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Abstract

Polyethyleneimine (PEI) glutaraldehyde-refined calcium pectinate (CaP)-agar beads were presented as improved covalent
immobilization matrices. The CaP-agar beads exhibited incremented mechanical stability which facilitated their handling.
The beads’ concoction and activation processes were honed using the Box—Behnken design which recommended utilizing
5.4% agar, and a 2.95% PEI solution of pH 8.67. The honed CaP-agar beads established a more efficient ionic interaction
with PEI which enabled the immobilization of more enzyme while utilizing less PEI than that required to activate the neat
CaP beads. Furthermore, the activated CaP-agar beads granted superior operational stability to the immobilized enzyme,
-p-galactosidase (Bgal), where it preserved 86.84 +0.37% of its precursive activity during its thirteenth reusability round.
The CaP-agar immobilized fgal (ifgal) also showed incremented storage stability where it preserved 85.05+3.32% of its
precursive activity after 38 days of storage. The thermal stability of the ifgal was shown to be superior to that of the free
enzyme as the ifgal exhibited incremented thermodynamic parameters, such as the ¢, values, the D values, the thermal
denaturation activation energy, the enthalpies, and the Gibb’s free energies. The Pgal’s immobilization onto the activated
CaP-agar beads also shifted the enzyme’s optimal pH from 4.6-5.1 to 3.3-4.9, whereas its optimal temperature was retained
at 55 °C. The procured biocatalyst was exploited to efficiently hydrolyze the lactose in whey permeate.
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Introduction

Pectin is a cost-effective, safe, abundant, and renewable
biomaterial that constitutes a propitious candidate for vari-
able applications, such as tissue regeneration, drug delivery,
cell entrapment, and enzymes’ entrapment (Contesini et al.
2012; Munarin et al. 2014; Sriamornsak et al. 2005; Wu
and Yu 2007). It was also efficiently exploited as a matrix
for enzymes’ covalent immobilization (Wahba 2016). Pectin
is principally constituted from 1-4 linked a-p-galacturonic
acid entities (Sriamornsak et al. 2005). Around 93.3% of
these galacturonic acid entities exist as free carboxylic acids
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in the low-methoxy pectin utilized herein (according to man-
ufacturer data). The presence of such a copious amount of
the anionic galacturonic acid entities (>50%) enables the
cross-linking amongst low-methoxy pectin and Ca>* cations
which leads to the concoction of calcium pectinate (CaP)
beads (Sriamornsak et al. 2005). The anionic galacturonic
acid entities also enabled the activation of the CaP beads
and their exploitation as covalent immobilization matrices.
Initially, these anionic entities cross-linked the cationic pol-
yethyleneimine’s (PEI) amino entities, and this led to the
establishment of a PEI casing around the CaP beads. The
PEI casing mechanically stabilized the CaP beads (Wahba
2016) and surmounted their native meager mechanical sta-
bility (Mollaei et al. 2010; Wu and Yu 2007). Moreover,
the nucleophilic amino entities in such a PEI casing reacted
with glutaraldehyde (GA). This reaction further incremented
the mechanical stability of the CaP beads and also provided
them with the functional residues necessary to covalently
link enzymes. The procured GA-PEI processed CaP beads
were efficacious carriers that granted incremented thermal
and operational stabilities to their immobilized enzyme
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(Wahba 2016). Nevertheless, the preparation process of
the activated CaP beads suffers from some hurdles that
should be surmounted to be capable of up-scaling it. The
meager mechanical stability of the neat CaP beads (Mollaei
et al. 2010; Wahba 2016; Wu and Yu 2007) could cause
the smashing and the loss of a substantial proportion of
the beads, during their handling, prior to the mechanical-
stabilizing PEI processing step. Moreover, the interaction
amongst the neat CaP beads and the stabilizing PEI is lim-
ited. This interaction is an ionic interaction amongst the
anionic entities of CaP and the cationic amino entities of
PEI (Wahba 2016). However, cationic entities can displace
the Ca** from within the CaP beads and disrupt their gel-
ling egg-box construction (Sriamornsak et al. 2005). Thus,
critical restrains were put on the PEI pH, and it was raised to
the value of 10.55 so as to provide only minute amounts of
cationic amino entities and preserve the integrity of the CaP
beads (Barkovec and Koper 1997; Wahba 2016). This pro-
hibited other possible PEI-CaP ionic interactions although
these other interactions could have been superior to the inter-
action with the 10.55 pH PEI The PEI chains were debated
to establish flexible beds around the matrices, and these flex-
ible beds could be penetrated by the enzymes (Torres et al.
2006) to be immobilized where these enzymes would be
adsorbed to the charged entities (Pessela et al. 2003) of PEL
Thus, the enzymes would be adsorbed by these flexible PEI
beds and would also be covalently linked via GA. It should
be noted that if the ionic interaction amongst PEI and the
carrier was altered, the 3-D orientation of the flexible PEI
beds would definitely be altered. Consequently, this would
alter the bead interaction with the target enzyme and could
even alter the amount of the immobilized activity. On one
occasion, the altered PEI orientation was debated to escalate
the immobilized activity attained by the carrageenan-agar
disks relative to that attained by the agar disks (Wahba and
Hassan 2017).

