"

ELSEVIE

. “A

Available online at www.sciencedirect.com

science (oinects

Catalysis Communications 6 {2005) 525 530

CATALYSIS

COMMUNICATIONS

www clsevier.com/locate/catcom

Glucoamylase immobilized on montmorillonite:
Synthesis, characterization and starch hydrolysis activity
in a fixed bed reactor

*

G. Sanjay, S. Sugunan

Department of Applied Chemistry, Cochin University of Science and Technology, Kochi 682 022, Kerala, India

Received 20 December 2004: revised 18 April 2003: accepted 19 April 2005
Available online 17 June 2005

Abstract

Glucoamylase from Aspergiflus Niger was immobilized on montmorillonite clay {K-10) by two procedures, adsorption and cova-
lent binding. The immobilized enzymes were characterized using XRD. surface arca measurcments and ~’At MAS NMR and the
activity of the immobilized enzymes for starch hydrolysis was tested in a fixed bed reactor (FBR). XRD shows that enzyme inter-
calates into the inter-lamellar spacc of the clay matrix with a layer expansion up to 2.25 nm. Covalently bound glucoamylase dem-
onstratcs a sharp decrease in surface area and pore volume that suggests binding of the enzyme at the pore entrance. NMR studies
reveal the involvement of octahedral and tetrahedral Al during immobilization. The performance characteristics in FBR were eval-
nated. Effectiveness fuctor (n) for FBR is greater than unity demonstrating that activity of enzyme is more than that of the free
enzyme. The Michaelis constant (K,;) for covalently bound glucoamylase was lower than that for free enzyme. i.c.. the affinity
for substrate improves upon inmobilization. This shows that diffusional effects are completely eliminated m the FBR. Both immo-
bilized systems showed almost 100% initial activity after 96 h of continuous operation. Covalent binding demoustrated better oper-

ational stability.
© 2005 Elsevier B.V. All rights rescrved.
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11, Introduction

¢ Immobilized enzymes have been used in food technol-
ogy, biotechnology, medicine and also analytical chem-
yistry. They provide various advantages over free
enzymes including casy scparation of the reactants and
yproducts from reaction media, easy recovery of the en-
zyme and repeated or continuous use [1]. Glucoamylase
t (a-1,4-p-glucan glucohydrolase, EC 3.2.1.3) an exo en-
zyme acts on the 1,4-glucosidic linkages from the non-
yreducing ends of amylose, amylopectin and glycogen
in a consccutive manner liberating p-glucose. It also
yhydrolyses o-1.6- and 2-1,3-glucosidic linkages but at a
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much slower rate compared to its action on x-1,4-link-
ages. Glucoamylase is an industrially important enzyme
and is used for large-scale saccharification of malto-oli-
gosaccharides into glucose and various syrups required
i the food and beverages industry {2). Studies on immo-
bilization of glucoamylasc arc in rapid progress and
many supports have been utilized. These include ceramic
membranes [3], polymer microspheres [4,5], magnetic
supports [6], etc. Inorganic supports for enzyme immo-
bihization arc of great interest because of their durability
and high mechanical strength for usage in packed or flu-
idized bed reactors and relatively low cost. In addition,
immobilization by adsorption is economically feasible
and attractive.

In the present study, we have immobilized ghucoamy-
lasc on montmorillonite clay via two methods, ie.,
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adsorption and covalent binding. Montmorillonite,
which 1s a 2:1 dioctahedral smectite, has been success-
fully used as a support as well as a catalyst for the past
few decades [7]). The swelling ability of these naturally
occurring phyllosilicate minerals provide unusual prop-
erties and appreciable surface area for adsorption of or-
ganic molecules [8]. A large number of modifications on
clay that provide a varicty of textural and catalytic
properties are possible which include acid treatment,
cation exchange, pillaring with robust metal ions, intcr-
calation of polymcric organic moieties, ¢tc. Depending
on the type of modification, the properties of clay can
be tuned in such a way as to suit specific applications.
Here we have cmployed montmorillonite K-10, which
is the acid activated form. Since clays arc aluminosili-
cates, they possess acidic sites that are capable of inter-
action with amino groups of enzymes leading to ionic
binding. This linkage is much stronger than mere phys-
ical binding and hence the enzyme will be retained on
the support for a larger duration. The immobilized glu-
coamylase was characterized by XRD, surface arca mca-
surements and NMR spectroscopy and the activity for
starch hydrolysis was tested in a packed bed reactor.
K, and Vg, were calculated from the Hanes—Woolf
plot. The effectivencss factor # was also determined from
a study of kinetics of the reaction. Operational stability
in continuous mode was tested for 100 h.

