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Abstract: An enzyme-immobilized
nanozeolite-assembled electrode was
prepared by controlled assembly of
nanometer-sized Linder type-L zeolite
(nano-LTL-zeolite) on an indium tin

trodes, the enzyme-immobilized elec-
trodes possess fast electron-transfer
rates (2.2s'), a broad linear range
(15-540 umolL™"), a low detection
limit (3.2 nmolL™"), a remarkably long

in the pH range 5-10. These character-
istics could be due to the fact that
nanozeolites assembled on ITO have
high immobilization ability and facili-
tate interaction with enzymes. The

oxide (ITO) glass electrode surface,
and subsequent immobilization of cyto-
chrome c. Cyclic voltammetric (CV)
and amperometric experiments showed
that, relative to other reported elec-
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Introduction

Nanoscience is displaying more and more significance for
science and technology development. Its development is re-
sulting in great breakthroughs in physics, chemistry, and
biology, and has driven many researchers to investigate the
possibilities of applying nano-/nanoporous materials to
design structural, electromagnetic, optical, and catalytic ma-
terials."*) Enzyme-based biosensors is an important research
field, as a result of their potential application to a wide
range of analytical tasks, such as clinical diagnosis, the food
industry, environmental monitoring, and bioassays." Many
kinds of materials, including biomimetic and inorganic
silica,”* clay,”! zeolites,'” porous alumina,'!! montmorillon-
ite,"? hydrogel polymers,'¥ and self-assembled monolay-
ers!® have been studied as enzyme carriers, by using es-
tablished strategies for enzyme immobilization."**"! Com-
pared with these materials, nanomaterials should have a
clear advantage due to the remarkably large surface area
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function  controllability of these
enzyme electrodes, resulting from the
facile manipulability of nanozeolite-as-
sembled layers, may provide a possibil-
ity to rationally design biosensors.

available for enzyme immobilization. Therefore, investiga-
tions concerned with the attachment of enzymes or other
functional proteins onto nanoscale materials are arousing
more and more attention, and studies of biosensors involv-
ing inorganic nanoparticles,?? pillars,* and carbon nano-
tubes™®! as enzyme-immobilized carriers have been reported.
However, due to several challenges concerning the enhance-
ment of the enzyme immobilization, the preservation of
enzyme activity, the simplification of the enzyme immobili-
zation process and prolonging the lifetime of the biosensors,
investigation of new strategies and materials for enzyme im-
mobilization is still a prevailing subject in the design of bio-
Sensors.

It is known that the performance of nanomaterials in any
application is strongly dependent upon their physicochemi-
cal characteristics and their interactions with the guest spe-
cies. Besides their large surface area, suitable interaction of
the nanoparticles with the guest species is another crucial
factor. A weak interaction could lead to a weak immobiliza-
tion of guests, while an excessive interaction could cause the
loss of enzyme activity. Compared with other immobiliza-
tion methods, physical adsorption plays an important role
when immobilizing enzymes, because of the more gentle im-
mobilization conditions, with respect to the techniques of
matrix embedding, cast film entrapment, and covalent at-
tachment.”) However, the resulting low level of enzyme im-
mobilization limits its application. Zeolite nanoparticles
(nanozeolite), which displayed good interaction with bio-
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molecules in our previous work® possess excellent charac-
teristics, such as a large clean surface (i.e., without any pro-
tection or surface-modifying agent, as in the case of metal
nanoparticles®®), plentiful and tunable surface properties
(e.g., adjustable surface charge and hydrophilicity/hydropho-
bicity), and high dispersibility in both aqueous and organic
solutions® (which is different from previously reported ma-
terials with poor solubility, e.g., carbon nanotubes®™). These
characteristics gives them a very high adsorption capability
and a facile self-assembly character,®) making them promis-
ing candidates for the immobilization of enzymes and the
construction of enzyme electrodes.

