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Abstract

A novel biocomposite electrode containing horseradish peroxidase (HRP) and zeolite co-immobilized on gelatin particles mixed with graphite

was described.

Comparing the composite (zeolite/graphite) and the biocomposite (gelatin/HRP/zeolite/graphite) electrodes showed that the latter presented an
enhancement on the electrodes diffusion properties and, apparently, the enzyme co-immobilized with zeolite on gelatin was electro-active and

functioned as mediator in the electro-oxidation of phenol.

Various HRP/zeolite ratios were tested and the best result was obtained with the 1:100 mygrp/m,e, biocomposite electrode. These results confirm
the existence of HRP—zeolite interactions, as previously observed in pseudo-homogeneous oxidation of phenol.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phenolic compounds are among the major contaminants
in medical, food and environmental matrices. For example,
the maximal admissible concentration of phenolic compounds
in drinking water should not exceed 0.5 wg/l [1]. However,
from another point of view, phenol structures form a basis
for many pharmaceutical preparations and/or used for human
treatment.

Regardless of whether the phenolic compounds are treated as
good or bad substances (a classification which is dependent on
its concentration), the measurement of their concentration is of
great importance [1-11].

Horseradish peroxidase (HRP) proved to be suitable for
many practical applications for the determination of phenol;
for example, it has been used as part of electrodes and amper-
ometric biosensors [1-30]. HRP has been thoroughly studied
and frequently used to exemplify the peroxidase reaction cycle
(Change-George mechanism (1)—(3)) which is often involved in
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the elimination of phenolic compounds as it was used in previous
works [31,32]:

HRP + H>O; — compoundI + H;O (D)
compoundI + PhOH — compoundII + PhO*® 2)
compound I + PhOH — HRP + PhO* + H,O 3)

HRP affinity for hydrogen peroxide allowed the develop-
ment of many electrodes or amperometric biosensors for the
detection of hydrogen peroxide, either using direct [16-21]
or mediated [14,22-30] electron transfers. Many of these
peroxidase-modified electrodes are based on a direct electron
transfer (DET) between the active site of the enzyme and an
electrode, combining Egs. (1) and (4):

compoundI 4 2e~ +2H" — HRP + H,O 4)

However, electrode configurations based on various mediated
electron transfer (MET) pathways, using diffusion mediators,
have also been described. A variety of mediators can be used,
such as ferrocenes, hexacyanoferrate(Il), osmium complexed
with pyridine or nickelocene [1].

The Change-George chain of reactions (1)—(3) has also been
used for the development of biosensors for phenolic compounds
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detection [1-15], either by direct or mediated electron transfer;
these biosensors usually involve the use of hydrogen peroxide
to oxidise HRP.

Zeolite/graphite containing electrodes have been studied in
various context, namely for the oxidation of phenol [33-35].
The enzymes and zeolites have also already produced some
electrodes of great interest [36—45].

Often, the direct adsorption of proteins onto the electrodes
surface can result in their denaturation and loss of activity; this
effect has been reported for HRP onto zeolites in a previous
work; however, the same study showed that the presence of zeo-
lite in the vicinity of HRP can enhance the enzymatic activity
of this enzyme and an heterogeneous catalyst prepared by the
simultaneous entrapment of zeolite and enzyme in gelatin was
shown to improve the enzyme’s activity [32].

In the present work we have tried this type of heterogeneous
catalyst for the construction of composite electrodes, combin-
ing both the zeolite and the enzyme. This new biocomposite
zeolite/graphite electrode with HRP was studied for the direct
electro-oxidation of phenol in the absence of added hydrogen
peroxide.

2. Experimental
2.1. Materials

All reagents were of analytical grade.

Horseradish peroxidase (HRP-C [E.C.1.11.1.7],
MW =40kDa) with a specific activity of 252 U/mg (according
to pyrogallol method performed by the supplier) was obtained
from Bioenzyme and stored at —18°C. Gelatin, sodium
phosphate and phenol were purchased from Merck. Distilled
water was used in all the experiments and all solutions were
stored at 4 °C.

For the construction of the pellets, graphite with a high degree
of purity was used for mixing with zeolites or silica in powder
form; electrodes obtained by mixing graphite with the gelatin
particles described below were also constructed.

