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Urea and butyrylcholine chloride (BuChCl) biosensors were prepared by adsorption of urease and
butyrylcholinesterase (BuChE) on heat-treated zeolite Beta crystals, which were incorporated into
membranes deposited on ion-selective field-effect transistor (ISFET) surfaces. The responses, stabili-
ties, and use for inhibition analysis of these biosensors were investigated. Different heat treatment
procedures changed the amount of Brønsted acid sites without affecting the size, morphology, overall
Si/Al ratio, external specific surface area, and the amount of terminal silanol groups in zeolite crystals.
Upon zeolite incorporation the enzymatic responses of biosensors towards urea and BuChCl increased
up to ~2 and ~5 times, respectively; and correlated with the amount of Brønsted acid sites. All bio-
sensors demonstrated high signal reproducibility and stability for both urease and BuChE. The inhibi-
tion characteristics of urease and BuChE were also related to the Brønsted acidity. The pore volume
and pore size increases measured for the heat-treated samples are very unlikely causes for the im-
provements observed in biosensors' performance, because urease and BuChE are approximately one
order of magnitude larger than the resulting zeolite Beta pores. Overall, these results suggest that
the zeolites incorporated into the biologically active membrane with enhanced Brønsted acidity can
improve the performance of ISFET-based biosensors.

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

In recent years, research and development in the field of biosensors
has gained increasing importance because of biosensors' wide-ranging
applications (e.g., direct quantification of environmental pollutants
and concentration of fundamental products in human metabolism)
and their advantages over lab-based methods (e.g., speed of analysis,
low cost, and ability to analyze the biological content as electric signal)
[1–3]. The ion-sensitive field-effect transistors (ISFETs) are among the
most attractive types of biosensors due to their simplicity of use, poten-
tial for miniaturization, portability, and low cost. Immobilization of en-
zymes on electrodes in the design and optimization of biosensors and
incorporation of nanomaterials into the bio-sensing devices attract
great interest nowadays [4–7]. Development of the biosensors based
+90 312 2106425.
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on immobilized enzymesmitigates problems such as loss of enzyme, re-
duced enzyme stability, and sensitivity.

Furthermore, а notion of chemical modification of the transducer
surface aimed at increasing biosensor sensitivity towards specific
ions is well advanced. At present, there is information about prospec-
tive modifications of electrodes sensitive to different ions, e.g.
plumbum (II) [8], iodide [9], chromium (III) [10] and copper (II)
[11], etc. The efforts to use zeolites are also known. Promising results
were obtained when clinoptilolite was used at development of urease
biosensors based on pH-sensitive field-effect transistors. An idea was
to attain high sensitivity of the potentiometric transducer to NH4

+ by
deposition of the clinoptilolite layer on the transducer surface [12,13].

The goal of this work was to improve analytical parameters of
two biosensors for measurement of mercury and glycoalkaloid con-
centration. The urease-based biosensor was developed for determi-
nation of mercury, the most toxic heavy metal accumulated in
organisms which is characterized by a wide spectrum of hazardous
effects on humans. The butyrylcholinesterase (BuChE)-based bio-
sensor was used for inhibitory analysis of glycoalkaloids (natural
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Table 1
Heat treatment procedures used to prepare different zeolite Beta samples.

Sample
name

Final temperature
(°C)

Duration at final
temperature (h)

Heating rate
(°C min−1)

BEA-1 500 6 1
BEA-2 700 6 10
BEA-3 700 6 1
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toxins α-solanine and α-chakonine), which can be found in vegeta-
bles, particularly in potato, the most widespread food all over the
world. This aim may be attained via the modification of electrode
surfaces by zeolitic materials.

Zeolites exhibit large specific surface areas, tunable surface prop-
erties, adjustable surface charge, and dispersibility in aqueous solu-
tions [14]. These characteristics make zeolites promising candidates
for the incorporation into bio-sensing devices and for their use as
support for enzyme immobilization. A sensor prepared by incorporat-
ing zeolite crystals into the electrode coating has the potential to ex-
hibit all the advantages governed by the zeolite characteristics. Thus,
the research in the field of zeolites introduced into the electrode coat-
ings has been pursued by a number of groups [15–18].