In this paper, we report on the successful construction of
a series of enzyme electrodes, named as Cyto-c/nano-LTL-
zeolite/ITO, with controllable levels of enzyme immobiliza-
tion, by assembling nanometer-sized Linder type-L zeolite
(nano-LTL-zeolite) on indium tin oxide (ITO) glass elec-
trode surfaces, by means of a layer-by-layer (LbL) tech-
nique. Cytochrome ¢ (Cyto-c), which is a model protein, is
then adsorbed; it is a very important electron carrier for
electron transfer in vivo and in vitro®>®!. It was found that
the Cyto-c/nano-LTL-zeolite/ITO electrode possessed a
large capacity for enzyme immobilization and provided a
suitable interaction with Cyto-c, thus leading to direct and
good electron-transfer behavior. Fast-response times, a
broad linear range, long-lived stability and a low detection
limit were found when it was applied as a biosensor to
detect hydrogen peroxide. Moreover, the electron-transfer
behavior and biocatalytic property of the enzyme electrode
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Figure 1. A) A TEM image of nano-LTL-zeolites and their 1D micropo-
rous structure (inset); B) XRD pattern of the nano-LTL-zeolites.

could be facilely controlled by adjusting the thickness of the
nanozeolite films, thus regulating the amount of the immobi-
lized enzyme, with good electrochemical and biocatalytic ac-
tivity. This behavior could open up a possibility for the ra-
tional design of enzyme electrodes with different require-
ments.

Results

Construction of the nanozeolite enzyme electrodes: The
Cyto-c/nano-LTL-zeolite/ITO electrode was constructed by
assembling the nano-LTL-zeolite on the ITO electrode with
layer-by-layer (LbL) technology,* and then immersing the
nanozeolite-assembled electrode in Cyto-c (0.3 mgmL™)
phosphate buffer solution (20 mmol L™, pH7) at 277 K over-
night. The nano-LTL-zeolite used was a kind of alumino-sili-
cate crystal with 1D 12-membered ring micropores (ca.
0.71 nm in diameter);® its morphology and crystalline type
are shown in Figure 1. The transmission electron microscopy
(TEM) images at high resolution clearly identify the micro-
pore opening array (Figure 1A, inset) and the nanometer-
sized (40x80 nm) spindly morphology (Figure 1A). The X-
ray diffraction (XRD) pattern confirms the LTL crystal
structure (Figure 1B). Figure 2 displays the surface morphol-
ogies of the electrodes with different LTL-nanozeolite as-
sembled layers. Evidently, the density and uniformity of the
assembled layers on the electrodes increase with the
number of nanozeolite-assembling cycles. The LbL assembly
process of producing nanozeolites avoided the use of a
matrix (e.g., carbon paste), as is the case when fabricating
conventional zeolite-modified electrodes,'” and may in-
crease the effective contact area of the nanozeolite to both
enzyme molecules and the ITO electrode. More importantly,
according to our experimental data,* the amount of Cyto-c
immobilized on the Cyto-c/nano-LTL-zeolite/ITO electrode
reached 37, 57, and 66 pgcm 2 with 3, 5, and 7 nanozeolite
assembled layers, respectively. This method provides a possi-
bility to control the amount of immobilized Cyto-c by
changing the amount of nanozeolites being deposited.

Electrochemical behavior of the Cyto-c/nano-LTL-zeolite/
ITO electrode: Cyclic voltammograms (CV) of a nano-LTL-

Figure 2. Surface morphologies of nano-LTL-zeolite-assembled electrodes with a different number of nanozeolite-assembled layers: A) 3 layers,

B) 5 layers, and C) 7 layers. The scale-bar in each image is 1 um.
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zeolite/ITO electrode with or without immobilized Cyto-c
were measured in phosphate buffer solution (20 mmolL ™",
pH7) (Figure 3). Two stable redox peaks at +15 and
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Figure 3. Cyclic voltammograms of Cyto-c/nano-LTL-zeolite (5 layers)/
ITO electrode, with (a), and without (b) immobilized Cyto-c, in phos-
phate buffer solution (20 mmolL~!, pH7.0). The scan rate is 60 mVs™.