To surmount the aforesaid hurdles, the CaP was blended
with agar. Agar is known for its incremented mechanical
strength (Makwana et al. 2020); thus, the concocted CaP-
agar beads would exhibit sufficient mechanical stability to
enable their handling prior to the PEI mechanical-stabiliz-
ing step. Moreover, agar gels upon cooling following a coil
to helix transformation amongst its chains (Delattre et al.
2011). Hence, its gel construction would not be disrupted by
the PEI’s cationic entities, and the integrity of the CaP-agar
beads wouldn’t be disrupted if the PEI pH was lowered, and
its cationic density was incremented. Accordingly, the CaP-
agar beads would be capable of establishing a carrier—PEI
ionic interaction different from that recommended for the
CaP beads. The chemical construction of agar would also
contribute to such a different ionic interaction as agar con-
tains anionic entities (Delattre et al. 2011) capable of ioni-
cally cross-linking PEI. It should also be noted that agar is
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an approved food adjunct that is naturally procured, and it is
also cost effective (Delattre et al. 2011; Fine-Chem Limited
2020).

Environmental issues are linked to dairy industries owing
to their chief byproduct, whey, whose lactose content was
reported, by various studies, to be chiefly responsible for
its incremented biochemical oxygen demand (Geiger et al.
2016). Accordingly, lactose should be eliminated from whey
earlier to its discarding to circumvent environmental pol-
lution. B-p-Galactosidase (fgal) could eliminate lactose
via hydrolyzing it. Furthermore, the fgal-mediated lactose
hydrolysis would valorize whey, and thereby, encourage its
exploitation rather than its discarding. The pfgal-mediated
lactose hydrolysis increments the whey’s sweetness; hence,
it could be exploited as sweet syrup in food industries, such
as soft drink and baking industries (Panesar et al. 2010).

In the current study, we concocted and activated CaP-agar
beads to provide a more proficient immobilization carrier
that would surmount the drawbacks of the activated CaP
beads. This carrier was then exploited to immobilize fgal
and hydrolyze the problematic whey permeate’s lactose.

Materials and methods
Materials

Aspergillus oryzae pgal, PEI (750 kDa), citrus peel pectin,
and GA were attained from Sigma-Aldrich (Germany). Agar
was supplied from S.D. Fine chemicals (Mumbai).

Methods
CaP-agar beads’ concoction and processing

Agar was dissolved via stirring in a boiling water bath.
Afterwards, the heat was turned off, and pectin was added
(3%, w/v final concentration). The stirring was carried on
until all the pectin dissolved. The blend was then placed in
the fridge for at least 18 h. To concoct the CaP-agar beads,
the blend was liquefied via placing it in a~90 °C water bath,
and it was dripped onto 0.2 M CaCl,. The CaP-agar beads
were rigorously washed with distilled water prior to their
immersion in the respective PEI solutions (Table 1) for 2 h.
The beads were then washed and immersed into 5% (v/v)
GA solution for 1.5 h. Finally, the beads were rigorously
washed and stored in distilled water in the fridge. It should
be noted that the ratio amongst the beads and the process-
ing solutions (PEI or GA) was not lower than 1:5. Neat CaP
beads [— 1 level of agar concentration (Table 1)] were simi-
larly processed; however, no heat was utilized during their
preparation.
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Table1 BBD
Run  A:agarconcen- B:PElconcen- C:PEIpH ifgal’s
tration (%, w/v)  tration (%, w/v) activity
(Urg)
1 0(@3) 03 009 7.89
2 +1(6) +1(4) 0(9) 7.51
3 0@3) -1(2) -1(@8) 6.32
4 0(@3) -1(2) +1(10) 6.91
5 0@3) +1(4) +1(10) 7.13
6 - 1(0) 0@3) +1(10) 7.71
7 0@3) 03 009 7.98
8 +1(6) -1(@2) 09 7.32
9 +1(6) 03 +1(10) 6.83
10 0@3) 03 009 7.28
11 0(@3) 0@3) 009 7.95
12 0(@3) 0(3) 009 7.88
13 0@3) +14) -1(8) 6.44
14 - 1(0) +14) 09 7.32
15 +1(6) 03) —-1(8) 7.78
16 —-1(0) 0(3) —-1(8) 5.73
17 —-1(0) -1(@2) 09 5.22

