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a  b  s  t  r  a  c  t

Endo-inulinase  (EC  3.2.1.7)  from  Aspergillus  niger  as  a key  enzyme  in  catalytic  hydrolysis  of  inulin  and
production  of  high  fructose  syrup  (HFS)  was  immobilized  on  aminated  non-porous  silica  nanoparticles
(NPs)  with  particle  sizes  of 50,  100  and  200  nm.  These  particles  were  synthesized  and  Fourier  transform
infrared  spectroscopy  (FTIR),  scanning  electron  microscopy  (SEM)  and dynamic  light  scattering  (DLS)
were  used  to  characterize  them.  The  immobilization  was  carried  out  by three  methods  including  non-
covalent  adsorption  (nC),  covalent  attachment  (C) and cross  linking  (CL)  using  glutaraldehyde  (GA). The
immobilized  enzymes  were  functionally  characterized  in terms  of their  optimum  temperature,  thermal
stability  and reusability.  Results  revealed  that 50 nm  silica  NPs  had  the  highest  efficiency  in  immobilizing
inulinase.  As  a result,  thermal  stability  was improved  and  the activity  was  counter  correlated  with  the
particle  size  in  immobilization  products.  Results  of  thermodynamic  analysis  showed  that  Ein,  �H◦ and
�G◦ for  all  the  immobilized  forms  were  higher  than  that  of the  free  enzyme  suggesting  that  a  higher
level  of  energy  is  required  to  denature  the  immobilized  enzyme,  making  the  immobilized  enzymes  sub-
stantially  more  stable  than  the free  enzyme.  Results  of  the  operational  stability  analysis  showed  that
the  enzyme  immobilized  via  non-covalent  adsorption,  covalent  attachment  and  cross  linking  preserved

56.45,  65.45  and 80.75%  of their  initial  activities  after  7 cycles  of  hydrolysis,  supporting  the fact  that  the
cross  linking  method  is the  superior  method.  The  optimum  temperature  was  shifted  from  50 ◦C  for  the
free  and  non-covalent  products  to  far higher  temperatures  for the  covalent  and  the  cross  linking  products.
As  a  result,  immobilization  and  brightly  cross  linking  strategy  brings  about  thermal  stability  and  elevates
the  optimum  temperature  which  is necessary  for endoinulinase  application  in industry.
. Introduction
Inulinase belongs to glycoside hydrolase family GH32 (1-�-d-
ructan hydrolase, EC 3.2.1.7). They have been widely applied as
iocatalysts to hydrolyze inulin to produce primarily fructose with
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a small amount of glucose [1]. Inulin is a reserve carbohydrate in the
roots and tubers of Jerusalem artichoke, chicory, dahlia and other
sources and is industrially important to produce high fructose syrup
(HFS) [2]. It consists of linear chains of d-fructose with a glucose
terminal group at the reducing end [3].

Immobilization of enzymes facilitates recovery of products,
enables the reutilization of the high value enzyme and makes
industrial processing economical [4–6]. Various immobilization
strategies have been reported which could be classified as
non-covalent (adsorption) and covalent immobilization meth-
ods. Covalent immobilization is usually preferred if it retains the

enzyme activity by avoiding enzyme leakage from the support.
Nanoparticles (NPs) have been widely applied to host enzymes
because they offer high surface area to volume ratio which results
in higher enzyme loading with low mass transfer resistance [7].
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lutaraldehyde (GA) activation of amino-functionalized suppor-
ing agents is one of the most efficient enzyme immobilization
trategies [8] which acts as a cross linker to attach the enzyme to
he support by forming Schiff bases [8–10]. In this study we  applied
oncovalent, covalent and cross linking strategies to prepare, then
ompare the immobilization products. Non-covalent adsorption of
nulinase occurs through interactions like hydrogen bonds, elec-
rostatic forces and hydrophobic interactions [11]. Reducing the
ize of the supporting material, provides greater surface to volume
atio of particles, and results in much greater loading of the enzyme
er unit mass of the support [12]. Among them, nano-sized silica
articles have received much attention as efficient host materials
or enzyme immobilization [13,14] owing to their uniform shape,
hemical and mechanical stabilities, small diffusion limitation and
heir small size, high surface to volume ratio which increases the
nzyme loading per unit mass of the support.

