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a  b  s  t  r  a  c  t

A  simple  bio-inspired  one-pot  procedure  for  the  immobilization  of �-amylase  into  maturing  hybrid
iron(III)  hydrous  oxide  nanostructures  is described.  The  method  resorts  to the  urease  mediated  decom-
position  of urea  to  induce  the  homogeneous  precipitation  of amylase-iron(III)  hydrous  oxide  ensembles.
Appropriate  setting  of the  synthesis  parameters,  which  control  the shape  and  texture  of  the  resulting
hybrid  nanostructures,  is key  to  amylase  entrapment.  Highly  efficient  hybrid  catalysts  were  prepared
eywords:
iocatalysts
-Amylase

mmobilization
ybrid nanoparticles

at  the  lowest  urease  concentration  (0.5  mg/mL),  where  spherical  100  nm  size  hybrid  iron(III)  hydrous
oxide  ensembles  formed;  their amylase  load  depended  on  the  enzyme  concentration,  in  a  michaelian
fashion.  Their  specific  activity  is  nearly  that  of  free  amylase.  These  catalysts  are reusable,  with  no  loss
of  performance,  and  substantially  more  active  than  the  free  enzyme  at extreme  pHs  and  temperatures.
The  high  efficiency  of  the  hybrid  ensembles  is  ascribed  to  their  open  structure,  high  enzyme  loading,  and

vation
ron (hydrous)oxide negligible  amylase  inacti

. Introduction

Many existing and emerging bio-assisted processes benefit from
he immobilization of enzymes in inorganic supports. In these func-
ional materials, the enzymes furnish high specificity and efficient
hemical conversion, whereas the supports provide the means
or enzyme re-utilization, thus extending its operative lifetime.
uitable supports open, in addition, the possibility of integrat-
ng the specificity of the enzymes into sensing devises. Current
pplications include industrial processes, waste treatments, phar-
aceutical products, and biosensors [1–4]. Mesoporous powders

5–10] and sol–gel matrices [11–14] represent two of the most
idely used inorganic scaffolds for achieving this type of bio-active

ystems. The synthesis of bio-functionalized mesoporous materials
se a multiple-step approach to combine the properties that arise
rom tailored confined spaces and enzymatic activity. The materials
btained by typical protocols suffer however important drawbacks,
ncluding poor enzyme loading and high enzyme leaching dur-
ng the enzymatic reaction [5–9]. A common procedure to reduce
nzyme leaching is covalent post-immobilization, at the cost of
dditional synthesis steps. Yet, the most important penalty paid

y covalent post-immobilization is the alteration of the structural
onformation of the anchored enzymes [4,15,16]. Sol–gel encap-
ulation offers a different approach, resorting to entrapment (via
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inclusion) of the enzymes during the chemical synthesis of silica
gels. Although this method avoids some of the aforementioned
problems, the rather aggressive requirements of conventional syn-
thesis procedures (e.g., harsh co-solvents, poisonous catalysts) pose
severe restrictions to the type of enzyme that can be immobi-
lized [4,17,18]. Recently, it was  shown that the polypeptide silaffin,
from diatoms, provides mild conditions for the encapsulation of
enzymes within bio-silica, thus granting high enzymatic activity
[19].

In nature, a large number of microorganisms produce biomin-
erals by hydrolyzing secreted urea to carbonate and ammonium
to prompt intra- or extra-cellular precipitation [20,21]. Mimick-
ing nature, it was recently demonstrated that a wide variety of
nanostructured materials can be synthesized by homogeneous pre-
cipitation from salt solutions that are being alkalinized by the
decomposition of urea catalyzed by urease [22–27]. Considering
the benign synthesis conditions of this biomimetic approach, and
bearing in mind that enzymes should anchor themselves to growing
metal oxide particles, one-pot enzyme immobilization procedures
can be envisaged (see sketch in Fig. 1). As a proof of the feasibility of
this reasoning, this communication shows that �-amylase can be
indeed immobilized into maturing iron hydrous oxide nanostruc-
tures, and that the resulting hybrid catalysts gain in performance
as compared to the free enzyme.
Iron (hydr)oxide was selected because its potential biomedi-
cal applications [28–30],  whereas amylase, a well-known enzyme,
was chosen for its variety of uses that span from the treatment of
effluents to pharmaceutical applications [31–33].

dx.doi.org/10.1016/j.apcata.2011.09.008
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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Fig. 2. Morphology of amylase-functionalized iron hydrous oxide nanostructures
prepared by aging oxygen saturated 0.05 M FeCl2 solutions containing 1 mg/mL

◦

ig. 1. Sketch illustration of the formation of bio-functional hybrid nanostructures
uring urease mediated decomposition of urea.

