. A mathematical model has also been developed which permits the effect of the

experimental parameters to predict. The model also explains the sensor behavior if different

fluorophores are used, and shows that the analytical signal only slightly depends on the initial

concentration of the O2 in the sample.

Finally an alternative sensor is presented based on a commercially available O2 fluorescence sensor

linked to catalase. This system gives an analytical behavior similar to that shown for the Cat–Ru sensor.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

In spite of the substantial amount of work done in optical
sensor research, it is difficult to find a biochemical receptor/
optical transducer scheme which can be used for a device
permitting the continuous monitoring of a chemical compound
in clinical or environmental samples. Perhaps one of the most
interesting alternatives is based on using biochemical receptors
that, in the appropriate concentration range, give easily reversible
reactions and have autoindicating optical properties (intrinsic or
acquired).

Some kinds of transport proteins (binding globulins, calmodu-
lin, lectins or periplasmic binding proteins) are between the most
important groups of receptors which are being studied for
continuous monitoring biosensors. These proteins lack of proper
autoindicating capabilities so different methodological alterna-
tives have been proposed for improving them. This is: the use of
competitive schemes involving a fluorophore (Ballerstadt and
Schultz, 1997; Ballerstadt et al., 2004); the linkage of an envir-
onmentally sensitive fluorophore (De Lorimier et al., 2002; Yoon
ll rights reserved.

: þ34 976761292.
et al., 2011); or the joining of two fluorophores for producing
energy transfer (Medintz et al., 2004; Crochet et al., 2010)

Enzymes, mainly those having flavin or heme groups as
cofactors, have also abilities for being used in continuous mon-
itoring biosensors. Their capabilities can be summarized as
follows:
1.
 Autoindicating properties. Flavoenzymes have intrinsic fluores-
cence (and absorption) in the visible region due to the presence
of the flavin group (Massey, 2000); their autoindicating abilities
are partially or fully quenched by the surrounding aminoacid
structure but they can be recovered after the linkage of specific
fluorophores, as fluorescein or coumarin (Odaci, et al., 2009;
Galban et al., 2012). Heme-proteins have molecular absorption
properties due to their hemegroup. During the enzymatic reac-
tion, the central iron ion oxidation state becomes altered and, as
a consequence, its molecular absorption spectrum changes
(Nienhaus and Nienhaus, 2005). This change in absorbance can
be used for autoindicating purposes.
2.
 Concentration range. Enzymes usually give similar or higher
linear response ranges than transport proteins and they can be
easily tuned by choosing an appropriate enzyme concentra-
tion. Their detections limits are usually conditioned by their
spectroscopic properties (Sanz et al., 2007a).
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3.
 Reversibility: Flavoenzymes and metalloproteins are intrinsi-
cally reversible, but they need a regenerating substance.
Flavoenzymes are regenerated by O2; since this compound is
present in the majority of the samples, these enzymes are, in
fact, reversible. The case of metalloproteins is different. Most
of them need an additional reducer for regeneration (as is the
case of peroxidase (Sanz et al., 2007b) or hemoglobin), but
Catalase (Cat) represents an interesting exception.

The active center of Cat is composed of a hemegroup contain-
ing a ferric (Fe(III)) central ion; in addition, Cat contains a NADPH
group. This enzyme catalyzes substrate oxidation by organic
peroxides. Catalase is also able to disproportionate hydrogen
peroxide into water and oxygen:

2H2O2 ��!
Catalase

2H2OþO2 ð1Þ

Kinetically, this reaction is complex (Ogura and Yamazaki,
1983; Lardinois et al., 1996) but, considering the aim of this
paper, it comprises two steps. First, the Fe(III) is oxidized by H2O2

to give the so-called Compound-I (CpI), a porphyrin p-cation
radical containing FeIV:

CatþH2O2��!
k1

CpI FeIV ¼ 0
� �

þH2O ð2Þ

In the second step another H2O2 molecule reduces the CpI to
the initial oxidation state.