In cross linking immobilization, first layer of enzyme is cova-
ently attached to the supporting agent that could be aggregated
n the presence of excess free enzyme using GA treatment. These
ross linked immobilized-enzyme aggregates could overcome the
imitation in maximum enzyme loading capacity in covalent attach-

ent which is due to the mono layer coverage of the enzyme
olecules on the supporting agent and at the same time, could

mprove the enzyme activity and stability. Kim et al. developed a
nique approach for the fabrication of enzyme aggregate coatings
n the surfaces of electrospun polymer nanofibers. They coated �-
hymotrypsin on nanofiber electrospun and showed that the initial
ctivity of �-chymotrypsin-aggregate-coated nanofibers was  nine
imes higher than nanofibers with just a layer of covalently attached
-chymotrypsin molecules [15].

Kim et al. developed a biocatalytic system using polymer
anofibers coated with trypsin aggregates. First, an initial layer of
rypsin covalently attached to the polymer nanofibers, then more
rypsin molecules cross linked to the first layer using GA treatment.
his process resulted in an increase in trypsin activity compared to
ovalently attached trypsin which retained a high level of activity
fter a year of repeated recycling [16].

In this paper, silica NPs with particle sizes of 50, 100 and 200 nm
ere synthesized and used for immobilization of inulinase by three
ethods then, comparisons were made to find the best immobiliza-

ion method to produce HFS.

. Materials and methods

.1. Materials

Sodium potassium tartrate, 3,5-dinitrosalicylic acid (DNS),
ndo-inulinase (EC 3.2.1.7) from Aspergillus niger, glutaraldehyde,
etraethylorthosilicate (TEOS), 3-aminopropyltriethoxysilane
APTS) and potassium bromide were from Sigma Chemical Com-
any (St. Louis, MO,  USA). Ammonium hydroxide solution and
ethanol were obtained from Fisher Scientific. Inulin (from

hicory) was received from MP  Bio-Medicals, LLC Company (Santa
na, USA). All other chemicals were of analytical grade. Milli-Q
ater was used in all the experiments.

.2. Methods

.2.1. Preparation and characterization of the nonporous silica
aterials

Uniform silica NPs with controlled sizes of 50, 100 and

00 nm were synthesized in a reaction mixture of Milli-Q water,
ethanol, ammonium hydroxide (28–30%) to which, 62.5 �l TEOS,
as quickly added while stirring (∼400 rpm) then left gently
nder stirring (100 rpm) overnight at room temperature. Size and
lysis B: Enzymatic 104 (2014) 48–55 49

morphology of the particles were examined using scanning elec-
tron microscopy (SEM) (Hitachi S-4700, Japan, Tokyo) at a voltage of
20.0 kV after coating the samples with a thin layer of Au–Pd by mag-
netron sputtering. Particle size and distribution were measured
using dynamic light scattering (DLS) (Brookhaven Instruments Co.,
USA).

Amino functionalizing of the surface of silica NPs was achieved
through introducing the amino groups on the silanols of the silica
NPs followed by adding 4 �l APTS and 1 �l TEOS to the reac-
tion mixture while stirring overnight. NPs were then centrifuged
(20,000 × g, 10 min) and washed twice with 1 ml  of anhydrous
ethanol and centrifuged (20,000 × g, 10 min), then washed twice
with 1 ml  of Milli-Q water and centrifuged (20,000 × g, 10 min) and
finally dispersed in 1 ml  of Milli-Q water. To prepare 50 nm NPs,
1 ml  methanol, 360 �l Milli-Q water and 90 �l ammonium hydrox-
ide was  used while for 100 nm NPs: 1 ml  methanol, 360 �l Milli-Q
water and 120 �l ammonium hydroxide was  used and for 200 nm
NPs: 1 ml  methanol, 270 �l Milli-Q water and 240 �l ammonium
hydroxide was  used. The whole procedure was scaled up to 5×
[17,18]. To modify the primary amino groups of the supporting
agents with GA molecules, 10 mg  of amino-functionalized silica
NPs was incubated with 100 �l of 1% (v:v) GA solution in 50 mM
sodium acetate buffer at room temperature under constant stirring
for 2 h. Samples were then washed with 50 mM sodium acetate
buffer at pH 5.4 and centrifuged (20,000 × g, 10 min) to remove
excess of GA [11,19,20]. Fourier transform infrared spectroscopy
(FTIR)confirmed the amine and the amine-aldehyde functionaliza-
tion and also inulinase immobilization on the silica NPs using Perkin
Elmer LS 55 (Perkin Elmer, Inc., USA) at 4 cm−1 resolution in the
range of 500–4000 cm−1 [11].