. Experimental

.1. Preparation and characterization of the hybrid catalysts

Freshly prepared FeCl2, urea and �-amylase solutions were
ixed in appropriate proportions; the resulting solution was

ooled down in an ice-water bath. Then, a pre-cooled solution of
rease was added rapidly, and mixed under vigorous stirring; the
nal volume was 10 mL.  Afterwards, the solution was incubated at
7 ◦C for 3 h under continuous stirring. Finally, the formed precipi-
ates were separated by centrifugation, washed thoroughly with
ater, and re-suspended in 10 mL  of water. The concentrations

f FeCl2 and urea in the reacting systems were 0.05 and 0.2 M,
espectively, whereas the concentrations of urease and amylase
ere spanned between 0.5 and 2.5 mg/mL, and 1 and 2 mg/mL,

espectively. All supernatants were stored for analyses.
Syntheses were carried out using thoroughly cleaned capped

lass bottles. FeCl2.4H2O and urea were analytical grade reagents.
rease (from Jack bean) and �-amylase (from Bacillus Species)
ere purchased from Sigma–Aldrich; their activities, as declared by

he vendor, are 956 and 1.0 units/mg, respectively. All solution were
ade up using deionized water (conductivity less than 0.1 �S/cm),

nd filtered through 200 nm pore size membranes.
The obtained precipitates were characterized by FE-SEM and

EM using a Zeiss Leo 982 Gemini and a Philips EM-301 electron
icroscopes. ED patterns were acquired using a Philips EM-301

nstrument. XRD patterns were obtained using a Philips PW3710
pparatus.

.2. Determination of the enzymatic activity

The enzymatic activity of immobilized �-amylase was  deter-
ined by the well known starch – iodine colorimetric method

34,35]. Briefly, a measured volume (typically 50 �L) of the aque-
us suspension containing the synthesized hybrid catalyst was
dded to 10 mL  of a 2% starch solution (soluble starch from potato).
fter a given time, the reaction was quenched by addition of a
toichiometric (with respect to the initial starch concentration)
mount of iodine. Then, the solution was diluted with an appro-
riate water volume, and the absorbance was read at 620 nm in a
ewlett-Packard 8453 spectrophotometer; dilutions were made as
ecessary. Blank measurements, i.e., in the absence of �-amylase,
ere carried out as before. The mass of degraded starch was  then

alculated from: DS = (AbsB − AbsS)/AbsB × M,  where AbsB and AbsS
re the absorbance of the blank and the sample, respectively, and

 is the mass of starch in the initial solution. The pH of the react-
ng solutions was  fixed by small additions of HCl or NaOH. All runs

ere carried out in triplicate at a constant temperature, using a

ater bath.

In selected cases, re-use experiments were also carried out. After
ach test, performed as described above, the hybrid catalyst par-
icles were removed by centrifugation from the reaction vessel,
amylase, 0.2 M urea, and different concentrations of urease for 3 h at 37 C: (A)
0.5  mg/mL  and (B) 2.5 mg/mL. The insets show blow-ups of the FE-SEM images, and
TEM micrographs.

washed thoroughly with water, and re-suspended in 10 mL  of a
fresh starch solution.

The amount of immobilized �-amylase was  assessed deriving
the concentration of the enzyme in the supernatant solutions from
measured activity values, and solving the mass balance of the sys-
tems.

3. Results and discussion

Incubation of oxygen-saturated solutions containing amylase
(1 mg/mL), iron(II) chloride (0.05 M),  urea (0.2 M)  and urease at
37 ◦C leads to the precipitation of different iron hydrous oxides. As
the incubation proceeds, hydrolysis of urea (catalyzed by urease)
provides the necessary amount of base that triggers the forma-
tion of the solid phase. Depending on the concentration of urease,
the pH of the reacting solutions evolved from 6 to about 8, thus
granting complete precipitation. Concomitant immobilization of
amylase (see below) eventually takes place as sketched in Fig. 1.
The nature of the precipitated iron hydrous oxide nanoparticles
depends strongly on the amount of added urease. At the lowest
urease concentration (0.5 mg/mL), a steady development of a red-
brownish turbidity, typical of iron(III) (hydr)oxides, was evident.
The obtained solid is composed of 100 nm spherical nanostruc-
tures made up by ca. 5 nm size nanoparticles (Fig. 2A). These
self-assembled nanostructures, which are amorphous as revealed
by electron diffraction and XRD (see Supplementary data, Figs.

