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Abstract

A bienzymatic supramolecular nanoassembly containing catalase and Cu, Zn-superoxide dismutase is reported. Catalase was hydropho-
bically modified with 1-adamantanecarboxylic acid and then immobilized on�-cyclodextrin-coated gold nanospheres via supramolecular
a se.
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ssociations. The bienzymatic nanocatalyst was further prepared by co-immobilization of�-cyclodextrin-modified superoxide dismuta
upramolecularly immobilized catalase and superoxide dismutase retained 73 and 35%, respectively, of their initial specific ac

ange of optimum pH for catalase was increased from 7.0–7.5 to 6.5–7.5, and the thermal stability improved by 7◦C after co-immobilization
uperoxide dismutase was 90-fold more resistant to inactivation by 100 mM H2O2 after bienzymatic immobilization with catalase on m
anoparticles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recently, a great effort has been devoted to prepare
anoscale materials containing biological macromolecules

1–3]. These bio-functionalized nanodevices have relevant
ses in sensing and imaging nanotechnology, drug delivery
ystems and electronic applications[4,5] and constitute the
asis of future highly efficient nanorobots.

A special interest has been conferred to construct novel
ater-soluble nanocatalysts by immobilizing enzymes on
olloidal particles[6–11]. Thus far, noble metal colloids
ave been the nanomaterials most extensively employed
s three-dimensional scaffolds for enzyme immobilization
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[6,8–10] due to their unique optical and electronic prop
ties. In general, such colloidal structures have been co
with enzyme monolayers through covalent immobiliza
methods, mainly based on the sulfur-noble metal chem
[6,8,10]. However, to the best of our knowledge, no atten
has been paid to the use of supramolecular interaction
preparing multilayer enzyme nanocatalysts.

Cyclodextrins (CD), cyclic oligosaccharides contain
six (�-CD), seven (�-CD) or eight (�-CD) �-1-4-linked
d-glucopyranose units, have been used to stabilize
nanoparticles in their perthiolated form[12]. On the othe
hand, we have conjugated CD units to enzymes in ord
increase their stability and favour immobilization[13–15].

In a previous work we have shown that adamant
modified proteins can be non-covalently immobilized
�-cyclodextrin (CD)-coated electrodes via supramole
lar associations[16]. Specifically, Cytochromec (Cyt c)-
modified with adamantane (ADA) was immobilized at
surface of a silver electrode through the formation of st
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host–guest complexes between ADA units located at the sur-
face of the modified protein and perthiolated CD chemisorbed
on the electrode surface. It was further demonstrated
that most of the ADA units remained free after immo-
bilizing the protein at the electrode surface (unpublished
results).

From these observations, we expected that such CD–ADA
host–guest interactions could also be used for the co-
immobilization of a second protein previously modified
with CD. Here we report the preparation of a bienzymatic
supramolecular assembly between catalase–adamantane
(CAT–ADA) and Cu, Zn-superoxide dismutase-�-cyclo-
dextrin (SOD–CD) conjugates on gold nanoparticles capped
with perthiolated�-cyclodextrin (Scheme 1).

Co-immobilization of catalase and Cu, Zn-superoxide dis-
mutase by covalent links has been previously reported as a

method for protecting the latter enzyme against inactivation
with H2O2 [17].

2. Materials and methods

2.1. Materials

Catalase (beef liver, EC 1.11.1.6, 10.3 U/g) and super-
oxide dismutase (bovine erythrocytes, EC 1.15.1.1,
3500 U/mg) were purchased from Roche Molecular Bio-
chemistry (Mannheim, Germany). Xanthine, xanthine oxi-
dase (cow milk, EC 1.1.3.22), HAuCl4, nitroblue tetrazolium
chloride and 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDAC) were purchased from Merck
(Darmstadt, Germany).�-Cyclodextrin was purchased from
Scheme 1. Supramolecular assemblies of catalase and sup
eroxide dismutase on�-cyclodextrin-coated gold nanospheres.
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Amaizo (Indiana, USA). All other chemicals were of
analytical grade.