2.2.2. Immobilization of enzyme on silica NPs
Three kinds of enzyme immobilization procedures were used

to bind inulinase to 50, 100 and 200 nm silica NPs. These are non-
covalent adsorption of the enzyme on the surface of non-porous
silica NPs, covalent attachment using GA as a cross linking agent
and cross linking strategy in which GA is applied in two  steps
which could result in a higher concentration of enzyme aggregates.
First, inulinase was  exposed to the aldehyde groups of GA activated
amino functionalized silica NPs to form covalent linkages which
could act as an anchor for the enzyme aggregates that are cross
linked by exposing inulinase to the cross linker that added at the
second step.

For non-covalent adsorption, an enzyme solution (100 �l) at
2.5 mg  ml−1 in 50 mM sodium acetate buffer at pH 5.4 was  added
to 10 mg  of the amino-functionalized silica NPs and stirred for
24 h at 4 ◦C [10]. The covalent immobilization was performed by
mixing 10 mg  of GA-activated amino-functionalized silica NPs and
100 �l of enzyme solution at the same concentration and stirring
for 24 h at 4 ◦C. In enzyme cross linking strategy, covalently immo-
bilized preparation was  prepared as previously described then,
100 �l of 0.2% (v:v) GA in 50 mM sodium acetate buffer at pH 5.4
was introduced into the mixture and stirred continuously for 10 h
at 4 ◦C [21]. Inulinase-loaded amino-functionalized particles were
then recovered by centrifugation (20,000 × g, 10 min).

In order to remove trapped non-bound enzymes, the products
obtained by centrifugation were rinsed three times with 50 mM
sodium acetate buffer solution in each of the applied strategies.
The buffer solution for the rinse was  collected to determine the
loading of inulinase molecules on the supporting agents [22,23].
To verify the covalent bonds as the main attaching forces between
the enzyme and the supporting agents, the enzyme loaded particles

with different methods of immobilization were incubated with 1 M
NaCl and the leakage of an enzyme in the presence of NaCl was
evaluated by measuring the activity of the supernatants pertained
to each of the inulinase loaded particles [20].
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The mass ratio of immobilized inulinase on the particles rep-
esents the enzyme loading capacity (ELC) [9]. However, ELC of
nulinase can be defined in two ways; as the units of enzyme and

g  of protein loaded per gram of the supporting agents.

.2.3. Protein content and inulinase activity assays
Protein was determined according to Bradford’s method [24]

sing a Tecan spectrophotometer (infinite M 200, Tecan, Inc.,
SA). The amount of bound protein was determined indirectly
y subtracting the amount of protein introduced into the sup-
orting agents and the protein recovered in the supernatant and
ashing solutions [25].The activities of free and immobilized inuli-
ases were determined by dinitrosalicylic acid (DNS) method [26].
riefly, 10 mg  of inulinase loaded NPs were incubated with 400 �l
f 50 mM sodium acetate buffer at pH 5.4 containing 0.2% inulin.
he cocktail was hydrolyzed for 30 min  in a water bath shaker at
5 ◦C. Then the cocktail was centrifuged (20,000 × g, 10 min) and
he reaction was stopped by adding 400 �l of DNS reagent. The
ctivity of the immobilized inulinase was determined by reading
he absorbance intensity at 575 nm using Tecan spectrophotome-
er (infinite M200, Tecan, Inc., USA) against the blank. One inulinase
nit (1 U) is defined as the amount of enzyme required to produce

 �mol  fructose per minute under the assay conditions.