CpI FeIV ¼ 0
� �

þH2O2��!
k2

CatþH2OþO2 ð3Þ

The overall process is so quick that it is not possible to observe
changes in the molecular absorption spectra due to the Cat–CpI–
Cat transition. As can be seen, Cat self-regenerates during the
reaction and, in consequence, it can be used as a bioreceptor for a
H2O2 continuous monitoring system.

H2O2 is a very interesting analyte in several kinds of biochem-
ical and environmental samples. In biochemistry, in addition to its
well known importance in aging, this compound plays a role as an
intracellular messenger (Veal et al., 2007), in the response of the
immune system (Niethammer et al., 2009) and there is evidence
that it contributes to neurodegeneration in diseased states
(O�Brien et al., 2007). In the environmental field, the compound
is used (sometimes in combination with organic peroxides) as a
water disinfectant as an alternative to chlorine or to chlorine
dioxide. Colorimetric or fluorometric methods for H2O2 determi-
nation are usually based on two mains schemes: (A) H2O2

enzymatic oxidation with peroxidase (or peroxidase mimics
(Gao et al., 2011)) in the presence of an adequate reagent (for
example, the ABTS method Cadarso et al., 2008), and (B) the Fe(II)
oxidation to Fe(III) and a later Fe(III) complexing with Xylenol
Orange (FOX method) or other reagents (Bou et al., 2008). These
methods give good sensitivity but they are irreversible, so it is
difficult to use in continuous monitoring systems. To the best of
our knowledge, reaction (1) has only been used for designing
electrochemical biosensors (O�Brien et al., 2007; Sezginturk et al.,
2005; Campanella et al., 1998; Campanella et al., 2003). In this
paper we propose a different indicating scheme based on detect-
ing the O2 formed with an O2-sensitive fluorophore which has
been previously linked to the catalase.
2. Material and methods

2.1. Apparatus

Steady state fluorescence measurements and contour plot (3D)
spectral measurements were carried out with a Photon Technol-
ogy International (PTI) Time Master spectrometer (TM-2/2003).
For lifetime measurements this instrument has a N2 laser (GL-
3300) that pumps a dye laser (plugged in to a frequency doubler
for working with lower wavelengths) as a radiation source and a
stroboscopic system as the detector. 3D spectral measurements
were carried out with a Perkin-Elmer LS 50B luminometer. 3.5 mL
Hellma quartz cuvettes with 10 mm path length were used.

The chemically modified enzyme was separated from the
modifier excess using a low-pressure chromatography system.
This consists of a glass column (13�1 cm) filled with Sephadex
G-50. A peristaltic pump (M312 MiniPlus3) supplied the eluent.

An optical Foxy-R Oxygen Sensor (Ocean Optics), which is
based on the O2 collisional quenching of fluorescence, was used
for monitoring dissolved oxygen during the enzymatic reaction.
Optical fibers carried both the excitation light produced by the
blue LED (450 nm) and the fluorescence generated to the detector.

The flow system was a modified version of a system previously
designed in our laboratory (see Supplementary Material section,
Fig. S1).

The Cat–O2 sensor consists on a center holed (0.3�0.4 mm)
0.36�20 mm polytetrafluoroethylene tube closed by two septum
caps. The PAA-catalase polymer is located at the bottom and the
Foxy-R Oxygen Sensor is inserted through the top cover.

2.2. Reagents

pH 8.5 and 9 0.1 M carbonate solutions were prepared from
solid NaHCO3 and Na2CO3. 13500 IU �mg�1 lyophilized solid Bovine

liver Catalase (Cat) EC 232-577-1 (Sigma-Aldrich, C40) was used
throughout the experimental study. The ruthenium salt solution
(Ru salt) was prepared by dissolving 1.42 mg of Tris(2,20-bipyridi-
ne)dichlororuthenium(II) hexahydrate (Fluka 93307) in 100 mL of
dimethylsulfoxide (DMSO). The ruthenium chemical modifier solu-
tion (CM–Ru) was prepared by dissolving 2 mg of Bis(2,20-bipyr-
idine)-40-methyl-4-carboxybipyridine-Ru N-succinimidyl ester-bis
(hexafluoro-phosphate) (Sigma 96631) in 1 mL of dimethylsulf-
oxide (DMSO). Hydrogen peroxide stock solution (33% w/v) was
supplied by Panreac. Hydrogen peroxide stock solution (16.75 M
obtained by Permanganate titration) was supplied by Scharlab.