Enzyme’s loading

One gram of the processed CaP-agar beads was placed in
a glass vial containing a fgal solution (~ 18.5U). The vial
was rotated overnight on a roller stirrer. Finally, the beads
were rigorously washed and their fgal activity was assessed.

Bgal activity assessment

The free Pgal or the Pfgal loaded CaP-agar beads (0.06 g)
were dissolved or suspended in 0.5 ml pH 4.6 citrate—phos-
phate buffer, respectively. A 3.5 ml volume of a 200 mM
lactose solution, which was dissolved in 0.1 M citrate—phos-
phate buffer of pH 4.6, was then added to the enzymes, and
the reaction was left to proceed in 37 °C thermo-stated shak-
ing water bath for 15 min. An aliquot of the reaction mixture
was then withdrawn, and it was subjected to ~ 10 min heating
process in a boiling water bath. Afterwards, it was cooled
and its glucose content was assessed via commercial glucose
kits. One unit of pfgal (U) activity was recorded upon pro-
curing 1 pmol glucose per minute under the aforesaid assay
conditions. The immobilized pgal’s (ifgal’s) activity was
presented herein as U/g beads.

Mechanical stability assessment
This was performed as per Wahba (2016). Initially, an accu-

rately weighed 0.5 g of the beads sample (the CaP-agar or
the GA-PEI-CaP-agar beads) was put in a 5 ml glass vial

which contained 1 g of tiny glass beads (diameter 1.05 mm)
and 1 ml distilled water. The vial was then vortexed for des-
ignated intervals to break-down and fragment the beads.
Afterwards, the vial’s contents were sieved through a stand-
ard sieve (No. 16, aperture 1.18 mm) so as to wash away any
diminutive beads’ fragments. Finally, the beads retained by
the sieve were weighed and this weight was expressed as a
percent from the precursive 0.5 g beads’ weight.

Shrinkage assessment

The CaP-agar beads were accurately weighed before their
immersion in the optimal PEI solution, and this was denoted
100%. After being immersed in the PEI solution for 2 h,
the beads were washed and weighed again. This weight was
expressed relative to the 100% precursive weight.

Estimation of the K, and the V,,,,

The values of the Michaelis—Menten constant (K,,) and
the uttermost reaction rate (V,,,,) were procured from the
straight line equations in the Hanes—Woolf plot. This plot
was constructed following enzymatic assays that were
accomplished as in “Bgal activity assessment” section. How-
ever, the concentrations of the utilized lactose solutions were
varied among a 50-200 mM range so that their final concen-
trations were 43.75-175 mM.

pH profile

The regular activity assay was accomplished (“Pgal activity
assessment” section); nevertheless, the pH of the utilized
buffer was altered amongst a 2.7-7.5 range. The uttermost
activity was denoted as the 100% and all the other activities
were presented relative to it.