.2.4. Characterization of immobilization products
The optimum temperatures of the free and immobilized inuli-

ases were determined in the temperature range from 30 to 70 ◦C.
oreover, Arrhenius plot (regression of natural logarithm of activ-

ty versus the reciprocal of absolute temperature) was plotted for
ach preparation and the activation energy (Ea) or the minimum
nergy required to start a chemical reaction at each temperature
kJ mol−1) was calculated from the slopes knowing that the activa-
ion energy of the catalysis is the function of multiplying the slope
nd gas constant (R = 8.3145 J mol−1 K−1). Thermal stability of the
ree and immobilized preparations of the inulinase at 50, 60 and
5 ◦C were also determined [27,28]. Free and immobilized enzymes
ere incubated and samples were withdrawn at appropriate inter-

als up to 150 min  and assayed in 0.2% inulin at 45 ◦C. The relative
ctivity is defined as the ratio of the residual activity to the initial
ctivity [9].

Thermal inactivation kinetics of inulinase was  assumed to
ollow a first order kinetics model (Eq. (1)) and the thermal inactiva-
ion rate constant (kin) (min−1) was determined as the slope of the
inear regression of ln(At/A0) versus time at constant temperature,

hereas the decimal reduction time (D value) (min) was deter-
ined from a linear regression analysis of log(At/A0) versus time at

onstant temperature. D value is defined as the time required at a
ertain temperature to lose 90% of the enzyme activity (Eq. (2)) or
ime required to pre-incubate the enzyme at a given temperature
o maintain 10% of the residual activity [29]. Moreover, the half-life
f endo-inulinase (t1/2, min) or the time required for fifty percent
ctivity loss was determined (Eq. (3)):

n
A

A0
= −kt

in (1)

og
At

A0
= − t

D
(2)

1/2 = ln 2
kin

(3)
here A0 is inulinase activity before incubation, At is inulinase
ctivity after incubation at the temperature of interest and t is the
ncubation time.
lysis B: Enzymatic 104 (2014) 48–55

The Arrhenius equation (Eq. (4)) was used to determine the
energy barrier (Ein) for inulinase thermal inactivation (J mol−1) per-
taining to the free and immobilized inulinases [29]:

ln kin = −E

RT
+ ln c (4)

The change in enthalpy (�H, J mol−1) for inulinase thermal inac-
tivation was  determined using Eq. (5) [23]:

�H◦ = Ein − Rt (5)

The free energy (�G, J mol−1) and entropy (�S◦, J mol−1 K−1) for
the thermal inactivation of inulinase were determined using Eqs.
(6) and (7) [29–31]:

�G◦ = −RT ln
(

Kin.h

kb.T

)
(6)

�S◦ = �H◦ − �G◦

T
(7)

where T is the absolute temperature (K), R is the gas constant
(8.314 J mol−1 K−1), h is the Planck’s constant (11.04 × 10−36 J min),
kB is the Boltzmann constant (1.38 × 10−23 J K−1) and kin is the inac-
tivation rate constant (min−1).

2.2.5. Reusability study
Reusability of the immobilized inulinase on amino-

functionalized silica NPs was  estimated by incubating 10 mg
of inulinase loaded NPs with 400 �l of 50 mM sodium acetate
buffer at pH 5.4 containing 0.2% inulin and hydrolyzing the cocktail
for 30 min  in a water bath shaker at 45 ◦C, then centrifuging the
cocktail (20,000 × g, 10 min) and stopping the reaction by adding
400 �l of DNS reagent and finally reading the absorbance intensity
at 575 nm against the blank. After each cycle, enzyme loaded par-
ticles were washed with sodium acetate buffer and re-introduced
into a fresh reaction medium (400 �l of 50 mM sodium acetate
buffer at pH 5.4 containing 0.2% inulin) for another assay run and
this procedure was  repeated 7 cycles [27,32]. Relative activity was
expressed as the ratio of the residual activity to the initial activity
[9].