—44 mV, at a scan rate of 100 mVs~!, were observed when
Cyto-c was immobilized on the nanozeolite-assembled elec-
trode, while no electrochemical response was displayed
before the Cyto-c immobilization process. These results
show that a direct electron-transfer process takes place be-
tween the immobilized Cyto-c and the nanozeolite-assem-
bled electrode,*” and that the immobilized Cyto-c has good
electrochemical activity. The half-wave potential E;, value
was estimated to be —18.5 mV, and this negative shift, rela-
tive to that of Cyto-c in solution (+17 mV vs SCE),* could
be attributed to the interaction between nano-LTL-zeolite
and Cyto-c. The electron-transfer rate constant (k) was esti-
mated from the Laviron model equation [Eq. (1)]®” as
225! (a=0.5), by measuring the peak-to-peak separation
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Figure 4. Relationship between the peak-to-peak separation and the scan
rate, v (40-500 mV's™") of a Cyto-c/nano-LTL-zeolite (5 layers)/ITO elec-
trode.

values AE, (Figure 4) of CV curves at different scan rates,
ranging from 40 to 500 mVs™'.
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Interestingly, when the pH value of the system was
changed to relatively more acidic or basic conditions, the
peak position and AE, value hardly shifted, while a slight
decrease of the peak current was observed (Figure 5). These

Current / pA
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Figure 5. Cyclic voltammograms of a Cyto-c/nano-LTL-zeolite (5 layers)/

ITO electrode at different pH values: a) 6.04, b) 10.01, and c) 5.04. The
scan rate is 60 mVs ™.

results indicate that the electron-transfer process could not
be affected by pH-value changes from 5 to 10, and the elec-
trochemical activity of immobilized Cyto-c¢ could be main-
tained over a broad pH-value range. Additionally, the Cyto-
c¢/nano-LTL-zeolite/ITO electrode still exhibited an evident
electrochemical response after five months storage at 277 K.

Amperometric response of the Cyto-c/nano-LTL-zeolite/
ITO electrode as a biosensor: The biosensor function of the
Cyto-c/nano-LTL-zeolite/ITO electrode was evaluated by
detecting hydrogen peroxide, since the detection of hydro-
gen peroxide plays an important role in many fields, includ-
ing industry, environmental protection, and clinical con-
trol.“** Figure 6A shows amperometric catalytic responses
of the Cyto-c/nano-LTL-zeolite/ITO electrodes after the ad-
dition of an aqueous solution of H,O, (60 mmolL™!, 2.5 uL)
into phosphate buffer solution (10 mL, 20 mmolL ", pH7).
The best linear relationship between the response and the
H,O, concentration was exhibited in the range 15-
540 umol L' (Figure 6B), and its apparent Michaelis—
Menten constant (K, »*)), which was calculated by using the
Lineweaver-Burk equation [Eq.(2)],*** was within the
range 200-300 umol L (Figure 6C).

1 1
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The detection limit was estimated to be as low as
3.2 nmolL™". Besides, the amperometric response of H,O,
on the Cyto-c/nano-LTL-zeolite/ITO electrode also showed
remarkable long-lived stability (the response just decreased
by 30% after 5 months) and its biocatalytic activity was well
maintained in the pH range 5-10.
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Figure 6. A) Amperometric responses of the Cyto-c/nano-LTL-zeolite/
ITO electrode at —250mV upon successive addition of H,O,
(60 mmolL~!, 2.5uL) into a phosphate buffer solution (20 mmolL™",
10 mL, pH7); B) calibration curves of the H,O, sensor; C) double-recip-
rocal plots of the step current to the concentration of H,0,. a), b), and c)

in the three parts of the figure represent data for electrodes with 3, 5,
and 7 nano-LTL-zeolite layers, respectively.