The zeolite used in this work was the LZY-52 (NaY) with
Si/Al=2.5 (which will, hereafter, be referenced as NaY,s)
from Union Carbide. For the purpose of performing control
experiments a porous silica (EP10X from Crosfield), hereafter
referenced as (SiO3)p, was used. The zeolite and the silica sam-
ples were calcined, under air at 793 K, prior to use, to ensure
a clean surface. After calcination they were stored in a closed
vessel under a constant and high humidity atmosphere.

2.2. Instrumentation and equipment

Electrochemical measurements were performed on a
DEA101 Digital Electrochemical Analyser coupled to
an IMTI102 Electrochemical Interface from Radiome-
ter/Copenhagen.

The pellets were produced using a Graseby/Specac press.

Thermogravimetric measurements were performed on an
SDT 2960 Simultaneous DSC-TGA from TA Instruments.
These measurements were used to determine the amount of water

that was adsorbed in the zeolite under storage conditions (so as
to establish a suitable dry calculation basis for the weight of the
zeolites that were used in the experiments) and to confirm the
total water and protein content in the gelatin particles.

A B. Braun Biotech International Christ® Alpha 2-4 equipped
with a Pfeiffer Balzers Duo 008 B vacuum pump was used to
lyophilise the gelatin samples.

2.3. Methods

2.3.1. Gelatin—enzyme entrapment

The standard procedure for the enzyme entrapment, as
described in previous work [32] (adapted from [46]), was as
follows: 0.5g of gelatin was dissolved in 4.5ml of sodium
phosphate buffer solution and mixed with 0.5ml of HRP-C
solution (15.14 mg/ml). The final solution was divided in two
parts to ensure that both had the same enzyme/gelatin ratio. In
one part the adequate zeolite or silica quantity was added to
reach a final proportion of 1:100, 2:100, 5:100 of myrp/mizeo
and 1:100 of mHRp/I’I’l(SiOZ)p ratio. The other part was used as
reference (hereafter, these samples will be referenced as Refs.
1-4, respectively).

With soft stirring, the solution was solidified at 4 °C and the
resulting solid was washed with the buffer solution.

All the samples were powdered by lyophilisation. These pow-
ders were sieved through a mesh with an aperture of 0.141 mm,
to standardise particle dimensions.

Thermogravimetric experiments were made to confirm the
amount of protein in each preparation. Table 1 shows the relative
composition of each gelatin sample.

Also for control purposes, particles containing only gelatin
and zeolite, in the same proportions as the ones containing the
entrapped enzyme, were also prepared. With these particles,
electrodes maintaining the general structure and properties of
the biocomposite ones, but with no enzyme present, were con-
structed. Table 2 shows the composition for all gelatin/zeolite
samples.

2.3.2. Electrodes construction

The composite electrodes were prepared by a simple mechan-
ical mixture of the powder of the zeolite, silica, gelatin/zeolite
or gelatin/HRP/zeolite (or silica) particles with graphite in a 2:1
(w/w) proportion. The pellets had a total mass of around 5 mg
of the previously homogenised mixture and were subjected to a
pressure of 0.5 tonnes for 5 min.

Table 1
Composition (Wt%) of all gelatin samples [32]
Samples
Ref.1 1:100 Ref.2 2:100 Ref.3 5:100 Ref.4 1:100

H,O 16.5 200 133 16.1 17.6 19.1 16.6 10.2
Gelatin 823 315 854 473 812 614 822 355
HRP-C 1.2 0.5 1.3 0.7 1.2 0.9 1.2 0.5
NaY; s - 48.0 - 359 - 18.6 - -

(8i02)p - - - - - - - 53.8

Refs. 1-4 correspond to the sample reference, i.e., without the zeolite or the
porous silica.
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Table 2
Composition (wt%) of all the gelatin/zeolite samples

ge]/zeo<1 :100) gel/zeo(z; 100) gel/zeo(5; 100)
H,O 21.0 17.1 17.9
Gelatin 34.0 45.6 59.9
NaYy5 45.0 37.3 22.2

Written in parentheses (subscript) the corresponding sample with enzyme is
indicated.

The pellet, which was 3mm in diameter, was placed in a
special support where it contacted with the electric circuit by
means of a platinum disc that was pressed against the pellet, as
described in previous works [33-35,47].

2.3.3. Electrochemical behaviour

All the electrochemical measurements were performed as
described in previous works [33-35,47] where the conditions
were optimised.

Cyclic voltammetry studies were carried out in a three-
electrode cell, at a platinum disc or at a composite working
electrode (prepared as described in the previous section), probed
by a Luggin capillary connected to a silver/silver chloride refer-
ence electrode (Ag/AgCl). A platinum wire auxiliary electrode
was employed.