3. Results and discussion

Nanoparticles were synthesized, then analyzed using DLS
and observed using SEM. Sizes were determined as 56 ± 0.5 nm,
107.5 ± 0.7 nm and 212 ± 0.85 nm representing 50, 100 and 200 nm
silica NPs. Also silica NPs before and after surface modification were
characterized using FTIR. Fig. 1a shows the SEM image of silica
NPs with 50, 100 and 200 nm in diameter. Schematic overviews
the triple strategies applied for the immobilization of inulinase
on aminated silica NPs (Fig. 1b). Inulinase loaded particles incu-
bated with different concentrations of NaCl, then centrifuged and
the supernatant was separated and the hydrolytic activity of each
supernatant was assayed. The lack of enzyme leakage from the
inulinase loaded particles was confirmed by the absence of enzyme
activity in the supernatant which signified covalent cross links
whereas the case with the complete leakage of the enzyme from
inulinase loaded particles to the surrounding medium caused by
detaching immobilized inulinase in the presence of NaCl, signified
physically adsorbed enzymes on the silica NPs.

Inulinase immobilized on silica NPs via non-covalent, covalent
and cross linking methods are compared in Table 1. Immobilization
on 50 nm silica NPs results in the highest bound specific activi-
ties and loading capacities represented via activity (ALC) or protein

(PLC) compared to 100 and 200 nm particles (Fig. 2a and b), most
probably due to the increased surface per unit weight of the sup-
port [7,33]. These results are consistent with the results reported
by Yang et al. [21]. As a result, the counter correlation between size
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ig. 1. (Left) SEM images of the silica nano particles of 50 nm (A, B), 100 nm (C, D) and
ovalent and cross linking strategies on silica NPs.

f immobilization support and the extent of immobilization seems
o be a rule [34]. The specific activity of inulinase is the activity of
n enzyme per milligram of the total protein. Moreover, despite
he expected higher mass transfer restrictions for the cross link-
ng immobilization product, this immobilization strategy resulted
n the higher activity than the covalent and non-covalent meth-
ds, which is described by increased enzyme molecules binding
er mass of the support without increased conformational disturb-
nce [21]. The latter could be described by more surface accessible
ysine constituents in non-catalytic domain (C-domain) than the
atalytic domain (N-domain) of inulinase that make it more prone
o contribute in GA involved cross linking, which could explain
he increase in protein loading capacity and multipoint attach-

ent of the enzyme to the support due to using GA in two steps
ithout binding to the enzyme’s active site which could decrease
he enzyme activity and this phenomenon seems to overcome the
ffect of steric hindrances and diffusional limitation [25].

The optimum temperature for non-covalently immobilized
ndo-inulinase was similar to the optimum temperature of the

ig. 2. Bound activity of inulinase immobilized via non-covalent (nC), covalent (C) and cro
a).  Bound protein (mg) to 10 mg  silica NPs with 50, 100 and 200 nm diameter size after n
m (E, F). (Right) Schematic view of the immobilization of inulinase via non-covalent,

soluble enzyme at 50 ◦C, whereas the optimum temperature
for covalently and cross link immobilized endo-inulinase were
remarkably shifted to higher temperatures due to the increased
rigidity of the enzyme structure by immobilization (Fig. 3).

The activation energies of the conversion of inulin for the soluble
and three immobilized inulinases were calculated according to the
Arrhenius equation and plotted over the appropriate range of the
temperatures. The energy barriers for the activity of the free and
non-covalently, covalently and cross linked immobilized enzymes
on silica NPs were 12.97, 13.47, 4.74 and 6.07 kJ mol−1, respec-
tively. Therefore, the activation energy of the catalysis increased
for adsorptive immobilization product whereas; this parameter
decreased for glutaraldehyde-involved immobilization products.

Catana et al. reported lower activation energy after inulinase
immobilization [35]. Bajpal and Margaritis reported activation

−1
energies of 26.6 and 9.5 kJ mol for free and gelatin immobilized
inulinase [36]. Similarly, Paland Khanum reported decreased Ea

upon immobilization of xylanase [37]. Estimating the thermal sta-
bility of the biocatalyst is very important. Thermal stability of the

ss linking (CL) methods on 10 mg  silica NPs with 50, 100 and 200 nm diameter size
on-covalent (nC), covalent (C) and cross linking (CL) methods (b).
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Fig. 3. Optimum temperature of inulinase immobilized non-covalent (nC), covalent
(C) and cross linking (CL) methods on silica NPs compared to free inulinase.