Zeolites have been explored in selective adsorption of various amino
acids, proteins (including enzymes), nucleic acids, and cells [19–29].
Various types of interactions (e.g., hydrophilic, hydrophobic, electro-
static, and structural) have been observed between the biomolecules
and the zeolite support. Several zeolite characteristics (e.g., the zeolite
framework structure and its chemical composition, the crystal size,
morphology, and defects as well as the presence of mesopores) can po-
tentially influence the biomolecule adsorption [19,27–29]. These char-
acteristics determine the zeolite pore size(s), the internal and external
specific surface area, hydrophobicity/hydrophilicity, ion exchange ca-
pacity, the amount and strength of Brønsted acid sites, i.e., strongly
acidic bridging hydroxyl Si–(OH)–Al groups associatedwith framework
aluminum in tetrahedral coordination, and the amount of weakly acidic
silanol Si–OH groups that are present at the external crystal surface and
at structural defects [14,30]. The surface silanol groups in mesoporous
silica [31–34] and the Brønsted acid sites in zeolites [28,29] have been
investigated for their role in the immobilization of different enzymes
by adsorption. The hydrogen-bonding interactions between the NH2

andC=Ogroups of the enzyme and theOHgroups inmesoporous silica
have been identified [31–34]. The amount of enzymes adsorbed on the
zeolite surfaces increases with increasing acidity and amount of the
Brønsted acid sites [28,29]. The effects of zeolite acidity on the adsorp-
tion of biomolecules were examined using either a series of different
types of zeolites with various Si/Al ratios or different samples of the
same zeolite type with different Si/Al ratios [19,27–29]. Because of
this, the variation in the crystal Si/Al ratio and the associated acidity of
the zeolites investigated were also accompanied by the changes in the
zeolite crystal structure, size, and/or morphology. Thus, the sole effect
of zeolite acidity on the biomolecule adsorption was in fact not exam-
ined in these investigations. Furthermore, although the incorporation
of zeolite particles was shown to improve bio-sensing [6,35], the zeolite
characteristics (e.g., pore size, specific surface area, and acidity) that ul-
timately affect the biosensor performance have not been studied sys-
tematically. Thus, these efforts are inconclusive in regard to which
zeolite characteristics are dominant in the interaction between the zeo-
lite and the enzyme.

The current investigation was undertaken to improve the perfor-
mance of ISFET-type urea and butyrylcholine chloride (BuChCl) bio-
sensors through the immobilization by adsorption of urease and
butyrylcholinesterase (BuChE) on the zeolite Beta-modified elec-
trodes. To systematically investigate the effect of acidic nature of ze-
olite Beta on the biosensor performance, the same starting zeolite
sample was heat-treated using different procedures. Thermal treat-
ment at different conditions can result in different concentrations of
active acid sites in zeolite Beta [36–38]. This is caused by the
changes in the nature of framework aluminum [26,39]. Thus,
thermal treatment of zeolite Beta was hypothesized to enable the
investigation of the sole effect of zeolite acidity on the biosensor
characteristics. The aim of this investigation was to ascertain if a
correlation existed between the obtained ISFET performance and
the amount of Brønsted acid sites in zeolite Beta characterized by
the 3610 cm−1 IR band. This work represents the first systematic
analysis of the effect of changes in the Brønsted acidity of zeolites
on the enzymatic responses, stabilities, and inhibition characteris-
tics of urea and BuChCl biosensors based on the zeolite-modified
ISFETs.
2. Materials and methods

2.1. Chemicals

Butyrylcholinesterase (BuChE, activity 20 U/mg), urease (activi-
ty 22 U/mg), bovine serum albumin (BSA, fraction V), 50% aqueous
solution of glutaraldehyde (GA), glycerol, sodium and potassium
chlorides were purchased from Sigma-Aldrich. Butyrylcholine chlo-
ride (BuChCl) and urea were used as substrates and were also pur-
chased from Sigma-Aldrich. Phosphate solution (KH2PO4–NaOH
obtained from Sigma-Aldrich) was chosen as a working buffer.
Glycoalkaloids α-chaconine (purity 95%) and α-solanine (purity
95%) from potato sprouts were purchased from Sigma-Aldrich
Chemie GmbH (Steinheim, Germany) and used as inhibitors for
BuChE. Mercury nitrate (Hg(NO3)2) from Himlaborreaktiv, (Kiev,
Ukraine) was used as an activity inhibitor for urease.
2.2. Synthesis of zeolite Beta