2. Experimental
2.1 Materials used

Glucoamylase from Aspergillus Niger, Montmoril-
lonite K-10, 3-amino propyl triethoxy silane, glutaralde-
hyde and bovine serum albumin were purchased from
Sigma Aldrich Chemicals Pvt. Ltd., Bangalore. All other
chemicals were of high purity available commercially.

2.2. Immobilization of glucoamylase

In case of adsorption, montmorillonite K-10 was first
mixed with deionized water and vigorously stirred for
6 h. It was filtered, dricd at 120 °C for 12 h and calcined
at 350 °C for 12 h. This calcined clay was mixed with
equal volumes of 0.1 M buffer solution and enzyme solu-
tion of required concentration and shaken for 1 h in a
thermostated water bath shaker at room temperature.
It was then centrifuged in a cooling centrifuge for 1 h.
The centrifugate was tested for presence of protein by
developing colour using Folin Phenol Ciocaltave’s re-
agent [9] and measunng the absorbance at 640 nm in a
Shimadzu 160A UV-Vis spectrophotometer. A standard
calibration curve was plotted using bovine serum albu-
min and the amount of un-adsorbed protein was calcu-
lated. The residue was washed scveral times with

“
deionized water; each timc the amount of protein in

solution was mecasured. The immobilized enzyme was
stored in 0.1 M bufler at 5 °C for further usc. In order
to covalently bind the enzyme, calcined montmorillonite
K-10 was functionalized by mixing with a 10% (v/v)
solution of 3-umino propyl triethoxy silane in acetone,
and vigorously stirred for 3h at room temperaturc
[10]. It was filtered, washed several times with acetone,
until the washings becamc colourless and later dried at
80°C for 12 h. This silanized clay was treated with,
10% aqueous solution (v/v) of glutaraldehyde and stir-
red vigorously for 3 h. It was filtered, washed frce of ex-,
cess glutaraldehyde and dricd at 60 °C for 12 h. This
functionalized clay was used for immobilization as per,
the procedure described above. The covalently bound
enzyme was stored in 0.1 M buffer at 5°C for further
use.

2.3. Characterization

A Micromeritics model Gemini 2360 surface area
analyzer was used to mecasure the nitrogen adsorption
isotherms of the sampiles at liquid nitrogen temperature.
The specific surface area and porc volume were deter-
mined from the BET plot (p/py = 0.05-0.95). Prior to
the measurecment, the samplcs were degassed at room
temperature for 12-16h in nitrogen flow. Powder
XRD of the immobilized enzyme systems and the sup-
port were taken on a Rigaku D/Max-C system with Ni
filtered Cu Ko radiation (4= 1.5406 A) within the 20
range 2-15° at a scanning ratc¢ of 0.5°/min at room tem-’
perature. Solid-state >’Al MAS-NMR experiments were
carried out over a Bruker DSX-300 spectrometer at a
resonance frequency of 78.19 MHz for ?’Al. For all
experiments a standard 4 mm double-bearing Bruker
MAS probe was used. The sample spinning frequency
was 8 kHz with a single pulse excitation corresponding
to r/2 flip angle. The pulse length for the experiments
was 10 ps whereas the pulse delay was 2's. The spectra
werce externally referenced with respect to a dilute solu-
tion of AICl;. XWINNMR software operating in a
UNIX environment on a silicon graphics computer
was employed to acquire and retricve data.