S1 and S2),  have an evident open structure that resembles that
of mesoporous materials (see TEM image in the inset of Fig. 2A).
At the highest explored urease concentration (2.5 mg/mL), on the
other hand, a greenish solid precipitated readily. This is composed
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Fig. 3. Influence of urease concentration on the activity of the hybrid catalysts at
pH  6 and 20 ◦C; volume of hybrid catalysts dispersion: 50 �L; volume of 2% starch
s
o

o
t
d
l
i
o
i
o
o
n
r
i
a
o

d
i
h
n
d
b
a
t
u
a
b
i
p
t
l
e
n
w

i
t
h
i
a
s
i
b

t
f

Fig. 4. Degradation of starch by free amylase and by the hybrid catalyst shown in

tures however decreases, albeit slightly, with increasing amylase
olution: 10 mL;  reaction time: 5 min. Inserted micrographs depict the morphologies
f the different nano-scaffolds.

f aggregates of hexagonal plate-like particles (Fig. 2B), a crys-
alline habit that is typical of green-rust (a Fe(II)-Fe(III) layered
ouble hydroxide [36–38]), which upon drying in air turned into

epidocrocite and goethite (see Supplementary data, Fig. S2). The
nfluence of urease on the nature of the synthesized iron hydrous
xides is due to the interplay of the rates of urea hydrolysis and
ron(II) oxidation. At low urease concentrations, the rate of iron(II)
xidation surpasses the pace of base production, thus iron(II) is
xidized in solution and iron(III) (hydr)oxides nucleate homoge-
eously. At high urease concentrations, urea hydrolysis takes place
apidly and precipitation of iron(II) hydroxide ensues; the solid
s latter oxidized to green-rust phases [39,40].  Interestingly, the
bsence of amylase does not alter the overall morphology of the
btained precipitates (see Supplementary data, Fig. S3).

These amylase-functionalized nanostructures have strikingly
ifferent abilities to degrade starch (Fig. 3). At pH 6, the spher-

cal nanostructure degraded ca. 14 times more starch than the
exagonal plate-like aggregates. The unlike reactivities of these
anostructures may  in principle be traced back to their notably
issimilar textures, which should influence their ability to immo-
ilize active amylase; particle texture determines the number of
nchoring OH sites, as well as their availability [41,42].  In fact,
he spherical nanostructure, which hosts 170 mg  amylase/g, takes
p about three times more amylase than the hexagonal plate-like
ggregates (49 mg  amylase/g). Competition by urease should not
e disregarded. More importantly, the latter figres indicate that

mmobilization of amylase into the hexagonal plate-like aggregates
roduces inactivation. In what follows, the attention shall be cen-
ered on the activity of the spherical nanostructures obtained at the
owest urease concentration, which should be regarded as a hybrid
nsemble in which the amorphous 5 nm size iron(III) (hydr)oxide
anoparticles are held together by the chemisorbed proteins, as
ell as by London – van der Waals forces.

The kinetic profiles of starch degradation by the free and by the
mmobilized enzyme are compared in Fig. 4. Clearly, immobiliza-
ion of amylase into the self-assembled spherical nanostructure
as a very slight effect on its overall enzymatic activity. A short

nduction period can however be noted. For this reason, the specific
ctivity values reported hereafter are cast in terms of mg  degraded
tarch per mg  amylase @ 5 min; they should not be confused with
nitial reaction rates. Importantly, the specific activity of the immo-
ilized amylase is 0.95 times that of the free enzyme.
Whether the allosteric-like behavior perceived in Fig. 4 is
he result of diffusional effects is dim. Usually, related bio-
unctionalized systems, such as enzymes supported on mesoporous
Fig.  2A; volume of 1 mg/mL free amylase solution: 50 �L; volume of hybrid catalyst
dispersion: 50 �L; volume of 2% starch solution: 10 mL; T = 20 ◦C; pH 6.0. Note that
data are reported as mg degraded starch per mg amylase.

micrometric powders or encapsulated in sol–gel matrices, bear
decreased specific activities, owing to mass-transfer limitations.
For instance, the relative activity (i.e., the ratio of the specific activ-
ities of the immobilized and free enzymes) of amylase supported
on mesoporous silicas ranges between 0.3 and 0.9, depending on
pore size [5],  whereas the specific activity of amylase encapsulated
in silica xerogels is a fifth of that of free amylase [14]. Clearly, the
amylase-functionalized iron(III) hydrous oxide nanostructure pre-
pared by the one-pot procedure advanced here does not suffer of
such a penalty. Apparently, the evident open structure of the hybrid
ensembles (see TEM image in the inset of Fig. 2A) allows the free
transport of the substrate molecules.

The self-assembled hybrid network of iron(III) hydrous oxide
nanoparticles should also allow high enzyme loadings. To assess
whether the enzymatic activity of the synthesized spherical nanos-
tructures stems from adsorbed or entrapped amylase, the following
experiment was performed. First, iron(III) hydrous oxide nanopar-
ticles were prepared as described, but in the absence of amylase.
Then, the resulting precipitate was re-suspended in 1 mg/mL amy-
lase solution and incubated for 3 h. This two-steps synthesis
protocol yielded a loading of 24 mg  amylase/g, which is seven-fold
lower than that obtained following the proposed one-pot proce-
dure. In addition, the specific activity of the so-obtained material
was a tenth of that of the nanostructures formed by one-step
functionalization. Summing up, the two-steps process produced a
material that is about two  orders of magnitude less efficient. This
result stresses the importance of amylase entrapping during the
formation of the iron(III) hydrous oxide hybrid nanostructure, a
condition that it is granted by the one-pot immobilization proce-
dure proposed here.