All electrochemical measurements were performed at room
temperature and with a scanning rate of 10 mV/s (unless other-
wise indicated) in a 100 mM sodium phosphate buffer solution,
so as to ensure a pH of 7.0. Prior to each experiment a base line
was recorded using a clean buffer solution.

Unless otherwise specified, the measurements were carried
out using a solution containing 5 mM of phenol in the sodium
phosphate buffer solution.

2.3.4. HRP-C enzyme concentration

The HRP-C concentration in the enzyme solutions that
were used to prepare the composite catalysts was determined
spectrophotometrically at 404 nm using a molar absorption coef-
ficient value of 102,000M~! cm~! [48-51].

3. Results and discussion

Electro-oxidation of phenol with zeolite/graphite compos-
ite electrodes was well studied in previous works [33-35]. In
those studies, NaY5 5 was the zeolite that showed the best perfor-
mance, because it presented the oxidation wave with the highest
current intensity and the lowest potential.

With the same type of electrode, containing only the
NaY, 5 zeolite/graphite composite, the simple addition of
HRP to the phenol solution was attempted. In Fig. 1 we
can observed that when HRP is added to the solution con-
taining phenol (25mM), a small wave can be observed
with the NaY, s/graphite electrode, at a potential just bel-
low the wave corresponding to the oxidation of phenol on
the zeolite containing electrode. This wave increases when
the amount of HRP in solution is increased from 0.5 to
I mg/l.

0.3

I (mA)

T T
200 400 600 800 1000
E (mV)

Fig. 1. Cyclic voltammograms with NaY s/graphite working electrode in the
presence of only 25 mM of phenol (a), only 1 mg/l of HRP (b), with 25 mM of
phenol and 0.5 mg/l of HRP (c) and with 25 mM of phenol and 1 mg/l of HRP
(d), all in phosphate buffer, with a scan rate of 10mV/s.

This new wave is clearly due to the interaction of HRP with
phenol, since when no phenol is present in solution no signif-
icant oxidation of HRP can be detected, probably because the
enzyme concentration is very small (1 mg/l=0.025 mM). Thus
it is conceivable that the enzyme will act as a mediator in the
oxidation of phenol by the electrode, since the oxidation wave
potential is somewhat lower than without HRP. This assumption
is reinforced by the fact that the ratio between the second (direct
oxidation of phenol on the zeolite electrode) and the first waves
is only 4.5 times when the molar ratio between phenol and HRP
is 1000 (for the 1 mg/l HRP solution), clearly pointing to the
existence of a catalytic process.

In a previous work we have shown that the NaY 5 zeolite can
enhance the horseradish peroxidase activity, despite the fact that
when HRP adsorbs itself directly on the surface of the zeolite
it looses all activity [32]. It is, thus, conceivable that the sim-
ple addition of HRP on the solution in contact with the zeolite
containing electrode will imply some adsorption of the enzyme
onto the zeolite surface, thus reducing its apparent activity.

Following these experiments, the same type of electrode was
constructed but with the particles containing both entrapped
enzyme and zeolite (in which HRP was active).

In Fig. 2 we intend to compare, for two different phenol con-
centrations (0.5 and 5 mM), the effects due to porosity and HRP
presence on the electrode performance. All the electrodes had a
2:1 weightratio of gelatin particles (gelatin/zeolite, gelatin/HRP,
gelatin/HRP/zeolite or gelatin/HRP/(Si0,),) to graphite (since
all electrodes have the same proportion of gelatin particles to
graphite, hereafter, graphite will not be mentioned). As it can be
seen, with 0.5 mM in phenol (Fig. 2a) the electrode based on Ref.
1 (which contains only gelatin/HRP), shows an oxidation wave
that has a lower current intensity than the electrode constructed
with gelatin/HRP/(SiO3),, (mHRp/m(Sioz)p =1:100) and this one
lower than gelatin/HRP/zeolite (mgrp/mzeo = 1:100). Since the
gelatin particles that have only HRP are essentially non-porous,
it seems that the existence of some porosity on the electrode,
either given by the zeolite or by the porous silica, is very impor-
tant to ensure access of the species to the electrode; nevertheless,



50 R.H. Carvalho et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 47-52

(a)

0.15

MHRP/Mzeo
1:100

gel/zeo(1:100)