Zeolite Beta was hydrothermally synthesized from a reaction
mixture with the molar composition 1.92 Na2O:Al2O3:50 SiO2:4.6
(TEA)2O:444 H2O. Sodium aluminate precursor solution was pre-
pared by dissolving sodium hydroxide (NaOH,>97 wt.%, J.T. Baker) and
sodium aluminate (50.8 wt.% Al2O3, 43.4 wt.% Na2O, Riedel de Haën) in
deionized water (resistivity>18MΩ cm). Then tetraethylammonium
hydroxide (TEAOH, 35 wt.% solution in water, Aldrich), which is the
structure-directing agent for zeolite Beta synthesis [40], was added and
the resulting precursor solution was stirred thoroughly. Ludox® HS-40
colloidal silica solution (40 wt.% SiO2 suspension in water, Sigma-
Aldrich) was added into aluminate precursor solution and mixed thor-
oughly before loading the resulting mixture into the Teflon-lined stain-
less steel autoclaves. The autoclaves were kept statically at 120 °C in a
programmable furnace for 7 days. The resulting solid particles were
vacuum-filtered, washed with deionized water, and dried in air at
room temperature.
2.3. Heat treatment of zeolite Beta

Zeolite Beta crystals in the NH4
+ form were obtained by ion ex-

change of the as-synthesized crystals with 1 M aqueous ammonium
nitrate solution at 80 °C for 24 h. The ion exchange procedure can
be found elsewhere [39]. The ion-exchanged crystals (typically 0.2 g
samples) were placed in a crucible and heated in a programmable fur-
nace under ambient air to convert the NH4

+ form of material into the
H+ form having Brønsted acidity [39]. Sample BEA-1 was prepared by
heating from 25 to 500 °C at a rate of 1 °C min−1, maintaining 500 °C
for 6 h, and then cooling to 25 °C. Samples BEA-2 and BEA-3 were also
treated using heat-up, isothermal, and cool-down steps but with dif-
ferent rates and temperature set points (Table 1).
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2.4. Characterization of zeolite Beta

Phase identification was accomplished using X-ray powder dif-
fraction (XRD, Philips PW 1729 diffractometer, Ni-filtered Cu Kα radi-
ation). Crystal morphology/texture/surface features were examined
by field emission scanning electron microscopy (FE-SEM, FEI 400
Quanta). Energy dispersive X-ray spectroscopy (EDX, Phoenix EDAX
X-ray analyzer equipped with a Sapphire super ultra-thin window
detector attached to a Hitachi S-4700 FE-SEM) was used to determine
the crystal Si/Al ratios. Nitrogen adsorption–desorption isotherms
were measured at the liquid nitrogen temperature using a Quan-
tachrome Autosorb-6 analyzer. Prior to the measurements, samples
were dried at 110 °C for 12 h and outgassed at 300 °C under high vac-
uum for 3 h. Multi-point BET specific surface areas (SBET) were calcu-
lated in the P/Po range 0.05–0.30. The external specific surface areas
(Sext) were estimated from the slope of the second linear segments
on de Boer's adsorbate thickness t-plots. The Saito–Foley (SF) method
was applied for pore volume and pore size analysis. The zeta potential
of all samples was obtained by a zeta potential measurement system
(Malvern, Nano ZS90) at 25 °C. The particles were dispersed in de-
ionized water (solid load is 1 wt.%) and ultrasonicated for 1 h.
After the ultrasonication, zeta potential was measured as a function
of pH by titration with 0.1 M HCl or 0.1 M NaOH. The particle size
distributions were measured on an API Aerosizer LD equipped
with an API Aero-Disperser dry powder dispersion system (TSI,
Inc., Particle Instruments/Amherst). For these measurements the
density of zeolite Beta was assumed to be 1.61 g cm−3 [41]. Diffuse
reflectance infrared Fourier transform (DRIFT) spectra were ac-
quired on a Nicolet Magna-IR 560 spectrometer supplied with a
DTGS KBr detector and a Spectra-Tech diffuse reflectance high-
temperature/vacuum chamber with KBr windows. The chamber
loaded with crystals (0.02 g) was heated to 350 °C for 2 h to dehydrate
the samples. Subsequently, the spectra were collected 10 min after the
samples were cooled to 100 °C. The samples were under dry nitrogen
(99.9% purity with b10 ppm moisture content, Med-Tech Gases)
flowing at 33 mL min−1 (STP) during the heat treatment in the
chamber and during spectra acquisition. Before collection of the
DRIFT spectrum, nitrogen was purged through the beam path at
14 L min−1 (NTP). The spectra were collected with resolution of
2 cm−1 using 128 scans. Potassium bromide (99+% KBr, infrared
grade, Acros) was used as the background, and the samples were an-
alyzed neat.