Another limitation of bio-functionalized materials prepared
by conventional sol–gel encapsulation procedures and post-
functionalization of mesoporous micrometric powders is the rather
low enzyme loadings that can be attained; typically, they amount
to 0.1–5% (w/w) [5–8,16]. The one-pot immobilization procedure
described here allows loadings as high as 220 mg  amylase/g (i.e.,
ca. 20%, w/w),  matching the highest enzyme loadings exceptionally
reported in the literature [10,17]. The load of amylase, which can be
tuned by setting the concentration of amylase used in the synthe-
sis, increases with amylase concentration in a michaelian fashion
(Fig. 5). The specific activity of the functionalized nanostruc-
loadings (Fig. 5), probably due to inactivation by packing [43].
Nevertheless, the net efficiency (i.e., mg  degraded starch per g cat-
alyst per min) of these materials increases with the load. Clearly,
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Fig. 5. Amount of amylase immobilized by the iron(III) hydrous oxide spherical
nanostructures and specific activity of the hybrid catalysts at pH 6.0 and 20 ◦C as a
function of the concentration of amylase used for functionalization. The inset shows
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Fig. 7. Influence of pH and temperature on the specific activity of the functionalized
nanostructure shown in Fig. 2A relative to that of free amylase; in (A) T = 20 ◦C and
he  net efficiency of the hybrid catalysts as a function of amylase loading. Note that
he  specific activity of free amylase is 315 mg degraded starch per mg  amylase per

in.

he combination of high specific activities and significant loadings
akes the hybrid catalysts prepared by the present bio-inspired

ne-pot immobilization procedure promising.
Immobilization of amylase provides a very simple way of recov-

ring the enzyme, which can be utilized in subsequent reaction
ycles, thus improving its overall performance. Fig. 6, which shows
hat the hybrid catalyst remains highly active after 5 reaction cycles,
ndicates that amylase does not deteriorate on repeated use, nor it
etaches from the hybrid iron(III) hydrous oxide ensemble.

Free enzymes are active in rather narrow temperature and pH
anges. Immobilization of amylase may  in addition prevent unfold-
ng [5,44,45], which should render the enzyme apt to be exploited
n much broader ranges. Fig. 7A and B shows that this is indeed the
ase. As a consequence of the stabilizing effect of immobilization,
hich buffers the influence of pH and temperature, the activity

f the supported enzyme becomes significantly higher than that
f free amylase at extreme conditions; e.g., at pH 4, the specific
ctivity of amylase in the hybrid ensemble is nearly 6 times larger
Fig. 7A).

The fate of urease deserves a brief comment. During the syn-
hesis of the hybrid catalyst, urease becomes as well entrapped

ithin the assembling structure of iron(III) hydrous oxide nanopar-

icles. This was confirmed by reacting the synthesized catalyst with
.1 M urea solution; a fast rise in pH, from 5.0 to 6.5, was observed.

ig. 6. Specific activity of the functionalized nanostructure shown in Fig. 2A on
epeated use; T = 20 ◦C; pH 6.0.
in  (B) pH 6.0. The insets show the specific activity of the hybrid catalyst. Dotted lines
are  guides to the eye.

This result is not surprising, because enzyme entrapping should not
be, in principle, selective. Although no especial effort was made to
assess the load of urease in the hybrid catalysts, neither its specific
activity, the outcome of this result is clear: the bio-inspired one-pot
procedure proposed here can be envisaged as a very simple way of
immobilizing a consortium of enzymes in a single scaffold.

4. Conclusion

In summary, this work shows that highly efficient hybrid
catalysts can be prepared by immobilizing amylase within the
self-assembling nanostructures that are being formed during the
biomimetic homogeneous precipitation of iron(III) hydrous oxide
nanoparticles. Our results demonstrate that appropriate control
of the synthesis parameters allows tuning the nature and archi-
tecture of the inorganic supports, which in turn determines the
overall enzymatic activity of the hybrid catalysts. The excellent
performance of the obtained functional hybrid spheres must be
attributed to the combination of their open structure, high enzyme
loadings and negligible amylase inactivation. Clearly, the benign
synthesis conditions provided by the present bioinspired one-pot

immobilization method minimize enzyme denaturalization.

This simple procedure can in principle be applied, in a nearly
straightforward way, to immobilize a wide variety of enzymes
into an assortment of inorganic supports, which would launch the
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