free and immobilized inulinase by non-covalent, covalent and cross
linking methods at the optimum temperature of catalysis; 50 ◦C and
two higher temperatures; 60 and 65 ◦C by emphasizing on thermal
inactivation kinetics approach for 150 min  was  studied. As depicted
in Fig. 4, thermal resistance was improved after immobilization
and amongst the immobilization strategies, cross linking method
showed the highest improved stabilization efficiency (73.54, 73.03
and 47.67% residual activity in 50, 60 and 65 ◦C, respectively). Cova-
lent attachment maintained higher activity (64.49, 41.67 and 42.4%
residual activity in 50, 60 and 65 ◦C, respectively) than the physi-
cally attached (55.65, 40.0 and 36.75% residual activity in 50, 60
and 65 ◦C, respectively) after incubation for 150 min. Yang et al.
reported similar results, while Catana et al. [21,35] reported no
activity decay for inulinase immobilized onto Amberlite IRC 50
after 1 h of incubation at 60 ◦C. Improvement of the thermal sta-
bility after immobilization has also been reported by Hu et al. and
Klein et al. who immobilized �-galactosidase on both macro and
nano sized chitosan and reported higher thermal stability for all
the immobilized enzymes compared to the free enzyme [27,33].

The inactivation kinetics are described using first-order kinet-
ics confirmed by visual inspection of how it fits the model and
also by the regression coefficients (0.85–0.99). Then, the inactiva-
tion rate constants could be estimated (Table 2) which increased
with increasing temperature and it was  the least for the enzyme
immobilized by cross linking method compared to free enzyme
and enzymes immobilized via other applied immobilization strate-
gies at examined temperatures. t1/2 values are shown in Fig. 5 for
the free and immobilized inulinases as a function of incubation
temperature. As expected, t1/2 values decreased with increasing
the incubation temperature. However, t1/2 values of immobilized
enzymes were considerably higher than that of the free at the
desired incubation temperature. Therefore, the immobilized inuli-
nase was  more stable than the free enzyme. Results of t1/2 of
inulinase immobilized via different methods showed that inulinase
immobilized by non-covalent, covalent and cross linking methods
were 1.5, 1.8 and 3.3 times bigger than free form at 50 ◦C and 1.3,
2.2 and 4.5 times bigger than free inulinase at 60 ◦C and 1.7, 1.9 and
2.3 times bigger than free inulinase at 65 ◦C, respectively. These
results are in agreement with the finding of Catana et al. [35] who
reported approximately 6-fold temperature dependent enhance-

ment in the t1/2 of the Amberlite-immobilized inulinase compared
to the free inulinase. Wu  et al. reported t1/2 of 5.70 and 14.16
(h−1) for the free and immobilized catalase covalently immobi-
lized on functionalized titania submicrospheres, which reduced by
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Table  2
Effect of temperature on the characteristics of inulinases immobilized via noncovalent, covalent and cross linking immobilization compared to free inulinase.

50 (◦C) 60 (◦C) 65 (◦C)

kin (×10−3 min−1) t1/2 (min) D (min) kin (×10−3 min−1) t1/2 (min) D (min) kin (×10−3 min−1) t1/2 (min) D (min)

Free 6 115.52 384.61 8.9 77.88 256.41 11 63.013 208.33
nC  4 173.29 588.24 7.1 97.63 322.58 6.3 110.02 370.37
C  3.4 203.87 666.67 4.1 169.06 555.56 5.9 117.48 384.62
CL  1.8 385.08 1250 2 346.57 833.33 4.8 144.40 476.19

Fig. 4. Thermal stability of inulinase immobilized via inulinase immobilized non-
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ovalent (nC), covalent (C) and cross linking (CL) methods on silica NPs at
emperatures of 50, 60 and 65 ◦C.

ncreasing temperature [23]. As expected, the time required to
chieve 90% activity loss which is represented by D value decreased
ith increasing temperature and increased after immobilization.

he immobilization product of the cross linking method showed
he highest D value amongst the next two immobilization products
t 1250, 833.33 and 476.19 min  at 50, 60 and 65 ◦C, respectively
Table 2).