2.2. Determination of nanoparticle size

High-resolution electron microscopy (HREM) images
were obtained using JEOL 4000-EX instrument, operating
at 400 kV. The particle size distribution was obtained from
digitalized amplified micrographs by averaging the larger and
smaller axis diameters measured in each particle.

2.3. Preparation of the CD-capped gold nanoparticles
(Au–CD)

The �-cyclodextrin-capped gold nanoparticles were pre-
pared as previously reported[12] using perthiolated�-
cyclodextrin as capping molecules and a CD:AuCl4

− molar
ratio of 1:5. The average diameter of these particles was deter-
mined by high-resolution electronic microscopy (HREM),
and the amount of oligosaccharides attached was estimated
by the redissolution method[18], assuming that the nanopar-
ticles are perfect spheres.

2.4. Preparation of the enzyme conjugates
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described for catalase. Protein concentration was estimated
by the Lowry method using bovine serum albumin as standard
[19].

2.6. Assays

Catalase activity was determined spectrophotometrically
by the rate of decomposition of H2O2 at 25◦C in 20 mM
sodium phosphate buffer pH 7.0[20]. SOD activity was
determined at 25◦C in 20 mM sodium phosphate buffer pH
7.0 by the xanthine/xanthine oxidase method using nitrob-
lue tetrazolium chloride as indicator[21]. Total carbohydrate
content was determined by the phenol/sulfuric acid method
using glucose as standard[22]. The degree of modification
of amino groups was determined by measuring the amount
of free amino groups witho-phthalaldehyde using glycine as
standard[23].

2.7. Thermostability

Native, modified and co-immobilized enzyme prepara-
tions were incubated in 20 mM sodium phosphate buffer,
pH 7.0 at the stated temperatures for 10 min. Samples were
removed, chilled quickly and assayed for enzymatic activity.

2.8. pH optimum

co-
i 5
i pH
5 mM
s

2
o

cu-
b te
b es,
t OD
a

3

bled
m d
a hese
g
r ked
g tion
e iam-
e

lt of
t ng
g eter.
A reaction mixture containing 10 mg of catalase, 10
f 1-adamantanecarboxylic acid and 10 mg of EDAC,
olved in 5 ml of 100 mM sodium phosphate buffer pH
as stirred for 1 h at room temperature and then for
t 4◦C. The solution was further dialyzed against 20 m
odium phosphate buffer pH 7.0.

.4.2. SOD–CD
NaBH4, 10 mg, were added to a reaction mixture cont

ng 10 mg SOD and 10 mg mono-6-formyl-�-cyclodextrin
13] dissolved in 5 ml of 100 mM sodium phosphate bu
H 7.0. The solution was stirred for 6 h in the dark at 4◦C
nd further dialyzed against 20 mM sodium phosphate b
H 7.0.

.5. Enzymes co-immobilization on
yclodextrin-modified gold nanospheres

For the co-immobilization of the conjugated enzyme
old nanoparticle solution (3 mg/ml in 20 mM sodium ph
hate buffer pH 7.0) was first mixed with CAT–ADA, for
nal protein concentration of 0.30 mg/ml. The solution w
ently stirred at 4◦C during 6 h, then mixed with a Na
olution (10% m/v final concentration) and kept at 4◦C for
h. The mixture was further centrifuged to remove the n

mmobilized enzyme. The pellet was rinsed several ti
ith a cool 10% NaCl solution and then resuspende
ml of 20 mM sodium phosphate buffer pH 7.0. The sec

ayer was assembled by further mixing the former nano
icle with a SOD–CD solution (40�g/ml) as previousl
The catalytic activities of native, modified and
mmobilized enzyme preparations were measured at 2◦C
n different buffer solutions: 20 mM sodium acetate,
.0–6.0; 20 mM sodium phosphate, pH 6.5–8.0; 20
odium borate, pH 8.5–9.0.