Temperature profile and assessment of activation energy

The regular activity assay was accomplished (“Pgal activ-
ity assessment” section); nonetheless, the temperature was
varied within a 30-70 °C range, and the uttermost activity
was denoted as the 100%. Additionally, the assay duration
was extended (up to 1 h) at the temperatures 30-55 °C to
estimate the lactose hydrolysis rates at such temperatures. In
(lactose hydrolysis rate) was then plotted vs 1/temperature
(in Kelvin scale), and the Arrhenius plot was constructed
(Granjeiro et al. 2004). The Arrhenius plot’s slope amounts
to —E,/R where R is the universal gas constant (8.314
JK~! mol™!) and E, is the enzyme’s activation energy.

pisllase ol ay .
e e O) Springer



356 Page4of16

3 Biotech (2020) 10:356

Thermal stability and assessment of thermodynamic
parameters

The thermal stabilities of both the free and the activated
CaP-agar iPgals were assessed via incubating the enzymes at
varying temperatures (40-70 °C). At designated intervals the
enzymes were withdrawn from these temperatures and were
allowed to air cool for 30 s. Directly afterwards, the enzymes’
activities were assessed via the regular assay (“Pgal activity
assessment” section). These activities were presented as per-
cents of the precursive enzyme activity that was estimated
prior to the thermal incubation. The thermodynamic param-
eters were also estimated from the thermal stability profiles
acquired at the temperatures 60-70 °C (Abdel-Wahab et al.
2018). Initially, plots of log (residual activity percents) vs
time were created. The first order thermal-denaturation rate
constants (ky) were then estimated from the slopes in these
plots. Such kg values permitted the calculation of the #,,,
(enzymes’ half-lives) and the D values (decimal reduction
times which correspond to the incubation periods that would
elicit 90% loss of the enzyme’s precursive activity) at each
given temperature as follows:

o =1In 2/kg, (1)

D —value = In 10/k,. )

A plot of the In k4 values vs 1/temperature (in Kelvin scale)
was also created. The slopes in this plot corresponded to —E/R
where E, is the activation energy for the pgal’s thermal dena-
turation. The variations in enthalpy (AH), Gibb’s free energy
(AG) and entropy (AS) amongst the structures of the active
enzymes and the thermally denatured ones were also acquired
as follows:

AH = E;— RT, 3)
AG = —RT In (kg * h/kg = T), 4)
AS = (AH-AG)/T. Q)

T was the temperature in K, R was the universal gas
constant (8.314 J mol™' K™), h was the Planck constant
(11.04 x 107°° J min), and kg was the Boltzman constant
(1.38 x 1072 JK ™).

Operational stability

In this experiment, the selfsame Pgal loaded CaP-agar beads
were repeatedly assayed (“Pgal activity assessment” section)
for 13 times. Six of these assays were performed on day 1,
and the remaining seven assays were performed on day 2.
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In between the assays, the beads were washed thrice with
the assay buffer.

Storage stability

An amount of the fgal loaded CaP-agar beads was dedi-
cated for this experiment. Some of these beads were assayed,
directly after being loaded with the enzyme, and their activ-
ity was designated as 100%. The remaining beads were
stored in distilled water in the fridge. At designated inter-
vals, a portion of the beads was assayed and the activity was
calculated relative to the precursive 100% activity.

Hydrolyzing the lactose in whey permeate

The pH of the whey permeate (WP) was adjusted to 4.9 via
dilute HCI. Afterwards 6 ml of the WP were added to 0.58U
of the CaP-agar ifgal, and they were incubated in a thermo-
stated shaking water bath at 55 °C. At designated intervals,
aliquots were withdrawn to assess their glucose contents.
This experiment was allowed to proceed for 12 h, divided
on two separate days. At the end of day one, the beads were
separated from the WP and were washed with 0.1 M cit-
rate—phosphate buffer (pH 4.6) prior to storing them in the
fridge. On the other hand, the WP was stored in the freezer.

It should be noted that the BBD’s data were analyzed via
the trial version of the Design Expert statistical software. As
for any other data, Microsoft Excel was exploited to perform
one-way ANOVA and assess the existence of significant dif-
ferences amongst the experimental results. The assays con-
ducted herein were performed in triplicates and their data
was presented as mean + SE.

Results and discussion

Box-Behnken design (BBD)

Ipgal’s activity = 7.7933 +0.4330 A + 0.3273 B
+0.2886 C —0.4768 AB —0.7327 AC
+0.0269 BC —0.3214 A% — 0.6320 B2

—0.4628 C*

(6)

A quadratic model was utilized to fit the results of the
BBD (Table 1), and the model’s equation was given as Eq. 6.
The validity of the proposed model was evinced from its
0.0074 p value and its 0.9054 R? (Table 2). As regards to
the terms comprised within the model, the most significant
term was the interaction among the agar concentration (A)
and the PEI pH (C) where its p value amounted to 0.0058.
The significance of the AC interaction could be elucidated
from Fig. 1a, which predicted that incrementing the PEI pH
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Table2 BBD’s ANOVA