2.5. Sensor design

ISFETs were fabricated at the Institute of Semiconductor Physics
(Kiev, Ukraine). Potentiometric sensor chip contains two identical
p-channel transistors on the same crystal of total area 8×8 mm2.
The diffusion р+-buses with contacts to the drain and source of
each transistor are coming out on the edge of the chip along with
an outlet to the built-in reference microelectrode. To prevent forma-
tion of a parasitic conductivity channel between p+-areas of two
transistors, the chip has a 50 μm wide protecting division n+-line
with a contact to the substrate. Zigzag geometry of the transistor
gate area with the width-to-length ratio 100:1 ensures sufficient
steep slope of the transfer characteristic. Window etched in an
oxide layer for growing gate dielectric replicates the channel geome-
try with a 7 μm overlapping.

ThepH-FETs' responsesweremeasured using the circuitmaintaining
constant value of the current in the transistor channel, enabling the
output signal to follow the changes in potential value near the
transistor gate automatically. The threshold voltage for all pH-FETs
was about −2.5 V. The measurements were performed under the
following conditions: channel current of approx. 200 μA, drain-
source voltage close to 1 V, and the sensor bulk is connected to
the circuit ground. Transconductance of the used ISFETs measured
in phosphate buffer with Ag/AgCl reference electrode was in the
range of 300–400 μA/V. Typical current vs. pH response measured
with standard buffer solutions (pH 4.0, 7.0 and 9.0) was in the
range of 15–20 μA/pH, which gives us primary pH sensitivity esti-
mation of approximately 50 mV/pH.
2.6. Enzyme immobilization onto transducer

The biologically active membranes were formed by cross-linking
of an enzyme with BSA in a saturated GA vapor on the transducer sur-
face [42]. To produce working bio-selective elements based on en-
zymes and zeolite Beta, the mixture of 5% enzyme, 5% BSА, 5%
zeolite, and 20% glycerol in 5 mM phosphate buffer at pH 7.4 was pre-
pared. The value of zeolite concentration was confined to 5% since
higher concentrations resulted in uncontrollable immobilization due
to the poor homogeneity of a large amount of zeolite in the solution.
This mixture was deposited immediately on the transducers using a
micropipette, and the working surfaces were fully covered. The vol-
ume of each membrane was approximately 0.1 μL. The reference
membrane mixture had the same composition as above with the ex-
ception of the enzyme. All membranes contained the same total
amount of protein and zeolite. After deposition, the membranes
were dried in a saturated GA vapor for 15 min, and in air at room tem-
perature for another 15 min to allow the cross-linking. Prior to use,
the membranes were washed in the buffer solution to remove the ex-
cess of unbound GA. The unmodified (i.e., zeolite-free) membranes
were prepared according to the same procedure and using the same
proportions of (bio)chemicals but without zeolite crystals in the
mixture.
2.7. Measurements

All measurements were performed in daylight at room tempera-
ture in an open glass vessel filled with vigorously stirred 5 mM
phosphate buffer solution at pH 7.4. The solutions of substrates,
urea and BuChCl, were prepared as 200 mM stock solutions in
buffer. The substrate concentrations were varied by addition of por-
tions of standard stock solutions of the substrates into the working
buffer.

In order to evaluate the level of urease inhibition by heavy metal
ions, the sensor was first placed in the buffer solution and the output
signal (i.e., the base line), was registered. Then, 2.0 mM of urea was
added to the measuring cell and the steady-state output signal was
registered. After washing the sensor 3 times using the buffer solu-
tion, it was placed in the vessel with mercury ion (Hg2+) solution
for 20 min (inhibition time) and then rewashed with the buffer so-
lution to remove the unbound inhibitors. 2.0 mM of urea was
added again to the measuring cell and the steady-state output signal
was registered. Heavy metal ion concentration was estimated by
the biosensor residual activity. Residual activity (Z) was calculat-
ed as the ratio between the steady state sensor signals before (X)
and after (Y) biosensor incubation in the toxic sample solution
(Z=Y ∗100%/X).

For evaluating the level of BuChE inhibition by glycoalkaloids, the
sensor response to BuChCl was measured first and used as an index of
maximal enzyme activity. After reaching the steady-state response,
an appropriate amount of the mixture of glycoalkaloids was added
and the inhibition effect was estimated. Relative inhibition rate was
evaluated by comparing the steady-state responses of the biosensor
with and without glycoalkaloids.

Every experiment was repeated 3–6 times for statistics. Non-
specific changes in the output signal associated with fluctuations of
temperature, medium pH and electrical noise were avoided due to
the usage of a differential measurement mode.