.9. Stability of the co-immobilized SOD in the presence
f 100mM H2O2

Native and co-immobilized SOD preparations were in
ated at 30◦C in 100 mM H2O2 in 20 mM sodium phospha
uffer, pH 7.0. Aliquots were removed at scheduled tim
reated with 1�g of catalase, and further assayed for S
ctivity.

. Results and discussion

The gold nanoparticles, stabilized by a self-assem
onolayer of perthiolated�-cyclodextrin (Au–CD), serve
s scaffolds to obtain the bienzymatic nanocatalyst. T
old nanoparticles were obtained using a CD:AuCl4

− molar
atio of 1:5. The structures and size distribution of the na
old nanoparticles were characterized by high-resolu
lectronic microscopy (HREM), revealing an average d
ter of 3.5 nm (Fig. 1A).

The small size of the obtained nanoparticles is a resu
he effect of the�-cyclodextrin molecules over the growi
old colloids, as nanovessels that control the cluster diam
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Fig. 1. HRTEM images of Au–CD nanoparticles before (A) and after immo-
bilization of CAT–ADA and SOD–CD (B).

Larger nanoparticles would not be water-soluble. On the other
hand, it is very important to use small nanoparticles in order
obtain a nanodevice as small as possible that could easily
diffuse through blood vessels and cell membranes.

Each nanoparticle contains, on average, 10 molecules
of CD. Such as unit constitutes an excellent scaffold for
supramolecular associations with modified enzymes. CD is
capable of forming highly stable inclusion complexes with
adamantane derivatives in aqueous solution[24]. In addition,
it has been reported that CD receptors chemisorbed on the
surface of gold nanoparticles maintain the host properties
that they exhibit in homogeneous aqueous solution[12].

The first layer to be assembled on the Au–CD nanopar-
ticle was catalase modified with adamantane moieties.
For this, bovine liver catalase was chemically modified
with 1-adamantanecarboxylic acid through a water-soluble
carbodiimide-catalyzed condensation reaction. As a result,
87 amino groups out of 112 (78%) of catalase were modified

with adamantane. Interestingly, a more active and more sta-
ble catalase was obtained after modification with adamantane
and neutralization of the positively charged lysine residues
on the surface of the enzyme. The specific activity of catalase
was increased from 10.3 to 15.2 U/g after these modifications.

The adsorption isotherm for CAT–ADA on CD-modified
gold nanoparticles, at 4◦C and pH 7.0, is depicted inFig. 3A.
The amount of associated CAT–ADA increased rapidly with
increasing enzyme concentration up to 0.30 mg/ml. This sat-
urating level of associated CAT–ADA corresponded to 87%
of the added enzyme. It could be expected that the architec-
ture of the immobilized CAT–ADA should be formed by a
protein core covered by the CD-modified gold colloids, con-
sidering both the average size of the nanoparticles prepared,
as well as the high molecular weight of catalase.

The second step in the preparation of bienzymatic
nanoparticle was performing by treating the Au-catalase col-
loids with SOD modified with CD. It was assumed that some
of the adamantane moieties of CAT–ADA would be free
and could serve as guests of CD units conjugated to SOD.
The SOD–CD conjugate was synthesized by attaching mono-
6-formyl-�-cyclodextrin to the free amino groups of the
enzyme through a reductive alkylation process with NaBH4
[13]. An average of 12 mol oligosaccharides were linked to
each mole of dimeric protein, as revealed by quantification
of both the carbohydrate content and the transformed amino
g f its
o t of
C ctiv-
i f the
s

on
A ated
S rp-
t ed at
a this
l obi-
l lase
a 35%
( ec-
t

atic
n D
n AT–
A gh
p of
t o the
9 ith
r reat
s ins
t e
t of
b r the
o

uld
a ates
roups in the neoglycoenzyme. SOD retained 97% o
riginal activity after this conjugation. The high amoun
D attached, as well as the high degree of catalytic a

ty retained by the conjugate, proved the effectiveness o
ynthetic method used.