Discussion

As pointed out previously, the Cyto-c/nano-LTL-zeolite/ITO
electrode displays a clear-cut advantage as a biosensor, due
to its electron-transfer behavior and sensor properties.
Table 1 displays the function parameters of the Cyto-c/nano-
LTL-zeolite/ITO electrode prepared in this paper with those
of previously reported micrometer-sized zeolites, and some
other inorganic nanomaterial-modified enzyme electrodes. It
has been found that our electrode presents larger k, values,
a wider linear range, and lower detection limits. These ad-
vantages could be attributed to the unique surface property
of nanozeolites. Firstly, the nanosized zeolite possesses
much larger external surface area (about 58% of its total
surface areal*”) than that of micrometer-sized zeolites (gen-
erally less than 5% of their total surface area), which would
be very beneficial for enzyme molecule adsorption. More-
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Table 1. Comparison of the parameters of electrochemical and H,O,
sensor properties of Cyto-c-immobilized electrodes using different
enzyme-immobilized inorganic materials. All the Cyto-c-immobilized
electrodes reported in the table possess a driect electron-transfer process-
es.

Electrode k ngl") Linear Detection

[s'] [umolL"'] range limit
[umol L™']  [umol L]

Cyto-c/nano-LTL-zeolite/ 22 200 15-540  0.0032

ITOM

Cyto-c/NaY/ITO! 0.78 - 8-128 032

Cyto-c/Multi-walled carbon- 4.0 857 2-420 -

nanotube/GCH!

Cyto-c/Gold-colloid/Carbon 1.2 2280 10-1000 -

Pastel™!

[a] The Cyto-c/nano-LTL-zeolite/ITO electrode contains seven nano-
LTL-zeolite assembled layers. [b] The exact data in the reference is
2.28+0.17 mm.

over, due to their high dispersibility and stability in both
aqueous and organic solutions, the surfaces of nanozeolite
particles do not need any protective agents to maintain their
dimensional stability in the storage and assembly processes,
which avoids the probable negative effect during the follow-
ing enzyme-adsorption step. Figure 7A exhibits the amount
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Figure 7. A) The adsorbed amount of LTL-nanozeolite for Cyto-c moiety
at different pH values; B) UV/visible absorption spectra of Cyto-c
(0.3 mgmL™") in a phosphate-buffer solution (20 mmolL~", pH7) (a), and
a phosphate-buffer solution (20 mmolL~!, pH7), containing Cyto-c
(0.3 mgmL™") and nano-LTL-zeolite particles (0.3 mgmL™") (b).

of LTL-nanozeolite particles adsorbed per Cyto-c moiety at
different pH values. The LTL nanozeolites possess not only
a very high level of adsorbed enzyme (450-600 mgg '), but
also a wide and stable adsorption range for Cyto-c (pH 4—
11), which could be an essential prerequisite for constructing

Chem. Eur. J. 2006, 12, 1137-1143
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good biosensors. It is the high enzyme-adsorption amount
that makes the Cyto-c/nano-LTL-zeolite/ITO electrode dis-
play a lower detection limit and wider linear range, relative
to previously investigated enzyme electrodes (Table 1).

The nanozeolite particles could adsorb biomolecules by
means of compositive interactions, such as electrostatic and
hydrophilic/hydrophobic interactions, because of their tun-
able surface properties (e.g., adjustable surface charge and
hydrophilicity/hydrophobicity).’”! Such compositive interac-
tions may induce the biomolecules (enzyme/protein) to
retain their original conformation and orientation for elec-
tron-transfer®' ™ and biocatalytic reactions. The nano-LTL-
zeolite, with a negatively charged surface, would be suitable
for the immobilization of Cyto-c. The positively charged six
or seven lysine residues surrounding its heme crevice, which
play an important role in binding interactions and electron
transfer with most of its redox partners,**>" could help the
immobilization of Cyto-c on the surface of the zeolite, by
means of electrostatic interaction.”® % Meanwhile, the sur-
face hydrophilic/hydrophobic character of the nanozeolite
could adjust the microenvironment of immobilized Cyto-c.
A small shift of the absorbance peak of the Soret band in
the UV/visible spectra of the Cyto-c and nano-LTL-zeolite
solution mixture, corresponding to that of Cyto-c solution
(Figure 7B), shows that the interactions between Cyto-c and
nanozeolite do not influence fundamental active conforma-
tion of immobilized Cyto-c.[®! Therefore, the immobilized
enzyme displays good biocatalytic function and sensor prop-
erties (Table 1). On the other hand, the interactions between
nanozeolite and Cyto-c, and the broad pH-adsorption range
make the immobilized Cyto-c stable and firm enough, and
consequently induce the Cyto-c/nano-LTL-zeolite/ITO elec-
trode to display a very long lifetime, and a wide pH active
range.