Fig. 2. FE-SEM micrographs of the as-synthesized zeolite Beta (a) and BEA-1: heat-
treated at 500 °C with the heating rate of 1 °C min−1 (b) crystals.
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3. Results

3.1. Characterization of zeolite Beta

All XRD peaks observed for the as-synthesized zeolite sample
(Fig. 1) matched the literature zeolite Beta XRD peak positions
[40,41], and thus indicated that the product was pure material. XRD
patterns of the heat-treated samples confirmed that the purity and
long-range order of zeolite Beta were not affected by the heat treat-
ment procedures. FE-SEM analysis revealed typical, slightly rounded
truncated square bipyramidal zeolite Beta morphology [40] for the
as-synthesized particles (Fig. 2a). The surfaces of these particles con-
tained smaller irregularities typically observed for zeolite Beta [43].
These particles were predominantly in the 0.5–1.5 μm size range, in
agreement with the particle size distribution analysis data shown in
Fig. 3. According to the FE-SEM (Fig. 2b), and the particle size distri-
bution analysis (Table 2) results, heat treatment did not cause any
significant changes in the zeolite Beta particle morphology, texture/
surface features, and size.

EDX measured the Si/Al ratio of as-synthesized zeolite Beta crys-
tals to be 17±2 (Table 2). All heat-treated samples (i.e., BEA-1,
BEA-2, and BEA-3) showed the same EDX-measured Si/Al ratios of
17±2 (Table 2). Therefore, different heat treatment procedures did
not affect the crystal Si/Al ratio of zeolite Beta. This is because alumi-
num atoms that are removed from the framework due to heat treat-
ment remain in the zeolite volume in the form of extra-framework
aluminum species [44].

The BET specific surface areas (SBET, i.e., the total specific surface
areas) of the heat-treated samples were larger than SBET determined
for the as-synthesized material (Table 2 and Fig. 4). The observed in-
crease in SBET is due to an increase in the pore volume of zeolite Beta
(Table 2) owing to the removal of a structure-directing agent from the
pores upon heat treatment [45]. The external specific surface areas
(Sext) of all zeolite Beta samples investigated were nearly identical
(Table 2). This is consistentwith the invariant particle size,morphology,
and texture/surface features for these samples, as determined by the FE-
SEM and the particle size distribution analyses (Fig. 2, Table 2).

Each heat-treated zeolite Beta sample showed two clear IR bands at
3745 cm−1 and 3610 cm−1 (Fig. 5). The intensity of the 3745 cm−1

band did not change significantly (i.e., intensity decreased less than
~10% when going from sample BEA-1 to sample BEA-3) upon applying
different heat treatment procedures. This suggested that heat treatment
did not affect the terminal silanol groups in the resulting samples, since
the band at 3745 cm−1 is attributed to the weakly acidic terminal
silanol groups on the external surface of crystals [30]. A major change
observed upon heat treatmentwas a significant (i.e., ~90% from sample
Fig. 1. XRD patterns of the as-synthesized zeolite Beta (as-synthesized BEA) and heat-
treated zeolite Beta (BEA-1: heat-treated at 500 °C with the heating rate of 1 °C min−1;
BEA-2: heat-treated at 700 °C with the heating rate of 10 °C min−1; BEA-3: heat-
treated at 700 °C with the heating rate of 1 °C min−1) samples.
BEA-1 to sample BEA-3) and gradual (i.e., from sample BEA-1 to sample
BEA-2, and sample BEA-3) decrease of the intensity of the IR band at
3610 cm−1 (Fig. 5). This IR band is assigned to the bridging OH groups
associated with tetrahedral aluminum in the zeolite Beta framework
(Brønsted acid sites) [46]. Thus, the intensity reduction for this band
suggested that different heat treatment procedures resulted in a gradual
decrease of the amount of Brønsted acid sites in zeolite Beta [39]. The
weak IR band observed at ~3685 cm−1 (Fig. 5) is due to extra-
framework aluminum species [37,38]. These species evidently formed
upon the removal of tetrahedrally-coordinated aluminum species from
Fig. 3. Particle size distribution of the as-synthesized zeolite Beta sample.
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Table 2
Physicochemical characteristics of employed zeolite Beta samples.