An adsorption behavior, similar to that of CAT–ADA
u–CD nanoparticles, was observed for the glycosid
OD (Fig. 2B). The main difference between the two adso

ion behaviors is that the saturation value was reach
much lower protein concentration for SOD–CD. In

atter case, only 68% of the conjugated enzyme was imm
ized. After this bienzymatic construction, modified cata
nd superoxide dismutase retained 73% (7.5 U/g) and
1225 U/mg) of their initial enzyme specific activity, resp
ively.

The obtained supramolecular-mediated bienzim
anocatalyst of CAT–ADA and SOD–CD on Au–C
anoparticles presents an approximate (Au–CD):(C
DA):(SOD–CD) molar ratio of 9:1:0.8. The relatively hi
roportion of Au–CD nanoparticles in the composition

he bienzymatic nanoparticle was expected according t
:1 molar ratio of adamantane moieties in CAT–ADA w
espect to the CD units in Au–CD. This must provoke a g
teric hindrance surrounding CAT–ADA, which expla
he relatively low immobilization of SOD–CD. At the sam
ime, this steric effect should affect the conformation
oth conjugated enzymes, which could be the reason fo
bserved decrease in the enzymatic activities.

It should be highlighted that the final preparation co
ctually correspond to a mixture of protein–metal aggreg
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Fig. 2. Adsorption isotherm for CAT–ADA on Au–CD nanoparticles (A)
and SOD–CD on CAT–ADA immobilized on CD-modified gold colloids
(B) at 4◦C and pH 7.0.

with a random association mode, in which the SOD–CD con-
jugates and the high excess of Au–CD nanoparticles may
surround each CAT–ADA unit (Scheme 1). This suggestion
was confirmed by the presence of aggregates in the HRTEM
images of the bienzymatic nanocatalyst (Fig. 1B). This con-
sideration could also justify the unexpected lower enzymatic
activity expressed by the SOD–CD conjugate after its inclu-
sion in the nanostructured preparation.

A very important role in this random distribution of
nanoparticles and modified enzymes is played by the fact
that the mean diameters of the latter (CAT: 11.4 nm, SOD:
6.8 nm), both larger than that corresponding to the former
(3.5 nm,Fig. 1A). Several metal nanoparticles surrounding
a biomolecule is a common and expected situation and has
been reported before[25].

The supramolecular association of catalase and superox-
ide dismutase on the cyclodextrin-capped nanoparticles was
studied by electronic spectroscopy (Fig. 3). Native nanopar-
ticles showed a broad absorption band, characteristic of this
type of CD-coated gold nanostructures[12]. Upon immo-
bilization of catalase, the intensity of the surface plasmon
resonance increases for the gold nanoparticle, indicating
interaction of the enzyme protein molecules with the metal

Fig. 3. VIS spectra of Au–CD nanoparticles (3 mg/ml) at 25◦C in 50 mM
sodium phosphate buffer, pH 7.0 before (A) and after immobilization of
CAT–ADA (B) and co-immobilization of CAT–ADA and SOD–CD (C).

surface of the colloids. Similar increased absorption has been
observed after the interaction of gold nanoparticles with other
biomolecules[10,26]and has been explained by an increase
of the local refractive index in the vicinity of the colloid
surface[26]. On the other hand, the intensity of the sur-
face plasmon resonance was only slightly increased after
co-immobilization of SOD.