Source Ss* DF® MS® F value p value
Model 9.4230 9 1.0470  7.4421 0.0074
A—agar concentration  1.5000 1 1.5000 10.6621 0.0138
B—PEI concentration ~ 0.8573 1 0.8573  6.0935 0.0429
C—PEI pH 0.6663 1 0.6663  4.7361 0.0660
AB 0.9095 1 0.9095 6.4647 0.0385
AC 2.1475 1 2.1475 15.2642 0.0058
BC 0.0029 1 0.0029  0.0206 0.8899
A? 0.4350 1 0.4350  3.0922 0.1221
B? 1.6816 1 1.6816 11.9531 0.0106
c? 0.9020 1 0.9020 6.4111 0.0391
Residual 0.9848 7 0.1407

Lack of Fit 0.6440 3 0.2147  2.5200 0.1966
Pure Error 0.3408 4 0.0852

Cor Total 10.4078 16

#Sum of squares
"Degrees of freedom

“Mean square

from 8 (— 1 level) to 8.6 and finally to 10 (+ 1 level) would
elicit big increments in the attainable ifgal’s activity from
5.55 to 6.65U/g, and finally to 7.60U/g, respectively, if no
agar was added. On the other hand, if 5.4% agar was incor-
porated into the CaP beads, incrementing the PEI pH, in a
similar manner, from 8 to 8.6 would elicit a slight incre-
ment in the attainable ifgal’s activity from 7.77 to 7.98U/g
whereas further incrementing the PEI pH to 10 would reduce
the attainable ifgal’s activity to 7.17U/g. The occurrence of
such different alterations in the ifgal’s activity in response to

9.5 -

C 9.0 Prediction  6.65 Prediction  7.98
| A A

5.40

c 8.67 c 8.67
8.5
‘ Prediction  5.55
A 0.00 A
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8.0 X ‘
0 1 2 3 4 5 6
A

Fig. 1 Contour plots exploring the effects of A: agar concentration;
B: PEI concentration; C: PEI pH on the ifgal’s activity. The color
gradient from blue to red reflected the increase in the attainable

the same alterations in the PEI pH could be attributed to the
agar; its presence or absence. If no agar was added, the CaP
beads would require lesser amounts of the cationic PEI’s
amino groups to retain their integrity. The PEI’s cationic
amino groups were previously debated to compete with and
replace the Ca®* in the CaP beads. Such replacements led
to the concoction of collapsed beads whose surface groups
were heavily distorted and incapable of efficiently binding
to enzymes (Sriamornsak et al. 2005; Wahba 2016). In order
for the hyper-branched PEI to provide only minute amounts
of cationic amino groups, its pH should be incremented
(Barkovec and Koper 1997). Hence, the CaP beads favored
the incremented PEI pH and their highest ifgal’s activity
would be attained at the highest utilized pH 10. On the other
hand, when agar was blended into the CaP beads, it pre-
served the beads integrity. Such integrity wasn’t disrupted
even when the CaP-agar beads were exposed to the loftiest
amount of the PEI’s cationic amino-groups at the lowest pH
8 [~40% of the PEI’s amino groups would be protonated
(Barkovec and Koper 1997)], and this was evident from the
superior functionality of the 6%CaP-agar beads (run 15,
Table 1) which attained a whole of 7.78U/g ipgal. Thus, it
could be concluded that the agar eliminated the effect of the
PEI pH on the beads’ integrity. This diminished the overall
effect of the PEI pH to the extent that only slight variations
(7.17-7.98U/g) were predicted to be attained in the activity
of the Pgal immobilized by the 5.4% CaP-agar beads upon
altering the PEI pH over its entire tested range (Fig. 1a).
Such slight induced variations caused the PEI pH to become
the only insignificant factor in this study (p value =0.0660)
although it was the most significant factor when the neat CaP
beads were investigated (Wahba 2016).