Sample name Crystal Si/Al ratioa Avg. particle size (μm)b SBET (m2 g−1)c Sext (m2 g−1)d Pore size (nm)e Pore volume (cm3 g−1)f Point of zero chargeg

As-synthesized 17±2 0.9 460 58 0.88 0.19 −89±2.5
BEA-1h 17±2 0.9 666 61 1.06 0.28 −88±2.5
BEA-2i 17±2 0.9 753 71 0.98 0.32 −86±2.5
BEA-3j 17±2 0.9 739 64 0.91 0.31 −86±2.5

a Calculated from EDX data.
b Measured by API Aerosizer LD.
c Calculated from Multipoint BET.
d Calculated from t-plot method. The results were reproducible to ±5%.
e Calculated from SF method.
f Calculated from SF method.
g Measured by Zeta Potential.
h Sample heat-treated at 500 °C with the heating rate of 1 °C min−1

.
i Sample heat-treated at 700 °C with the heating rate of 10 °C min−1

.
j Sample heat-treated at 700 °C with the heating rate of 1 °C min−1

.
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the framework by heat treatment, and remained in the zeolite volume as
suggested by the DRIFT (decreasing intensity of the 3610 cm−1 IR band,
Fig. 5), and the EDX (constant Si/Al ratio in crystals, Table 2) data,
respectively.

3.2. Characteristics of zeolite-modified ISFET biosensors

In this work, all the characteristics of zeolites/enzyme-based biosen-
sors were compared with those of enzyme-based biosensors. The
butyrylcholinesterase- or urease-based biosensors without any zeolites
were manufactured according to conventional procedures reported
previously [42].

Typical calibration curves obtained for the unmodified biosensors
based on BuChE and urease alone (i.e., without zeolite; Fig. 6a and b, re-
spectively, curves labeled “without zeolite”) showed that responses of
biosensors based on BuChEwere lower than responses based on urease.
For example, the maximum responses of these biosensors obtained for
5 mMsolutions of BuChCl and ureawere approximately 5 and 18 μA, re-
spectively. Fig. 6 also shows the biosensor calibration curves based on
BuChE and urease where the ISFET electrodes were modified by incor-
porating heat-treated zeolite Beta particles (Fig. 6a and b, respectively;
curves labeled BEA-1, BEA-2, and BEA-3). In general, zeolite addition
into the enzyme membranes increased the responses for both types of
biosensors. For both enzymes alike, the responses of biosensors modi-
fied with sample BEA-1 were the highest. Also, compared to the
Fig. 4. BET isotherms of the as-synthesized zeolite Beta (as-synthesized BEA) and heat-
treated zeolite Beta (BEA-1: heat-treated at 500 °C with the heating rate of 1 °C min−1;
BEA-2: heat-treated at 700 °C with the heating rate of 10 °C min−1; BEA-3: heat-
treated at 700 °C with the heating rate of 1 °C min−1) samples.
unmodified biosensors, these responses increased up to ~5 times for
BuChE and ~2 times for urease, as shown in Fig. 6a and b, respectively.
The biosensor responses obtained using samples BEA-2 and BEA-3
were lower, and the responses measured for all three zeolite Beta sam-
ples decreased in the order of BEA-1>BEA-2>BEA-3 for both enzymes
investigated (Fig. 6).

Before performing experiments on the application of developed bio-
sensors for inhibitory determination of toxic substances, it was neces-
sary to confirm that a decrease in the biosensor response towards the
substrate observed after inhibition in the tested solution was due to
the inhibition of the bioselective element and not a result of the error
of measurement. Other variables, such as buffer capacity, pH, and ion
strength, which can be important on biosensors, were investigated be-
fore [5,7]. For this purpose, operational stability, an important working
characteristic of biosensors, was investigated. Biosensor responses to
5 mMBuChCl and urea solutions were determined during one working
day with 30-min intervals during which the ISFETs with immobilized
bio-membranes were kept in the working buffer solution at all times
between measurements. As shown in Fig. 7, all biosensors demonstrat-
ed high signal reproducibility for both BuChE and urease. Also, storage
stability experiments were performed by storing biosensors in buffer
at room temperature and all samples containing zeolite Beta were sta-
ble for more than 5 days.

The effect of different heat-treated zeolite samples incorporated in
bio-selective membranes on the biosensor sensitivity to glycoalkaloids
and heavy metal ions was also investigated using BuChCl and urea bio-
sensors, respectively. Calibration curves of residual activity of bio-
membranes based on BuChE and urease as a function of the concentra-
tion of glycoalkaloids and mercury ions (Hg2+) are presented in Fig. 8a
Fig. 5. Absorbance DRIFT spectra in the OH-stretching region of different heat-treated
zeolite Beta samples recorded at 100 °C: BEA-1 (heat-treated at 500 °C with the
heating rate of 1 °C min−1), BEA-2 (heat-treated at 700 °C with the heating rate of
10 °C min−1), and BEA-3 (heat-treated at 700 °C with the heating rate of 1 °C min−1).

image of Fig.�4
image of Fig.�5


Fig. 6. Calibration curves of biosensors based on immobilized butyrylcholinesterase
(BuChE) (a) and urease (b), without zeolite and with different heat-treated zeolite
Beta (BEA-1: heat-treated at 500 °C with the heating rate of 1 °C min−1; BEA-2:
heat-treated at 700 °C with the heating rate of 10 °C min−1; BEA-3: heat-treated at
700 °C with the heating rate of 1 °C min−1) samples. Measurements were conducted
in 5 mM phosphate buffer, pH 7.4. The data shown represent the averaged response
of 5–7 different sensors.