APEG-Membraness (polyethylene glycol–cellulose amine
modified membrane) and Immobilon-Ps (polyvinylidene difluor-
ide membrane) were supplied by RAPP Polymere and Millipore,
respectively. Polyacrylamide membranes (PAA) were synthesized
from acrylamide, bis-acrylamide and ammonium persulfate
(Sigma-Aldrich A3553, M7279 and A3678, respectively) and
N,N,N,N-tetramethylenediamine (TEMED, from BioRad).

2.3. Linking procedure

Mixture 1 (Mix-1): About 10 mg of Cat were dissolved in
400 mL pH 8.5 carbonate solution and mixed with 100 mL CM–Ru.
The mixture was allowed to react in darkness at room tempera-
ture during 90 min. The excess of CM–Ru was separated from the
chemically modified Cat (Cat–Ru) using a chromatographic sys-
tem. pH 9 carbonate solution was used as eluent (flow rate:
1.5 mL min�1). The Cat–Ru was recovered in a volumetric flask
and made up to 5 mL with pH 9 carbonate solution.

Mixture 2 (Mix-2): About 12 mg of Cat were dissolved in
250 mL pH 8.5 carbonate solution and mixed with 200 mL CM-Ru
solution. The mixture was allowed to react in darkness at room
temperature during 120 min.

2.4. Catalase–Ru immobilization in PAA (sensor film preparation)

75 mg acrylamide and 5 mg bis-acrylamide were dissolved in
200 mL Mix-2. Then 4 mL ammonium persulfate solution (10%)
was added. After bubbling with N2 during a few minutes to



Fig. 1. Cat–O2 sensor system.

Table 1
Lifetime obtained for Cat–Ru, CM–Ru and sensor film in the O2 presence

(t0, [O2]0¼2.2�10�4 M) and absence (t00, [O2] concentration lower than

10�5 M). From t0 and t00 the Sterm–Volmer constants (KSV) have been obtained

(results are the average of 5 determinations).

t0 (ns) t00 (ns) KSV (M�1) kq (M�1 s�1)

Cat–Ru 40275 46279 678715 1.47(70.04) �109

CM–Ru 41877 502712 913727 1.82(70.07) �109

Sensor film 12274 20979 n n

n Non evaluated
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remove dissolved oxygen, 0.4 mL TEMED were added before the
mixture was spread into a glass cast (1.2�1.2�1 mm). After
being covered with a glass slide, the mixture was left to react
during 30 min. The sensor film was kept in pH 9 carbonate
solution.

2.5. Catalase–Ru immobilization in APEG and Inmobylon-P (sensor

film preparation)

A piece of APEG-membrane was cut to the appropriate
dimensions. 10 mL Mix-2 were spotted on the membrane and
dried. This last step was repeated twice for each side of the
membrane. The sensor film was kept in pH 9 carbonate solution.

Immobilon-P membrane must be previously activated. A piece
was wet in 100% methanol for 20 s and then washed with milliQ
water for 2 min before being equilibrated in pH 9 carbonate
solution (for 5 min). 10 mL Mix-2 were then spotted on the
membrane and dried. This last step was repeated twice for each
side. The sensor film was kept in pH 9 carbonate solution.

2.6. Measurement procedure

Lifetime measurements. The cuvette was filled with Cat–Ru
solution Mix-1 ([Cat–Ru]¼8.0�10�6 M). The decay curves were
then obtained and fitted to an exponential function (the best fit
was determined when 0.9ow2o1.2). To obtain the Ru lifetime in
the absence of O2, the same procedure was used after bubbling
with N2 for removing O2.