2.4. Catalytic activity measurements

A silica glass tube of 1.2 cm id and 25 cm length was
used as the reactor. Provision for water circulation was
also made available. The immobilized enzyme (0.5 g)
was packed into a bed at the middle of the reactor,
which was filled with glass beads. The substrate was’
fed from the top of the reactor using a Cole Palmer
74900 series syringe pump and the products were col-'
lected at the bottom. The reactor was operated at a
space velocity of 3.26 h~'. After the reaction time, an'
aliquot (1 mL) of the product was removed from the
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reaction mixture and analyzed colorimetrically. Colour
was developed using 1odine solution and the absorbance
read at 610 nm. The results were compared with absor-
bance of standard starch solution and the amount of
starch converted was calculated. All the results are pre-
sented in a normalized form with the activity under opti-
mum conditions given a value of 100. One unit of
enzyme is defined as the amount of enzyme required
to hydrolyze 1 mg starch per minute. The kinctic param-
eters (Michaelis constant K, and maximum rate Vy,.x)
were calculated by measuring the rates of reaction at
various substrate concentrations. The values were
substituted into the Hanes-Woolf equation to obtain
K., and V.. The effectiveness factor n was mcasured
by obtaining the rates at a substratc concentration high
enough to eliminate inhibition effects (5% starch solu-
tion w/v), Operational stability was tested by packing
1 g of the immobilized ecnzyme into the reactor and the
substrate was introduced at a particular flow ratc so as
to get a space velocity of 2h™'. The reactor was opcr-
ated continuously for 100 h. The activity is represented
as percentage of initial activity retained.

3. Results and discussion
3.1. Surface area measurement

Montmorillonite functionalized with 3-APTES and
glutaraldehyde shows a decreasc in surface area and pore
volume (Table 1). This may be because the silane and glu-
taraldehyde molccules arc bound to the clay matrix with-
in the inter lamellar space. Dircct adsorption of
glucoamylase reduces the surface area, but the drop is
not so drastic and surface area decreases with increasing
amounts of enzyme. It 1s the case with pore volume also.
The covalently bound glucoamylase demonstrates a very
sharp decrease in surface area from 145 to 25 m?> g ™' even
for a low enzyme loading of 10 mg g~' clay. A similar
observation is seen with pore volume which reduces dras-
tically. Covalent binding occurs via the glutaraldchyde

Table |
Surface area and pore volume data for immobilized glucoamylase

Catalyst Langmuir surface BET surface Por¢ volume
area (m*g™") area (m* g ') (x107°m*g™"
M 352 201 0.2511
SGM 266 145 0.1745
Ay 247 156 0.2196
Asp 213 132 0.2050
Ao 180 105 0.1919
Cio 53 25 0.0743
Cso 40 19 0.0382
Cin 30 15 0.0432

M, montmorillonite K-10; SGM. montmorillonite functionalized with
silanc and glutaraldehyde: A, adsorbed glucoamylase: C, covalently
bound glucoamylase. Valucs in subseript depict enzyme concentrations
in mg g~! clay.

spacer group which is present within the inter layer space.
Hence linkage with enzyme leads to complete blockage of
pores and so the surface arca and pore volume drop shar-
ply. Since glucoamylase is of very large size, a small en-
zyme concentration is enough to bring about complete
pore blockage for the covalently bound systems.

3.2, X-ray diffraction

The XRD patterns for immobilized glucoamylase arc
shown in Fig. 1. For parent montmorillonite. there is a
peak at 20 =8.9° correspouding 1o a d spacing of
0.998 nm. This peak represents the dgyq,; planc analo-
gous to the inter-layer spacing. After functionalization
with 3-APTES and glutaraldehyde, this peak shifts
partly to lower 26 with a d spacing of 1.531 nm demon-
strating an expansion of layers thereby indicating that
the functionalization takes place within the clay layers.
The intensity of the new peak is very high which shows
that most of the clay layers are intercalated with silane
and glutaraldehyde molecules. In the case of adsorbed
glucoamylase, the peak of native montmorillonite is
retained while a low intensity pcak appears at lower
2¢) region. This also suggests that intercalation occurs

\ﬂ%w»—ww (9
""ﬂ"‘“wrw“ 0
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Fig. 1. XRD patterns for (a) montmorillonite (b) functionalized
montmorillonite, adsorbed glucoamylase with (¢) 10 (d) 50 and
{c) 100 mg enzyme. covalently bound glucoamylase with () 10 and
{g) 50 mg cnzyme.
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but only in a very few of the layers. As enzyme loading
increases, the intensity of the new peak also increases
confirming the intercalation of enzyme into the clay lay-
ers. The d spacing increases to the 1.6-1.85 nm ranges.
Covalent binding with glucoamylase also leads to en-
zyme intercalation, The d spacing increases in the range
2.1-2.3 nm. Complete shifting of the dgg; peak to lower
values suggests that intercalation of enzyme has taken
place entirely. Enzymes are highly polymeric species of
very high molecular size hence possibility of attachment
within the inter lamellar space can be ruled out. But a
shift in the dy¢, peak to lower values is an evidence
for intercalation {11-15]. Therefore it is proposed that
the whole enzyme does not get intercalated into the clay
layers. It is the side chains of various amino acid groups
that are responsible for intercalation. The polypeptide
backbone does not enter the interlayer space but is situ-
ated at the periphery of the clay [16-18]. For glucoam-
ylase, an enzyme loading of 10mg was enough to
bring about complete intercalation. After enzyme
adsorption, the d spacing shows an increase of 0.6-
0.8 nm compared to the native montmorillonite while
after covalent binding also the d spacing difference with
that of functionalized montmorillonite is 0.6-0.8 nm.
This can be regarded as the expansion caused due to
the enzyme. During adsorption and covalent binding,
side chains of similar length are responsible for interca-
lation. The diffcrence between the two modes of immo-
bilization lies in the extent of intercalation alone. The
enzyme is intercalated only in the initial tayers of mont-
morillonite all through adsorption whereas intercalation
occurs throughout the entire clay matrix during covalent
binding,