Prediction 1.25

(b)

4.0 - L

3.5 )
Prediction
A

B
B 3.0

25
Prediction
A

B 2.00 B

&
o

3
A

iPgal’s activity. The textboxes unveiled the predicted ifigal’s activities
that would be attained at the specified factors’ settings
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Both the agar concentration and the PEI concentration
were significant as they attained 0.0138 and 0.0429 p val-
ues, respectively (Table 2). The interaction among the agar
concentration (A) and the PEI concentration (B) was also
significant (p value =0.0385). Such a significant interaction
could be elucidated from Fig. 1b which explored the effects
of altering both the agar and the PEI concentrations while
retaining the PEI pH constant at the central value of 9. Fig-
ure 1b predicted that incrementing the PEI concentration
from 2% (— level) to 2.95% would elicit a 1.25-fold incre-
ment in the attainable ifgal’s activity if no agar was uti-
lized, whereas only a 1.08-fold increment would be attained
if 5.4% agar was incorporated into the CaP beads. Incre-
menting the concentration of the PEI would increment the
amount of the functional groups that could react with GA,
and this would eventually increment the quantity of ifgal.
Moreover, the entanglement among the PEI’s chains would
be incremented upon incrementing the concentration of this
hyper-branched compound (Awad et al. 2020). Such entan-
glements could shield some of the PEI’s cationic charges.
This would lessen the amount of the cationic charges that
the neat CaP beads would be exposed to, and would help
preserve the beads’ integrity and boost their functionality
(Wahba 2016). Thus, it could be concluded that increment-
ing the PEI concentration would help increment the amount
of ipgal by the CaP beads via the two aforementioned pos-
tulates. However, in case of the CaP-agar beads, the sec-
ond postulate wouldn’t be applicable since the agar served
to preserve the integrity of the beads against the presence
of excessive cationic groups. Thus, incrementing the PEI
concentration would boost the functionality of the CaP-agar
beads via only one mechanism, and this would lead to the
attainment of lower increments in the amount of ifgal as
compared to those attained by the CaP beads.

Optimization of the CaP-agar beads’ processing

The statistical software recommended formulating 5.4%
CaP-agar beads and processing such beads with a 2.95%
PEI of pH 8.67 to attain an optimal amount of 7.98U/g ipgal.
Upon implementing these recommendations 7.96 +0.18
U/g ipgal was recorded. This amount of ifgal represented a
43.07% activity recovery percent as each gram of the beads
was loaded with 18.48 +0.05 U/g Pgal. Such an activity
recovery percent was loftier than the 38.09% activity recov-
ered by the processed CaP beads (Wahba 2016). Moreover,
it was much superior to the 27.71% activity recovered by the
processed carrageenan-agar disks (Wahba and Hassan 2017).

It could be noticed that the recommended agar con-
centration (5.4%) was close to its highest inspected level
(+ 1 level, 6%). The higher agar concentrations provide
more compact structures with smaller pores (Mitchell
and Wimpenny 1997; Wahba and Hassan 2017). These

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

compact structures would be favored in our case as they
would confer enough physical stability to the CaP-agar
beads so that these beads would not collapse or shrink
upon being subjected to the PEI’s cationic entities which
could break down the CaP structure after replacing its
gelling Ca** ions (Wahba 2016). On the other hand,
when agar gels were employed as an entrapment matrix
for myrosinase, 3.5% was the optimal agar concentration
(Rai et al. 2013). Higher agar concentrations could have
been disfavored owing to their smaller pores (Mitchell and
Wimpenny 1997) which would hinder the efficient diffu-
sion of the substrates and products through the entrapment
matrices.