Measurements in batch. 400 mL Mix-1 and 1600 mL pH 9 carbo-
nate solution were added to the quartz cuvette ([Cat–
Ru]¼1.32�10�6 M). The mixture was submitted to continuous
stirring and the fluorescent intensity was monitored at 617 nm
(lexc¼467 nm). Then 30 mL of the analyte solution was added to
the cuvette. A fast intensity decrease from an initial (F0) to a
minimum value (Fmin) followed by a gradual increase was
observed. Two analytical parameters were used: DFmin¼F0�

Fmin/Fmin and the absolute value of the signal area (ADF).
For the ‘‘One Cat–Ru aliquot working’’ methodology, 500 mL of

Cat–Ru solution and 1.5 mL pH 9 carbonate solution were added
to the quartz cuvette ([Cat–Ru]¼1.41�10�6 M). Volumes of
analyte solution were then added to the cuvette (10–60 mL), the
fluorescence also being monitored at 600 nm (lexc¼467 nm).
Similar conditions were used when the Ru salt was measured.

Cat–Ru Sensor films. The pH 9 carbonate solution was flowed
across the flow cell at 0.5 mL min�1 and the fluorescence
intensity was monitored at 600 nm (lexc¼450 nm). When signal
stabilization was reached, 2.5 mL of the analyte solution were
injected in FIA mode.

Cat–O2 sensor. 500 mL of the solution to be tested are located in
a 1 mL Eppendorf tube (Fig. 1). Then the Cat–O2 probe is
immersed and the Fmin is obtained. The F0 is measured from a
blank solution.
3. H2O2 determination using Cat–Ru in solution

3.1. Fluorescence properties of Cat–Ru

The spectrum of catalase after being linked to the Ru–chelate
(Cat–Ru) shows the intrinsic spectroscopic properties due to
aminoacids, the intrinsic fluorescence maximum at 400 nm (exci-
tation at 310 nm), due to NADPH, and the additional fluorescence
maximum at 617 nm (excitation at 467 nm) due to the Ru
compound (see Supplementary Material Fig. S2).

Table 1 shows the fluorescence lifetime of both CM–Ru and
Cat–Ru in the presence (t0) and in the absence (t00) of O2. These
were obtained using the lifetimes measurement system pre-
viously described. They show that the O2 quenching is even
produced when the Ru–chelate is linked to catalase.

The Sterm–Volmer equation for collisional quenching is given by

F 00
F0
¼
t00
t0
¼ 1þKSV ½O2�0 ¼ 1þgqkqt00½O2�0 � 1þkqt00½O2�0 ð4Þ

gq being the quenching efficiency (which is very close to 1 when
O2 is the quencher (Eftink, 1991)), kq being the rate constant for
quenching and Ksv being the Sterm–Volmer constant. From Eq. (4)
and the data in Table 1, the Ksv and kq for CM–Ru and Cat–Ru have
been obtained. These results indicate that

kCat�Ru
q

kCM�Ru
q

¼ 0:81

Both kq values are comparable, which is an indication that the
fluorescence quenching by O2 is responsible for the Cat–Ru signal.
The small difference between these values (about 20%) can be
explained by the findings of Johnson and Yguerabide (1985). They
studied the kq values for free and protein bound fluorophores and
found that the kq can be reduced by up to a half when the
fluorophore is bound to a protein (the bigger the protein the
stronger the kq reduction). They also indicated that higher reduc-
tions suggest that the fluorophore is hidden from O2 and, conse-
quently, the fluorophore is in the inner part of the protein. According
to this, in Cat–Ru the fluorophore is in the outer part of the catalase.

3.2. Mathematical model describing the analytical method.

Fig. 2 shows schematically the fluorescence changes produced
when hydrogen peroxide is added to a solution containing Cat–Ru.



Fig. 2. Cat–Ru fluorescence intensity versus time along the enzymatic reaction

using different H2O2 concentrations: (a) Blank; (b) 3.0�10�4 M; (c) 7.0�10�4 M;

(d) 1.0�10�3 M (pH 9; [Cat–Ru]E1.0�10�6 M). Fluorescence intensity has been

normalized (Fnorm) with the initial value (F0).
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After the analyte addition, a sudden fall in fluorescence intensity is
observed (up to a minimum value, Fmin); from the minimum, the
fluorescence increases again until the initial fluorescence signal is
recovered. According to the Cat/H2O2 reaction mechanism, the
initial fluorescence fall is due to O2 formation (which quenches the
Cat–Ru fluorescence) and the subsequent increase is due to O2

diffusion from the surrounding atmosphere to the solution until the
initial O2 concentration is reached (kdif being the diffusion constant).
This fact was confirmed by monitoring the variation of O2 with the
oxygen sensor (see Fig. S3 in the Supplementary Material section).