0.10

I (mA)

MHRKM(Sio2)p
0.05

0.00 F——— ; —

b)

gel/zeo1:100)

015 7

MHRP/Mzeo
; /
1:100 /

o i i

005 7

0.00 T T

400 600 800 1000
E (mV)

Fig. 2. Cyclic voltammograms with different gelatin-based composite work-
ing electrode; zeolite in gelatin (gel/zeo(;.100)), zeolite+HRP in gelatin
(mpRrp/Mzeo = 1:100), silica+ HRP in gelatin (mHRP/m(SiOZ)p =1:100) and HRP
in gelatin (Ref. 1) in the presence of 0.5mM (a) and SmM (b) of phenol in
phosphate buffer, with a scan rate of 10 mV/s.

the zeolite containing electrode is able to achieve higher currents
and lower potentials for the oxidation of phenol than the one con-
taining silica, in accordance with the observations in previous
works [33-35].

The sample containing both HRP and zeolite
(myrp/Mzeo =1:100) shows more or less the same cur-
rent intensity as the corresponding electrode without HRP
(gel/zeo(1:100)). At 5mM (Fig. 2b) the differences are more
clear; although the intensities are practically the same for the
samples containing zeolite, with and without HRP, the sample
containing the enzyme presents a slightly lower oxidation poten-
tial, indicating that the electro-oxidation of phenol is easier.
Again, the sample with silica and HRP (gelatin/HRP/(SiO5),,
mHRp/m(Sioz)p =1:100) shows lower current intensity and a
higher potential on this type of electrode.

These results indicate that the combination of HRP with zeo-
lite has a distinct influence on the redox activity. To have a clearer
picture of the effect of adding the enzyme to the zeolite system
the scan rate was varied. Fig. 3a and b compares the behaviour
of electrodes with (gelatin/HRP/zeolite continuous lines) and
without HRP (gelatin/zeolite dashed lines) for the two different
ratios myrp/Mzeo (1:100 and 5:100, respectively) and for three
different scan rates (10, 50 and 100 mV/s).

Asitcanbe seenin Fig. 3aand b, the current intensity is higher
in all experiments where the electrodes include the enzyme.

Once again, the best result was achieved with the 1:100 sam-
ple, as it was previously observed for the oxidation of phenol
with hydrogen peroxide in solution [32].

Moreover, Fig. 3a shows that increasing the scan rate (50 and
100 mV/s) clearly reveals the catalytic properties of the HRP in
the electrode. At 50 mV/s, the current intensity is much higher
with the enzyme containing electrode than in the corresponding
electrode without the enzyme; additionally, for the 100 mV/s
experiment, not only the intensity was much higher, but also the
phenol oxidation wave of the electrode without the enzyme was
displaced to much higher potentials.

Changing the scan rates allows us to have an idea of the rate
of the reactions involved and the fact that the current is higher at
higher scan rates when HRP is present clearly indicates that the
HRP present in the electrode is effectively participating in the
reaction, decreasing the phenol oxidation potential and working
as a mediator in its electro-oxidation.

From the results presented above we can also see that the
mass ratio myrp/myeo 1s significant. In the case of the sample
5:100, where less zeolite was put into the particles (Table 1), we
can see that the current is always lower, probably due to the fact
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Fig. 3. Comparison of voltammograms between the biocomposite electrode
with HRP (gelatin/HRP/zeolite/graphite continuous lines) and the correspond-
ing composite electrode without enzyme (gelatin/zeolite/graphite dashed lines)
for two different ratios myrp/myeo 1:100 (a) and 5:100 (b) using three different
scan rates and 5 mM of phenol solution.
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that the electrode itself is less porous, and the presence of HRP
has a less pronounced effect.

The variation of the scan rate also allows us to see that elec-
tron transfer seems to be controlled by diffusion. In fact, in
a cyclic voltammetric process that is diffusion controlled the
observed current can be related to the scan rate by Eq. (5) (writ-
ten in a more concise form for 25 °C, where the constant value
is 2.99 x 10° Cmol~!' V~=12) [52]:

1 =(2.99 x 10°)n(any)' > AC, D/*v'/? )

where [ is the peak height, n the number of electrons, « the
transfer coefficient, n, the number of electrons involved in the
rate-determining charge-transfer step, Cy, the bulk concentration
of phenol in solution, D the diffusion coefficient and v is the
scan rate.