3.3 77 A1 NMR studies

Al NMR shows two resonances around 0 and
70 ppm representing Al in tectrahedral and octahedral
co-ordination, respectively [19-21]. Meontmorillonite
exhibits octahedral Al resonance at 2.8 ppm and tetrahe-
dral resonance at 69.8 ppm (Fig. 2). A slight change in
octahedral chemical shift from standard value is due
to the presence of Fe’*. Functionalization with silane
and glutaraldehyde results in a shift of octahedral peak
to —1.7 ppm while the tetrahedral peak remains unal-
tered indicating that only the octahedral Al atoms are
involved in binding with silane and glutaraldehyde. This
further infers that the binding takes place within the clay
inter layer space and hence substantiates the results of
XRD and surface area measurements. Enzyme adsorp-
tion leads to a shift of tetrahedral Al peak by 6-8 units
keeping the octahedral pcak almost constant. Thus dur-
ing adsorption the enzymc interacts with the tetrahedral
Al alone. When the enzyme is covalently bound to the
clay matrix, the tetrahedral Al resonance is unaltered
while the octahedral peaks show a shift by 3-6 ppm.

Gl

Lo

{c)
{b)
{a)
Is(}l(}il'\'?‘l_l_[(i,llil
ppm

Fig. 2. ’Al NMR spectra of (a) montmorillonite, (b) functienalized
montmorillonite {¢) adsorbed and (d) covalently bound glucoamylase.

Covalent binding takes place on the glutaraldehyde
spacer and not directly on to the Al species. In spite of
this, there is a suflicient shifting of octahedral peak that
signifies secondary interactions betwecn the enzyme and
the octahedral Al layers. The side chains of the amino
acid restdues or other functional groups present in these
side chains may involve in electrostatic interactions with
octahedral Al species changing its chemical environment
thereby causing a shift in NMR signal. The small shoul-
der peaks appearing may be considered to arise due to
noise. An additional tetrahedral resonance is seen at
54 ppm, which is present for the adsorbed as well as
the covalently bound enzyme. Glucoamylase contains
the cystine residue that has the reactive ~SH group in
its side chain. This reactive group can interact with tet-
rahedral Al bringing about such a large chemical shift.
The reason for a split in tetrahedral Al resonance may
be that only a few of the Al are involved in interaction
with cystine side chain and so they resonate at a different
value than the remaining Al atoms.

3.4. Starch hydrolysis activity in a packed bed reactor

The adsorbed and covalently bound glucoamylase re-
tained 95% and 100% activity of the free enzyme when
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operated in a packed bed reactor. The kinetic parame-
ters calculated using Hanes-Woolf plot (Fig. 3) are rep-
resented in Table 2. Hanes—Woolf equation is a modified
form of the Michaclis-Menten equation according to
which,

S S K
— = +
| 4 V max Vmax

where S is the substrate concentration, ¥ is the ratc of
the reaction, V., is the maximum rate and K., is the
Michaelis constant. This plot was used because the dis-
tribution of errors is uniform in this casc {22] when com-
pared to the Lineweaver—-Burk or Eadie-Hoftsee plots.
The K, and V., values arc very close to that of free en-
zyme. Therefore the immobilized glucoamylase does not
show any loss in affinity for substrate making it clear
that the native conformation of the enzyme is retained
almost completely. Covalently bound glucoamylase
exhibits a lower K, and a higher ¥V, than thc frce en-
zyme indicating an improved activity upon immobiliza-
tion. This is a very rarc observation with inorganic
supports. Only very few rescarchers have obtained a
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Fig. 3. Hanes-Woolf plot for («) free (b) adsorbed and (¢) covalently
ybound glucoamylase.