Considering the kinetic mechanism, a mathematical model
relating the fluorescence intensity change with the H2O2 concen-
tration can be developed. Before the reaction, the Cat–Ru fluor-
escence is quenched by the dissolved oxygen present in the
solution.

F�0
F0
¼ 1þKCat�Ru

SV ½O2�0 ð5Þ

When H2O2 is added the O2 increases by the enzymatic
reaction (1) and decreases by diffusion, so the fluorescence
intensity at each moment (F) is given by:

F�0
F
¼ 1þKCat�Ru

SV ð½O2�0þ½O2�eÞ ð6Þ

[O2]e being the excess in the O2 concentration (regarding [O2]0)
present at each moment in the solution. Combining (5) and (6)
gives

DF ¼
F0�F

F
¼

KCat�Ru
SV

1þKCat�Ru
SV ½O2�0

½O2�e ¼QSV ½O2�e ð7Þ

the QSV term represents the part of the overall system sensitivity
depending on the fluorophore used. Now the [O2]e has to be
related with the analyte concentration [H2O2]0. According to the
enzyme reaction/diffusion kinetic

d½O2�e

dt
¼ k2 CpI½ � H2O2½ ��ks,g

O2
½O2�e ð8Þ

ks,m
O2

being the solution to gas O2 diffusion coefficient. Details on
this differential equation solution are given in supplementary
material section, the result being

½O2�e ¼ ½H2O2�0

k1k2
k1þk2

� �
½Cat�0

2 k1k2
k1þk2

� �
½Cat�0�ks,g

O2

0
@

1
A e

�ks,g
O2

t
�e
�2

k1 k2
k1 þ k2

� �
½Cat�0t

 !

ð9Þ

This equation indicates that the [O2]e and, in consequence DF,
linearly depends on the [H2O2]0 concentration at any time during
the enzymatic reaction. Throughout, we will use two analytical
parameters which are linearly related to the [H2O2]0 (both are
deduced in the Supplementary Material section).
1)
 The DF values of the minimum (DFmin) given by

DFmin ¼
1

2
½H2O2�0QSV

Ps,g

1�Ps,g

� �
ln

1

Ps,g

� �

Ps,g ¼
2 k1k2

k1þk2

� �
ks,g

O2

½Cat�0 ð10Þ

Ps,g being a term representing the enzyme kinetic to mass
transfer quotient rate.
2)
 The absolute value of the area of the DF versus time repre-
sentation (ADF)

ADF ¼ ½H2O2�0
QSV

2Ks,g
O2

ð11Þ

As could be expected, the ADF does not depend on the catalase
concentration as the DFmin does. Both equations give the
analytical keys for designing methods and optical sensors
based on this methodology.
3.3. Analytical optimization and figures of merit

Only two variables need to be optimized: pH and catalase
concentration. Table S1 in supplementary material shows how
the ADF and the DFmin are nearly independent on the pH for values
ranging from 6 to 9 (which are the typical for enzymatic
measurement).

Catalase concentration is included in the Ps,g value. When the
effect of the logarithmic term is considered negligible compared
to the ðPs,g=ð1�Ps,gÞÞ, then two limiting situations can be established
1)
 For low catalase concentration

2
k1k2

k1þk2

� �
½Cat�0ooks,g

O2
) DFmin ¼

1

2
½H2O2�0QSV Ps,gln

1

Ps,g

� �
ð12Þ

indicating that DFmin linearly depends on the catalase
concentration.
2)
 For High enzyme concentration