The bienzymatic nanocatalyst was characterized accord-
ing to its optimum pH and stability properties against thermal
and H2O2 treatment. The pH–activity profile of catalase
co-immobilized in this supramolecular nanoassembly is
depicted inFig. 4A. The optimum pH range of enzymatic
activity was increased for catalase from 7.0–7.5 to 6.5–7.5 by
co-immobilization with SOD on CD-coated Au nanospheres.
It was further demonstrated that the thermal stability for co-
immobilized catalase was increased in about 7◦C (Fig. 4B).
These results suggest that the microenvironment of the conju-
gated enzyme was changed by the supramolecular assembly.
Considering that CAT is a tetrameric enzyme[20], the
supramolecular cross-linking of its protein chains with the
CD-modified gold nanoparticles through host–guest inter-
actions should reinforce its folding and, therefore, improve
its functional stability. On the other hand, no significant
changes were observed for optimum pH and thermal stability
of SOD either after CD-modification and co-immobilization
with catalase on the gold particles (data not shown). The
m is a
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S a not
s the
f was
m iated
b

ain reason of this behavior is due to the fact that SOD
ighly thermostable enzyme with a broad range of optim
H [27]. Our results suggest that these properties wer
ffected by glycosidation-immobilization. In addition,
hanges in the pH–activity profile and thermal stability
bienzymatic nanocatalyst prepared with CAT–ADA

OD–CD without Au nanospheres was observed (dat
hown). This fact suggests that the improvement in
unctional properties of these co-immobilized enzymes
ediated by changes in their microenvironment, med
y the presence of the metal nanoparticles.
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Fig. 4. Optimum pH (A) and thermal stability profile (B) of native (©),
ADA-modified (�) and co-immobilized (�) catalase forms.

Biomedical and analytical applications of SOD are cur-
rently limited by the inactivation of the enzyme by its own
reaction product, H2O2 [28]. The time-course of inactivation
of free, CD-modified and co-immobilized SOD by incubation
in 100 mM H2O2 at pH 7.0 and 30◦C are depicted inFig. 5.
Native and CD-modified enzyme preparations were rapidly
inactivated by H2O2, but its CD conjugate co-immobilized
form retained about 90% of the initial activity after 2 h incu-

Fig. 5. Kinetics of inactivation of native (©), CD-modified (X) and co-
immobilized (�) SOD forms against 100 mM H2O2.

bation. The half-life of SOD was increased from 13 min to
19.5 h, demonstrating that co-immobilization of SOD with
catalase on gold nanoparticles conferred significant stabiliza-
tion of this enzyme. This suggests that H2O2 inactivation of
SOD is prevented by the presence of catalase in the context
of the bienzymatic nanoparticle.

Improved resistance against inactivation with H2O2 has
been previously described for SOD covalently linked with
CAT, but the stabilization towards H2O2 treatment shown
by this conjugate was significantly lower than the bienzy-
matic nanocatalyst described here[17]. On the other hand,
the specific activity of catalase was noticeably reduced after
chemical conjugation with SOD[17].

It should be highlighted that the improved stabilization
of SOD against H2O2 should be directly mediated by the
proximity of the active centre of catalase, as a consequence
of our strategy of immobilizing one enzyme over the other.
This fact constitutes an advantage of this described method
over those based on the co-immobilization of both enzymes
on the same surface. On the other hand, the stability towards
H2O2 shown by the bienzymatic nanocatalyst prepared via
supramolecular associations was noticeably higher than those
prepared via to SOD against H2O2.

It has been previously reported that modification of
enzymes with metal nanoparticles improved electroanalytical
response of biosensors constructed with this kind of bio-
c ew
p nsor
s tures.
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omposite[29]. According to this fact, our results open n
ossibilities for preparing more effective bienzymatic se
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. Conclusions

In this work a new strategy for preparing a CAT–S
ienzymatic nanocatalyst was established through the
ation of supramolecular nanoassemblies. The effective
f this method has been demonstrated by the improved

ional properties showed by the co-immobilized enzym
xperiments are now in progress to generalize this me
f bienzymatic nanoimmobilization.
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