The energy barriers of the thermal inactivation (Ein) were cal-
ulated for the free and immobilized preparations. Resulted Ein
orresponding to the immobilization products were higher than
hat that of the free enzyme which confirms the stabilization
f inulinase through immobilization, especially in the case of
sing cross linking strategy. Thermodynamic parameters (�H◦,

G◦ and �S◦) for the free and immobilized inulinases were esti-
ated and the results are summarized in Table 3. �H◦ or the heat

equired to inactivate the enzyme showed a decreasing trend with
Fig. 5. Half-life of the inulinase immobilized via non-covalent (nC), covalent (C) and
cross linking (CL) methods on silica NPs at temperatures of 50, 60 and 65 ◦C.

increasing in temperature at 50–65 ◦C (Table 3), which reveals less
energy is required to inactivate the enzyme at higher temperatures
[23,29,38]. As depicted, �H◦ was higher in the immobilized forms
compared to the free inulinase and, immobilization product of the
cross linking method had the highest values among the immobi-
lized forms indicating that the enzyme undergoes a considerable
conformational change during inactivation [39] thus the highest
thermal stability was  observed in this product.

The free energy for the thermal inactivation; �G◦, represents
the extent of spontaneity of the enzyme inactivation that are higher
than the �H◦ values due to the negative entropic contribution to
the inactivation processes [40]. The estimated �G◦ values of the
free, non-covalent and covalent immobilization products of one-
liners increased with increase in temperature. However, in the
cross linking products this important parameter increased with the
increase in temperature in the initial steps, then decreased.

Moreover, immobilization of inulinase brings about increasing
in the free energy for thermal inactivation with positive sign that
suggests a greater constraint for inactivation. Therefore, it is note-
worthy that the immobilization significantly protects the enzyme
from thermal inactivation and as a result cross linking strategy
offers again more protection than the next other methods.

When entropy of inactivation (�S◦) was calculated at each tem-
perature, it resulted in negative values, which indicates that there
are significant processes of compaction/aggregation [31,36,39]. We
have observed a decreasing �H◦ and negative �S◦ with an increase

in the temperature that has also been observed by Rajoka and Riaz
[41]. Considering the thermodynamic results presented in Table 3,
and correlation and counter correlation of Gibbs free energy of
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Fig. 6. Reusability of inulinase immobilized via non-covalent (nC), covalent (C) and

cross linking (CL) methods on silica NPs incubated with 400 �l of 50 mM sodium
acetate buffer at pH 5.4 containing 0.2% inulin for 30 min  at 45 ◦C and this procedure
was repeated 7 cycles.

inactivation with enthalpy and entropy, respectively, it can be con-
cluded that the protection of the enzyme from thermal inactivation
by immobilization is an enthalpic driven process rather than an
entropic driven process.

One of the remarkable features of an immobilized enzyme that
makes them different from free enzymes is their reusability (using
them repeatedly for several times without much loss of activity)
which roots them deeply in the field of biotechnology and make
their application economical [11]. The number of successive cycles
that an immobilized catalyst can be efficiently reused depends
on several factors such as an intrinsic property of the enzyme,
employed reaction conditions and the applied method of immo-
bilization.

Our results showed that the enzyme immobilized via non-
covalent, covalent and cross linking methods preserve 56.45, 65.45
and 80.75% of their initial activities after 7 cycles of hydrolysis,
respectively (Fig. 6).

The loss of activity after some hydrolytic cycles is somewhat
because of the inherent inactivation of enzyme as a function of
time and more relevantly due to the enzyme leakage which could
occur in non-covalent immobilization [32]. Singh et al. reported a
20% loss at the 7th cycle of hydrolysis by immobilizing inulinase on
Duolite A568 using GA as a cross linker [42] whereas lipase immo-
bilized by cross linking and covalent attachment preserved 93%
and 73% of its original activity after 9 times of recycling, respec-
tively [21]. Xylanase from Streptomyces olivaceoviridis E-86 was
immobilized on Eudragit S-100 retained 81% of its initial hydrolysis
activity after 4 times of recycling [43]. In the other work, xylanase
from Aspergillus niger was  covalently immobilized on the surface
of glutaraldehyde–alginate beads could retain more than 85% of its
initial activity after 5 times of reusing [29].

4. Conclusion
Inulinase from Aspergillus niger was immobilized on 50, 100
and 200 nm GA-activated amino functionalized silica NPs. Immo-
bilization on 50 nm silica NPs offers the highest specific activities
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