It can be seen in Fig. 4 that all samples containing HRP pre-
sented a linear / versus v'/? relationship which is indicative of a
diffusion controlled process; the non-zero intercepts may be due
to uncompensated resistance in the electrode, or to other non-
faradic components in the current that seem not to be dependent
on the scan rate. In contrast, it was seen in previous work that the
NaY, s/graphite electrodes present a current that is essentially
due to the adsorbed phenol and has only a limited contribution
from species that diffuse to the electrode during the actual cyclic
voltammogram [33,35].

Thus, the biocomposite electrode with gelatin seems to
improve the rate of diffusion in relation to the original
NaY s/graphite.

The increase rate of diffusion can also be seen in Fig. 5. In this
experiment the electrode was saturated by plunging the electrode
in a 100 mM phenol solution for about 10 min, so that the pores
of the electrode are filled with this solution; the electrode was
then placed in the cell containing only a clear buffer solution and
fast cyclic voltammograms were recorded as a function of the
time of contact with this fresh solution. These voltammograms
allow us to measure the amount of phenol that is still inside the
electrode and, thus, we can follow the diffusion of the phenol out
of the electrode into the clear buffer solution. Fig. 5 compares

0.4
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0.3 R =0.999
= =0.021x +0.042
S 02 y=0.021x+0.042
< R2=0.991

0.1
y =0.018x +0.040
R*=0.989

0.0

T

0 2 4 6 8 10 12
vI2 (mV/s)2

Fig. 4. Current intensity of the oxidation wave as a function of the square root
of the scan rate for gelatin/HRP/zeolite/graphite 1:100 (4), 2:100 (l) and 5:100
(A) biocomposite electrodes. Empirical equations are given.

05 T
Ch|Ci [C | Cs Cpi | Co [Cu=0
0.4 |4 coo
|
[
03
o »
E
~ 02 *
y
[ ]
01 e
- L ]
@ . .
0 = — .
0 4 8 12
Time (h)

Fig. 5. Mass transfer of phenol in NaY3 s/graphite composite electrode (@)
and gelatin/HRP/NaY 5/graphite 1:100 biocomposite electrode (H) (the line
represents the diffusional model that is described by Eqs. (6)—(8)).

the results obtained in these experiments for a zeolite/graphite
[35] and a gelatin/HRP/zeolite/graphite electrode.

A simple diffusion model, in which the electrode particle
is described as a slab and the solution immediately in contact
with it is divided into n sections (according to Egs. (6)—(8)), was
used to compute the effective diffusivity of phenol, as previously
done for the NaY 5/graphite electrode [35]. Fitting this model
to the experimental data by taking A/V and D, as parameters
gave an estimated value for the effective diffusivity of phenol
of D.=21.6 mm?2/h, which can be compared with the one previ-
ously obtained for NaY» s/graphite electrode (D = 1.6 mm?/h)
[35]:

dCy aC Co—Cy
V—=-DA— ~ —D,A—— (6)
ot ox Ax/2
00 _(C=C1 =) De -
o Ax/2 Ax Ax
C,  (Ch1—Cp Cp—Cox\ De ®)
a Ax Ax Ax

The biocomposite electrode has an effective phenol dif-
fusivity which is one order of magnitude higher than the
zeolite/graphite one. It should be noted, however, that the
mechanical stability of the biocomposite electrode decreases in
comparison with the composite electrode.

4. Conclusions

From the results presented, it can be seen that HRP can
be directly involved in the electro-oxidation of phenol with a
composite electrode containing NaY, s/graphite even in a homo-
geneous solution bulk.

The use of gelatin/HRP/zeolite/graphite biocomposite elec-
trodes, in comparison with the simple zeolite/graphite ones, not
only reduced diffusion limitations but also showed that the HRP
was electro-active and participated in the electro-oxidation of
phenol, decreasing the oxidation potential and increasing the
current, namely for higher scan rates.

From the experimental results we can see that this elec-
trode does not require the presence of hydrogen peroxide to
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oxidise phenol, since the oxidation of the enzyme can be made
directly within the composite electrode, which constitutes a clear
advantage, not only because hydrogen peroxide is an expensive
reactant, but also because it can react with other compounds
present in the solution. The mechanism, by which the enzyme
is oxidised, however, still requires clarification.

These results indicate that HRP—zeolite interactions do exist
and potentiate the use of systems that rely on these two compo-
nents, as it is the case of these biocomposite electrodes.
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