2
k1k2

k1þk2

� �
½Cat�044ks,g

O2
) DFmin ¼

1

2
½H2O2�0QSV ln Ps,g

� �
ð13Þ

then DFmin becomes nearly independent of the catalase con-
centration and the sensitivity reaches its highest value. Fig. 3
shows the experimental results obtained which match with
these predictions. This figure shows that the ADF does not
depend on the catalase concentration; however, kinetically
speaking the higher the catalase concentration the shorter the
reaction time. When DFmin is used as the analytical parameter,
in order to achieve the highest sensitivity, catalase concentra-
tions above 1.6�10�6 M should be used.
Eq. (4) shows that KSV linearly depends on the kq, g and t00.
As is well known, the kq value was initially deduced by Smolu-
chowski. While this equation was later improved by Collins y
Kimbal (Eftink, 1991), for the majority of the situations the
Smoluchowski equation (simplified to steady-state measurements)
can be used.

kq ¼ 4pR0D
Na

1000
1þ

R0ffiffiffiffiffiffiffiffiffi
pDt
p

	 

� 4pR0D

Na

1000
ð14Þ



Fig. 3. Cat–Ru concentration effect on the analytical parameters: ’ DFmin; & ADF

(pH 9; [H2O2]¼1.3�10�3 M).

Fig. 4. (A) Simulated effect of [O2]0 on the QSV value (KSV¼678 M�1); (B)

Simulated effect of t00 on the QSV value (kq¼1.5�109 M�1s�1; [O2]0¼2.22�

10�4 M) using a double logarithmic representation.
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R0 being the distance between the fluorophore and the O2

(usually, the sum of both radii), D being the sum of the diffusion
coefficients of both compounds and Na being the Avogadro
number. As can be seen, for fluorophores having similar radii
(i.e., similar molecular weight) the kd value can be considered
constant. Then, for similar fluorophores the most important
parameter to be considered should be t00. Fig. 4A shows an
estimation of the t00 effect on the QSV value (considering
kq¼1.47�109 M�1s�1 and [O2]0¼2.2�10�4 M); for the sake of
clarity a double-logarithmic representation has been used. As can
be seen, if fluorophores having a longer lifetime than Ru were
used, the QSV would increase and, in consequence, the method
sensitivity also; however this increase is limited. In fact, for very
high t00 values, QSV becomes independent of KSV

QSV ¼
KSV

1þKSV ½O2�0
�

KSV

KSV ½O2�0
¼

1

½O2�0
ð15Þ

Fig. 4A indicates that using a fluorophore having a longer
fluorescence lifetime than the Ru compound used, the QSV can be
increased by about one order of magnitude. We have considered
this possibility in our method design. As far as we know, the only
commercially available fluorophores having longer lifetimes than
the Ru compound (or metalloprophyrins) are Eu (III) chelates
(metalloporphyrins having similar lifetime to the Ru). However,
the fluorescence of these compounds (Hemmilä and Laitala, 2005)
is almost unaffected by O2 (gq�0) so the Ru seems to be the most
appropriate. Metalloporphyrins have also long lifetimes but they
are similar to that of the Ru compounds.

Eq. (10) also indicates that the method sensitivity changes
linearly with QSV and this, for its part, depends on the [O2]0

present in the medium and the KSV. According to Eq. (7), the
higher the [O2]0, the lower the QSV and, in consequence, the lower
the method sensitivity. However, considering the KSV value given
in Table 1, the effect of the [O2]0 is in reality slight. This is clearly
depicted in Fig. 4B which represents the theoretical QSV variation
with [O2]0 (the [O2]0 in water at 25 1C is 2.2�10�4 M;
KSV¼678 M�1). As can be seen, if the [O2]0 is reduced by half or
is increased twofold, the slope of the calibration line changes less
than 5%. It is necessary to change the [O2]0 by one order of
magnitude if a noticeable change in QSV is to be observed. This
result also shows the robustness of the method to [O2]0 changes.