Fig. 7. Operational stability of biosensors prepared with butyrylcholinesterase (BuChE)
(a) and urease (b) immobilized without zeolite and with different heat-treated zeolite
Beta (BEA-1: heat-treated at 500 °C with the heating rate of 1 °C min−1; BEA-2: heat-
treated at 700 °C with the heating rate of 10 °C min−1; BEA-3: heat-treated at 700 °C
with the heating rate of 1 °C min−1) samples. Measurements were conducted in
5 mM phosphate buffer, pH 7.4; BuChCl and urea concentration was 5 mM.

1840 E. Soy et al. / Materials Science and Engineering C 32 (2012) 1835–1842
and b, respectively. As shown in Fig. 8a, all BuChCl biosensors based on
zeolite Beta showed higher sensitivity to glycoalkaloids than the
zeolite-free biosensor and these sensitivities decreased in the order of
BEA-3>BEA-2>BEA-1. Similar trends were observed for the mercury
ions for urea biosensors (Fig. 8b).

4. Discussion

Urease and BuChE were used as enzymes in the developed biosen-
sors. These enzymes catalyze the hydrolysis of urea and BuChCl. The
basic reactions corresponding to the enzymes employed are illustrat-
ed in Eqs. (1) and (2). These reactions result in changes of H+ concen-
tration that lead to alteration of solution pH and the responses
obtained from the biosensors based on these reactions differ in their
signs. Thus, the reaction shown in Eq. (1) results in proton absorption
and a corresponding decrease in the gate potential leading to nega-
tive response, while the reaction shown in Eq. (2) results in proton
accumulation and a corresponding increase in gate potential leading
to positive response. Accordingly, these reactions allow the use of
pH-sensitive field-effect transistors as transducers. Phosphate buffer,
which was used in the current study, promotes buffer capacitance
in a pH range of 6.9 to 7.7.

The addition of heat-treated zeolite crystals into enzyme mem-
branes improved the performance for both types of biosensors
(Figs. 6–8). This is likely related to immobilization of more enzymes
on the zeolite-modified electrodes. It was hypothesized that immobi-
lization of both urease and BuChE can be effectively achieved via
enzyme adsorption on the Brønsted acid sites present in the heat-
treated zeolite Beta crystals and the control over immobilization of
these enzymes can be accomplished by controlling Brønsted acidity.
All biosensors were prepared and used under identical conditions.
Thus, the observed differences in biosensor performance cannot be
attributed to different types of enzyme–zeolite interactions that
may exist when adsorbing biomolecules on zeolites under different
pH [19,27].

Zeolite Beta is easily dealuminated by heat treatment [36,39]. This
methodology is used frequently to modify the acidity and tune the
porosity of zeolites [47]. The extent of acidity and other modifications
introduced in zeolites depends on the harshness of heat treatment,
which is determined by the heat treatment temperature and dura-
tion, heating rate, etc. [37]. Three different heat treatment procedures
were applied (Section 2.3, Table 1) to affect the acidity of zeolite Beta
[39]. These procedures did not affect the purity and long-range order
of zeolite Beta (Fig. 1), and did not result in any significant changes of
the external specific surface area (Sext) of zeolite Beta particles or the
point of zero charge (PZC) values (Table 2). A nearly constant Sext was
consistent with a nearly constant intensity of the terminal silanol IR
band at 3745 cm−1 for different heat-treated zeolite Beta samples
(Fig. 5). The nearly constant intensity of this IR band suggests the
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Fig. 8. Dependence of residual activity of bio-membranes based on butyrylcholinesterase
(BuChE) (a) and urease (b) on concentration of glycoalkaloids and mercury ions (Hg+2).
Measurements were conducted in 5 mM phosphate buffer, pH 7.4. Figure legend: biosen-
sor without zeolite; BEA-1: biosensor with zeolite Beta heat-treated at 500 °C with the
heating rate of 1 °C min−1; BEA-2: biosensor with zeolite Beta heat-treated at 700 °C
with the heating rate of 10 °C min−1; BEA-3: biosensor with zeolite Beta heat-treated at
700 °C with the heating rate of 1 °C min−1.
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invariant amount of terminal silanol groups in all heat-treated samples.
This is reasonable considering that the intensity of this band is affected
by the crystal size [45]. Furthermore, FE-SEM (Fig. 2), and the particle
size distribution analysis (Table 2 and Fig. 3) suggested that no
changes in the morphology/surface features/size of zeolite Beta par-
ticles occurred upon heat treatment. Thus, the combined results of
XRD, FE-SEM, particle size distribution analysis, DRIFT spectroscopy,
and nitrogen sorption analysis suggested that the differences in the
performance of biosensors based on urease and BuChE immobilized
on different heat-treated zeolite Beta samples (Figs. 6–8) were not
related to the effects of the weakly acidic Si–OH groups on the exter-
nal surface of zeolite Beta particles.