The optimal PEI pH served to provide a competent ionic
interaction amongst the PEI’s cationic entities and the ani-
onic entities of agar and CaP without any restrains concern-
ing the beads’ integrity as such integrity was preserved by
the presence of agar. To verify that the beads’ integrity was
not compromised by the pH 8.67 optimal PEI solution, a
shrinkage study was accomplished where the CaP-agar
beads were accurately weighed before and after the PEI
processing. The PEI processed CaP-agar beads’ weight was
99.96 +2.15% of the weight of the CaP-agar beads, thereby
verifying that the beads’ integrity was preserved. Con-
versely, the weight of the neat CaP beads dropped by 63.83%
secondary to the pH 9.3 PEI processing step which disrupted
the beads’ integrity and caused them to shrink excessively
(Wahba 2016) (Table 3). As regards to the CaP-agar’s ani-
onic traits, agar possesses minute amounts of anionic enti-
ties (0.12-0.65% of pyruvate (Freile-Pelegrin et al. 1996)
and ~2% of sulfate (Delattre et al. 2011)), whereas ~93.3%
(based on manufacturer’s data) of the galacturonic acid resi-
dues, which are the main constituents of pectin (Sriamornsak
et al. 2005), are present as free carboxylic acids in the low
methoxy pectin utilized herein. Moreover, the pectin’s pK,
was reported to be within the 3.5-4.0 range (Martinez et al.
2013), and the agar’s anionic traits were prevalent at pHs as
low as 3.5 (Toyama et al. 2011). Thus, the CaP-agar matrix
would offer copious amounts of anionic entities throughout
the entire tested pH range (8—10). These copious anionic
entities would require a fairly big amount of cationic entities
to establish a competent ionic interaction. This big amount
of cationic PEI’s entities was provided when the PEI pH
was lowered to 8.67 as at such pH ~32% of the PEI’s amino
groups would be in their cationic state (Barkovec and Koper
1997). It is worth mentioning that a PEI pH of 8.5 was also
recommended to process a somewhat analogous gel blend;
the carrageenan-agar disks. The carrageenan-agar was also
debated to provide a copious amount of anionic entities
owing to k-carrageenan (Wahba and Hassan 2017) which
exhibits one sulfate group in each of its k-carrabiose build-
ing units (Delattre et al. 2011). On the other hand, an esca-
lated PEI pH of 10.55 was the optimal when processing the
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Table 3 Differences amongst the CaP and the CaP-agar beads

Comparing criteria CaP beads® CaP-agar beads
Composition 3% pectin 3% pectin—5.4% agar
Recommended PEI concentration 3.49% 2.95%
Recommended PEI pH 10.55 8.67

Significance of altering PEI pH
PEI induced beads’ shrinkage

Nitrogen content of the PEI processed beads

Fold escalation in the beads’ carbon content after
GA reaction

Unprocessed beads’ mechanical stability®
GA-PEI processed beads’ mechanical stability®
Ipgal’s activity recovery percent

Alterations in fgal’s optimal reaction pH
Alterations in fgal’s optimal reaction temperature

Relative Pgal’s activity retained upon reusing the

Significant (p value =0.0000)

The beads shrank and retained only 36.17% of their
initial weight after being processed with a PEI
solution of pH 9.3

11.69%
1.26

Beads were totally fragmented®
96.57%° & 94.69%"

38.09%

From 5.3 t0 3.2-5.4

Retained at 55 °C

89%¢ and 79.34%"

Insignificant (p value=0.0660)

The beads did not shrink after being
processed with a PEI solution of
pH 8.67

6.27%
1.23

82.70%¢

99.51%° & 81.97%"
43.07%

From 4.6-5.1 to 3.3-4.9
Retained at 55 °C
98.44%"° and 86.84%*

biocatalyst

#Data adopted from Wahba (2016)

PExpressed as residual weight percent after vortexing with the tiny glass beads

“The vortexing process lasted for 20 s
4The vortexing process lasted for 3 min 20
°During the 2nd reusability round

"During the 14th reusability round
£During the 13th reusability round

neat CaP beads so as to diminish the PEI’s cationic entities
and preserve the CaP beads’ integrity (Wahba 2016).

The optimal PEI concentration that should be utilized to
process the CaP-agar beads was 2.95%, and this was close
to the 3% optimal PEI concentration that was utilized dur-
ing the processing of agar disks (Wahba and Hassan 2015).
Noteworthy, further incrementing the PEI concentration
from this optimal 2.95% to 3.49%, and finally to 4% was
predicted to dwindle the attainable ifgal’s activity from 7.94
to 7.76 U/g, and finally to 7.25U/g (Fig. 1b). These dwin-
dles could be regarded to the occurrence of excessive entan-
glements among the chains of the high molecular weight
(750 kDa), hyper-branched PEI upon incrementing its con-
centration beyond 2.95%. Such excessive entanglements
would negatively affect the interaction of the beads with an
enzyme as bulky as the Aspergillus oryzae Pgal (110 kDa
(Maksimainen et al. 2013), and this would eventually dwin-
dle the attainable ipgal’s activity. It is worth mentioning that
a higher PEI concentration of 3.49% was optimal for pro-
cessing the neat CaP beads (Wahba 2016) (Table 3). This
implied that the excessive entanglements among the PEI’s
chains, which coated the neat CaP beads, were brought about
by higher PEI concentrations than the case in hand. This
could be regarded to the differences among the 3-D orien-
tations of the PEI chains that coated the neat CaP beads