In the optimal conditions, a calibration study was performed
using DFmin and ADF. Both parameters change linearly with the
H2O2 concentration in the range from 1.0�10�4 M to, at least,
1.2�10�3 M. The calibration lines obtained by the least-square
method are as follows (see Figs. S4 and S6 in the Supplementary
Material section; calibration lines obtained using other conditions
are shown in Figs. S5 and S7, and in Table S3)

DFmin ¼ 119½H2O2,M��0,002 r¼ 0:998 ð16Þ

ADF ¼ 99279½H2O2,M�þ1:4 r¼ 0:998 ð17Þ

The RSDs (n¼5) obtained for the 1.31�10�3 M were 1.2% and
4.7% for DFmin and ADF, respectively. The limits of detection
(calculated according to the IUPAC criteria) were 2,5�10�5 M
and 3,0�10�5 M for DFmin and ADF respectively.

As has been indicated above, the Catalase/H2O2 kinetic is
complex. In fact, for high H2O2 concentrations the analyte can
produce reversible inhibition (and even, irreversible inactivation)
by the formation of a new enzyme compound (Compound III)
(Lardinois et al., 1996). In our opinion, this behavior explains the
lost of linearity at the highest [H2O2] of the calibration study.
3.4. One Cat–Ru aliquot working

One of the most interesting aspects of this method is that the
analytical system is fully reversible. This means that after H2O2

consumption and O2 diminution to its initial value, the same
catalase solution can be used again for the measurement of a new
H2O2 aliquot. In theory, this process could be repeated as many
times as is needed, and the calibration line could be obtained with
just one catalase aliquot. The only consideration to be taken into
account is that after a new analyte aliquot is added, the enzyme
becomes diluted; however, while the catalase concentration
remains in the plateau shown in Fig. 3 (i.e., while Eq. (13) can
be applied), this dilution will not affect the method. In order to
demonstrate this capability a calibration study was performed
using a single aliquot of Cat–Ru. The calibration lines obtained
(see figures in the Supplementary Material section) by least-
square method being

DFmin ¼ 248 ½H2O2,M�þ0:01 r¼ 0:990 ð18Þ

ADF ¼ 241145½H2O2,M��2:2 r¼ 0:995 ð19Þ

As can be seen, the slope of both parameters are consistent
with those obtained by the sequential calibration studies (Eqs. (16)
and (17)). The supplementary material section also shows that this
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method can be applied when the Ru compound has not been
previously linked to the catalase.
4. Sensor film for Cat–Ru biosensor

4.1. Mathematical model describing the biosensor

Cat–Ru was immobilized in a PAA membrane and then placed
in a flow cell. Working in FIA mode, the analytical signal obtained
is similar to that obtained in batch mode, the only difference
being that the fluorescence minimum appears later and is more
dependent on the analyte mass transport step (Fig. 5).

Eq. (8) describes the [O2]e variation along time for the H2O2

determination in solution. When the Ru–Cat is immobilized into a
membrane, a different mathematical model has been developed
modeling the analytical parameters. For this case, the ADF gave
greater experimental precision than DFmin so this parameter is
proposed for quantification. The obtained equation was (see
Supplementary material section).

ADF �
1

2
QSV

Ps,m

1þPs,m

� �
Vm

Q
H2O2½ �0 ð20Þ

Ps,m being similar to Ps,g but replacing the diffusion coefficient ks,g
O2

by ks,m
O2

, the latter being the membrane to solution O2 diffusion
coefficient, and Q and Vm being the carrier sample flow and,
sample volume respectively. This indicates that the area is
proportional to the analyte concentration.

4.2. Parameter optimization

Most of the biosensors we have previously designed and built
have been based on enzyme entrapment in polyacrylamide gels
(PAA). In this paper we have also tested two commercial supports
previously described (see Section 2). The most important advantage
of these supports compared to PAA is that the Cat–Ru becomes
immobilized on the solid surface so the mass transport rate
increases. On the other hand, these supports have two drawbacks:
(1) the amount of enzyme which can be immobilized is less than in
PAA, and (2) the enzyme chemical groups involved in the immobi-
lization are the same as those of the enzyme used for Ru linkage.
With APEG we could not get any signal; using Immobilon-P both the
fluorescence intensity and its variation was very low (see Fig. S14 in
Supplementary Material).
Fig. 5. Variation of the fluorescence intensity of the sensor film during the

enzymatic reaction using different H2O2 concentrations: (A) 1.7�10�3 M;