More importantly, because of the easy-assembly property
of the nanozeolite, the thickness of the nanozeolite film on
the electrode could be easily controlled by a LbL assembly
technique!®*!, to modulate the electron-transfer behavior
and biocatalysis properties (Table 2). As shown in Figure 8,

Table 2. Electrochemical behavior and biosensor function comparison of
Cyto-c/nano-LTL-zeolite/ITO electrodes with different nanozeolite-as-
sembled layers.

Number of Peak k, KM

Linear range Detection limit

layers current®  [s7!] [u?l?ol L'l [umolL™] [umol L]
[nA]

3 0.245 2.0 300 15-360 0.015

5 0.612 22 234 15-480 0.0128

7 0.842 22 200 15-540 0.0032

[a] The scan rate is 100 mVs™.

the peak current of the CV curves was enhanced with in-
creasing nanozeolite-film layers, while the electron-transfer
rate, that is, k, always stayed around 2. This indicates that
the amount of Cyto-c, with good electrochemical activity,
could be increased correspondingly with the increase in the

Chem. Eur. J. 2006, 12, 1137-1143
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Figure 8. Cyclic voltammograms of Cyto-c/nano-LTL-zeolite/ITO elec-
trodes with a) 3, b) 5, and c) 7 nanozeolite-assembled layers in phosphate
buffer solution (20 mmol L™!, pH7). The scan rate is 100 mVs™'.

number of layers; however the electron-transfer behavior of
immobilized Cyto-c was not affected by the assembly meth-
ods. The step current of the amperometric-response curve
(Figure 6A) was also enhanced with an increase in the
number of the nanozeolite film layers. The diversity of the
linear range, detection limit, and the Ka:"g value of different
assembled layers (Table 2) implies that the biocatalytic func-
tion of the Cyto-c/nano-LTL-zeolite/ITO electrode could be
facilely regulated through the LbL strategy, according to the
demand for different sensor practices.

Conclusion

Nano-LTL-zeolite particles were used as enzyme immobili-
zation carriers to construct Cyto-c/nano-LTL-zeolite/ITO
electrodes by a LbL assembly technique, and their electro-
chemical and biocatalytic properties were evaluated from
CV and amperometric experiments. The results show that
the Cyto-c/nano-LTL-zeolite/ITO electrodes possess direct
electron-transfer behavior, excellent biosensor properties,
long lifetimes, and wide pH stability. All the advantages of
the Cyto-c/nano-LTL-zeolite/ITO electrodes could be con-
tributed to the remarkable enzyme-adsorption ability of
nanozeolites, and proper and stable interactions between
nanozeolite and Cyto-c. In addition, assembling nanozeolites
on the electrode by means of LbL technology could control
the amount of enzyme immobilized on the Cyto-c/nano-
LTL-zeolite/ITO electrode, and thus control its biosensor
properties by regulating the thickness of the nanozeolite-as-
sembled layers; this makes the rational design of enzyme
electrodes possible.

Experimental Section

Apparatus: XRD data was obtained on a Rigaku D/max-IIA diffractom-
eter with Cug, radiation at 40 kV and 45 mA. Scanning electron micros-
copy (SEM) was carried out using a Philips XL 30, and TEM studies
were performed on a JEOL 200 microscope, with an accelerating voltage
of 20 and 200 kV, respectively. Electrochemical experiments were per-
formed at room temperature by using a three-electrode setup, consisting
of a saturated calomel reference electrode (SCE), a platinum wire coun-
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ter electrode, and an enzyme-immobilized nanozeolite-assembled ITO
working electrode. All electrochemical measurements were recorded by
using a CHI660A electrochemical working station from CH Instruments,
Texas.