The gradually increasing responses obtained for both enzymes
immobilized on the electrodes modified with different heat-treated ze-
olite samples (Fig. 6) correlated with an increasing amount of Brønsted
acid sites present in these samples (Fig. 5). Furthermore, the results
shown for both enzymes in Fig. 8 indicated that the activities and
inhibition characteristics of BuChE and urease were also related to the
amount of Brønsted acid sites. Thus, according to the current results,
Brønsted acid sites in zeolite Beta appear to be responsible for the ob-
served performance improvement of the zeolite-modified ISFET-type
biosensors.

Brønsted acidity is present both on the internal and external sur-
face of zeolite Beta [48]. Adsorption of urease and BuChE is not likely
to occur on the internal surface of heat-treated zeolite Beta particles
used in the current investigation. This is because the average diame-
ters of these enzymes (~13 nm for urease [49] and ~6 nm for BuChE
[50]) are much larger than the pore sizes measured for the heat-
treated zeolite Beta samples (~1 nm, Table 2). This also suggests
that the pore volume and the pore size changes introduced in zeolite
Beta by heat treatment (Table 2) could not have affected the perfor-
mance of both types of biosensors modified by zeolite crystals. The
above analysis suggests that the observed differences in biosensor
performance can be related to the effects of changing Brønsted acidity
on the adsorption of enzymes on the external surface of zeolite Beta
particles incorporated in the biosensors.

Literature data [28,29] suggest that Brønsted acidity may affect
enzyme adsorption on zeolites. However, thus far a biosensor study
which ascertains that enzyme immobilization via adsorption on the
zeolite acid sites can improve the performance of zeolite-modified
biosensors has not been published. The current results strongly sug-
gest that the ISFET-type enzyme biosensor performance improve-
ments can be due to Brønsted acidity of the zeolite used to modify
the electrode surfaces. Since the amount of terminal silanols was
not affected by the heat treatment procedures used in this study, no
conclusion can be made regarding the role of these weakly acidic
OH groups on the ISFET performance. However, it is evident from
the results presented above that these OH groups did not critically af-
fect the performance of biosensors investigated here.

5. Conclusions

The surfaces of urea and butyrylcholine chloride biosensors were
modified by incorporating the heat-treated zeolite Beta crystals. The
employed heat treatment procedures affected the amount of Brønsted
acid sites while preserving the amount of terminal silanols in zeolite
Beta. In addition, these procedures did not affect the size, morphology,
Si/Al ratio, and external specific surface area of zeolite Beta particles. Ze-
olite addition improved the enzymatic sensor responses, and these re-
sponses increased with increasing zeolite Brønsted acidity. Zeolite-
modified electrodes demonstrated high signal reproducibility for both
types of biosensors. The sensitivities and inhibition characteristics
obtained for the zeolite-modified electrodes were also correlated with
the amount of Brønsted acid sites created in the samples upon heat
treatment. The potential effects of the increased zeolite pore volume
and pore size caused by the heat treatment on the biosensor character-
istics were ruled out on account of the much smaller (approximately
one order of magnitude) pore sizes measured in the zeolite Beta sam-
ples compared to the average diameters of both enzymes. Thus, the re-
sults presented here show that the interactions between the enzymes
and the Brønsted acid sites of a zeolite support can affect the actual
biosensor performances. These results show for the first time that it is
possible to regulate the ISFET characteristics for two different enzyme-
based biosensors by tailoring the electrode surfaces via a simple heat
treatment procedure applied to the zeolite crystals incorporated into
the electrodes. Thismakes zeolites strong candidates for use as electrode
modifiers, and for integration into biosensors.
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