(B) 1.3�10�2 M; (C) 1.7�10�2 M (pH 9; [Cat–Ru]¼9.9�10�5 M).
Although the flow cell dimensions do not explicitly appear in
the mathematical model, in order to deduce Eq. (20) it is
necessary to ensure that the flow cells volume will be as low as
possible in order to minimize the signal size (i.e. obtaining a
higher F0,min). Initially the flow cell we used had a free volume
(available for sample) of about 220 mL (0.5�1�0.45 cm). Using
this volume a very low F0,min value was observed. Lower volumes
were obtained using similar cells in which the total height had
been reduced using silicone. The better DFmin value was obtained
using 100 mL volume (0.5�1�0.2 cm), this being the smallest
volume we could accurately use.

Eq. (20) predicts how the sample volume and the flow rate
affect on the analytical signal. The experimental results confirm
the model (see Fig. S15 in Supplementary Material). According to
this, the sample volume should be large; in contrast, the flow rate
should be kept as low as possible.
4.3. Analytical figures of merit

As shown in the previous section the optimal pH is 9. Therefore,
the same conditions were used as in solution. The catalase concen-
tration affects the analytical response and the stability of the sensor
film. For high concentrations of catalase the reaction was faster but
the stability of the sensor film decreased. A concentration of
1.00�10�4–7.00�10�4 M was chosen. Using these optimized
conditions, the calibration line is linear from 5�10�4 M up to (at
least) 1,4�10�2 M (see Supplementary Material, Fig. S16).

Finally, a study has been carried out in order to evaluate the
sensor lifetime. In the experimental conditions indicated in
Section 2.6, periodic measurements of a 1�10�4 M H2O2 were
performed during one month (every 2 day). The relative standard
deviation of these measurements were 3,5% (n¼15).
5. The Cat–O2 sensor: an alternative H2O2 optical sensor

Fiber-optic oxygen sensors based in fluorescence are commer-
cially available. These sensors consisting in long-lifetime fluor-
ophores (in some cases, Ru chelates similar to that used in this
paper) immobilized in crystalline materials (i.e., sol–gel). In order
to transform this O2 sensor in a H2O2 sensor, catalase should be
coupled to that system.

Taking this in mind, we have built a H2O2 sensor using a PPA
support containing immobilized free-catalase (Cat–O2 sensor).
Several devices were initially tested and finally that shown in
Fig. 1 was chosen. The mechanism of the fluorescence change is
similar to that of the Cat–Ru sensor, so the model can also be
applied. Catalase concentration was again studied. Obviously the
higher the concentration the faster the reaction, however there is
a limit imposed by the physical characteristics of the PAA
polymer. Finally a 1�10�6 M can be recommended as the
optimum. We also observed that the PAA-probe relative position
highly affects the method sensitivity; both should be as near as
possible avoiding a direct contact between them.

This device has been designed to be used as an immersion
probe. Fig. S17 in the supplementary material section shows the
shape of the F¼ f(t) representations obtained. As can be seen a
sudden intensity change is observed followed by stabilization.
Since the final stabilization time and the final signal depend on
the sample container size, we decided to use the DFmin as the
measurement parameter. Fig. S18 in the supplementary material
section shows the calibration line obtained by the successive
immersion of the Cat–O2 probe in solutions containing different
H2O2 concentration. As can be seen the method sensitivity and
the linear response range are similar to that obtained with the
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Cat–Ru sensor, so this system can be use as an alternative to the
Cat–Ru sensor.
6. Conclusions

In this paper we have presented an autoindicating biosensor
based on catalase which is able to determine hydrogen peroxide.
This sensor is fully reversible, does not need any chemical for
regeneration, is less prone to interferences (mainly, from organic
peroxides) than other methods for H2O2 determination and can
work autonomously for at least one month. Since catalase is easily
coupled to many oxidase-type enzymatic reactions involving classi-
cal clinical substrates such as glucose, cholesterol, lactic acid and
many others, this work opens the door to a new optical sensor
family based on proteins. These sensors could be candidates for
continuous monitoring of these parameters in biological fluids.
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