VTable 2

Kinetic constants for free, adsorbed and covalently bound glucoamylase

lower K, after immobilization [23,24] but they have
used polymeric supports. The clfectiveness factor 5 is
the ratio of rates of the free and immobilized enzymes
given as,

_ Rate (immobilized enzyme)

- Rate {free enzymc)

Effectiveness factor provides information on the role of
diffusion in the reaction. A value of # = 1 is obtained un-
der conditions of complete diffusion, i.e., in case of
homogeneous reaction with the free enzyme. Immobili-
zation results in the use of enzymes in heterogeneous
mode and thercfore diffusional effects operate whose ex-
tent is given by measuring #. The kinetics of enzyme
bound on a porous particle can be affected by external
or internal diffusional resistances, which respectively
correspond to the transport of substrate and products
from the bulk solution to the outer surface of the en-
zyme particle, and the internal transport of these species
inside the porous system [25]. In our case, internal diffu-
sional resistances can be avoided since the enzyme is too
large to enter the pores of montmorillonite. Conse-
quently the only prevailing effect is external diffusional
resistance. The effectivencss factor values are very close

100 1

95 1

80 1

85 7

Activity (%)

80 1

75

£ Jin S S S cet ne s S S S S S S A B e S e

Time (h)

Fig. 4. Variation of activity with time during the continuous operation
of (M) adsorbed and ((J) covalently bound glucoamylase. {Reaction
conditions: Starch concentration 5% (wfv), temperature 30 °C, space
velocity 2 h™!, flow rate SmLh™ '}

FMode of reaction

Catalyst Michaelis constant K, (2 L™'})  Maximum rate V. (x107> molmL 'min™!)  Effectiveness factor 7
Batch Free 1.58 1.20 -
YPacked bed Adsorbed 1.70 1.12 0.95

Covalently bound  1.48 1.24 1.03
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to unity suggesting that diffusional effects (external mass
transfer restrictions) do not operate in this case, which is
also a remarkable observation. In the continuous oper-
ation, the covalently bound glucoamylase could be used
without any loss in activity for 100 h while the adsorbed
form lost 5% activity after 84 h (Fig. 4). The immobi-
lized glucoamylase demonstrated greater stability for a
continuous run. Thus immobilization improves stability
of the enzyme and makes it more switable for long-term
operation. Arica et al. [4] employed glucoamylasc cova-
lently bound to pHEMA/EGDMA microspheres in a
packed bed rcactor for 120 h and demonstrated that
the immobilized cnzyme lost only 9% activity at the
end of the run. Glucoamylase immobilized on ceramic
membranes [3] and PEI-coated cotton [26] also showed
appreciable operational stability up to 120 h. Our immo-
bilized preparations, especially the covalently bound
one, also cxhibit immense potential for the continuous
production of glucose. The loss in activity may be due
to the natural inactivation of enzyme on account of time
dependent denaturation of the enzyme protein [27-29).

4. Conclusions

Glucoamylase was successfully immobilized on mont-
morillonitc K-10 wa two independent procedures
namely adsorption and covalent binding. Surface urea
and pore volumc decreased upon tmmobilization indi-
cating pore blockage. This was more pronounced for
covalently bound enzyme. XRD showed intercalation
of the cnzyme into the clay layers. The cntire enzyme
is not intercalated; the sidc chains of amino acid residues
alone are responsible for intercalation. ”’Al NMR high-
lights that adsorption involved the tctrahedral Al alone
while covalent binding was concerned with octahedral
Al only. An additional tetrahedral resonancc observed
was entirely duc to interaction with cystine residuc that
contains thc reactive ~-SH group. NMR studies also
throw light on the fact that during covalent binding
the enzyme gets intercalated in the clay layers while dur-
ing adsorption the extent of intercalation is very less.
The packed bed reactor was best suited for application
of immobilized glucoamylase in starch hydrolysis. K,
and V.. values suggest that substrate affinity and activ-
ity are improved on account of immeobilization, which is
4 rare observation with inorganic supports and there is
no involvement of diffusional resistances to mass trans-
fer. The immobilized glucoamylase demonstrated high
operational stability especially the covalently bound
form which could be used continuously for about 100 h.
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