Reagents: Fumed silica was obtained from Shanghai Chlorine Alkali In-
dustry. Aluminum foil and potassium hydroxide were obtained from
Shanghai Reagent Factory (China). Poly(diallyldimethylammonium chlo-
ride) (PDDA, Mw <200,000) was obtained from Aldrich. Horse heart
Cyto-c was purchased from Sigma and used without further purification.
A phosphate buffer solution (20 mmol L', pH7) served as the supporting
electrolyte. All solutions were prepared with deionized water, purified
with a Milli Q plus system.

Synthesis of nano-LTL-zeolite colloids: Nano-LTL-zeolite colloids were
synthesized in a clear homogeneous solution with a molar composition of
10K,0:1 AL,O;:20Si0,:400H,0, according to literature.l! After stirring
overnight, the precursor solution was crystallized in an autoclave at
180°C for 2 days. The nano-LTL-zeolite colloids obtained were purified
by centrifugation and redispersion in highly pure water five times; the
last sols were dispersed in highly pure water with a solid content of
1.0wt%.

Construction of the Cyto-c/nano-LTL-zeolite/ITO electrode: The nano-
LTL-zeolite assembled ITO electrode was prepared by a LbL technique:
Firstly, the ITO electrode was cleaned with acetone and treated in a
basic solution (NH,OH/H,0,/H,O=1:1:5 volume ratio) to remove im-
purities on the surface. The electrode was then coated with one-layer
polyelectrolyte films of cationic PDDA, which provided a positively
charged surface. The negatively charged nanozeolites and PDDA were
deposited alternatively on this positively charged surface, to form homo-
geneous nanozeolite/PDDA multilayers. All of the adsorption steps were
performed at ambient temperature for 20 min, and after each adsorption
step the electrode was washed with distilled water. Cyto-c immobilization
was achieved by immersing a 1cm?® assembled electrode in a Cyto-c
(0.3 mgmL™") phosphate buffer solution (20 mmolL™", pH7) at 277K
overnight.

Measurement of the Cyto-c adsorption amount on nano-LTL-zeolite sur-
faces: Adsorption of Cyto-c on the nano-LTL-zeolite surface was per-
formed for 1.5 h, by incubation of mixtures of Cyto-c (0.1 mgmL™") and
nanozeolite (0.1 mgmL™") solutions with phosphate buffer solutions
(20 mmol L, 0.5 mL) of varying pH (2-12). After centrifugal separation,
the UV/visible absorption value (280 nm) of supernatant solution was
measured to calculate the amounts of Cyto-c adsorbed on nanozeolites at
different pH values. To calculate the adsorbed amount accurately, a stan-
dard curve at A=280 nm was recorded, by using a series of Cyto-c solu-
tions of different concentration, with a phosphate buffer solution
(20 mmol L', pH7).

CV measurements: CV behavior of the Cyto-c/nano-LTL-zeolite/ITO
electrodes were studied at different scan rates, from 40 to 500 mVs ™.
Prior to the electrochemical measurements buffer solutions were deoxy-
genated by purging with nitrogen for at least 20 min. To compare results,
cyclic voltammetry of a nano-LTL-zeolite/ITO electrode without immobi-
lized Cyto-c was also recorded in phosphate buffer solution
(20 mmolL~!, pH7). The CV behavior at different pH values (5-10) and
film thicknesses was tested under the same conditions.

Amperometric measurements: The amperometric response of the Cyto-c/
nano-LTL-zeolite/ITO electrode was measured in a stirred electrochemi-
cal glass cell, containing phosphate buffer solution (10 mL, 20 mmolL "},
pH7). When the electrode had reached a steady state, an aqueous solu-
tion of H,0, (60 mmol L' 2.5 uL) was added to the system and the cur-
rent response was measured, until there was no current change. The
same tests were carried out at different pH values (5-10), and with differ-
ent numbers of nano-LTL-zeolite assembled layers; the lifetime was also
analyzed.
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