and those coating the CaP-agar beads as each of the two
aforementioned cases provided a different anionic—cationic
environment. The CaP-agar beads were more anionic than
the CaP beads owing to the presence of agar. Moreover, the
PEI pH adopted during the processing of the neat CaP beads
was 10.55 which greatly diminished the cationic traits of the
PEI (Wahba 2016). It should be noted that the lower PEI
concentration recommended for processing the CaP-agar
beads made the preparation of such beads more economic
than the preparation of the CaP processed beads despite the
incorporation of agar. The preparation of 1 kg of the pro-
cessed CaP-agar beads required an additional 54 g agar that
was not utilized in case of the neat CaP beads. Nevertheless,
it cut down the amount of the utilized 50% PEI stock solu-
tion, which is around threefold more expensive than the uti-
lized agar (S.D. Fine-Chem. Limited 2020; Sigma-Aldrich
2020), by 54 g.

Elemental

The CaP-agar beads comprised 29.12% C, 4.20% H, 0.02%
S, and no N. This was dissimilar to the elemental composi-
tion of the neat CaP beads which comprised a lesser amount
of C (16.63%) and no S (Wahba 2016). Such increment in
the C content of the CaP-agar beads and the emergence of S

Piedlae clodl ayao .
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Fig. 2 Photos of A CaP-agar beads; B PEI-CaP-agar beads; C GA-
PEI-CaP-agar beads

within their construction proved the coalescence of agar into
the beads as agar is a polysaccharide with a sulfation per-
cent of ~2% (Delattre et al. 2011). The PEI-CaP-agar beads
comprised 34.97% C, 10.73% H, 0.0046% S, and 6.27% N.
The arising of N in the elemental composition of the PEI-
CaP-agar beads and the increments in their C and H contents
as compared to the CaP-agar beads verified the coalescence
of PEI (H(NHCH,CH,) NH,) into the beads. Similarly, the
arising of N in the composition of the PEI processed CaP
beads was utilized to verify the coalescence of PEI into the
beads. Nevertheless, the PEI-processed CaP beads exhib-
ited a whole of 11.69% N (Wahba 2016) which was 1.86-
fold higher than the N content of the PEI-CaP-agar beads
(Table 3). Hence, it could be concluded that a lower amount
of PEI coalesced into the structure of the CaP-agar beads.
This could be regarded to the incremented cationic charge
density of the employed pH 8.67 PEI solution (Barkovec
and Koper 1997) which could have caused each PEI moiety
to occupy several anionic locations on the CaP-agar beads,
thereby blocking the way for other PEI moieties to interact
with the CaP-agar beads. Noteworthy, the coalescence of
PEI into the CaP-agar beads could also be visually verified
where the beads acquired an opaque white color after their
interaction with PEI (Fig. 2).

As regards to the GA-PEI-CaP-agar beads, they com-
prised 43.10% C, 3.81% H, 0.057% S, and 4.36% N. The
GA-PEI-CaP-agar beads’ incremented carbon content, as
compared to the PEI-CaP-agar beads, verified the coales-
cence of GA (CsHgO,) into the beads. Moreover, the beads
acquired a brown color after interacting with GA (Fig. 2).
This color was regarded to the Schiff base (-C=N-) which is
amongst the possible GA-amine reactions’ products (Wahba
2017). Noteworthy, the increments in the beads’ carbon con-
tents were formerly employed to verify the coalescence of
GA into the PEI processed CaP beads (Wahba 2016) and into
the chitosan beads (Wahba 2017). It is worth mentioning that
both the PEI-CaP-agar beads and the PEI processed CaP
beads exhibited analogous increments in their C contents
secondary to their reaction with GA (1.23- and 1.26-fold
(Wahba 2016), respectively). This implied that analogous

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

amounts of GA were bound to both kinds of beads although
the PEI-CaP-agar beads comprised much lesser PEI, and
accordingly, much lesser amine entities. In a similar situ-
ation, both the PEI processed agar disks and carrageenan-
agar disks were shown to bind to analogous amounts of GA
although the PEI-processed carrageenan-agar disks exhib-
ited a much lower PEI content. The authors debated that
the 3-D orientation of PEI, in case of the PEI processed
carrageenan-agar disks, provided the disks with a more pro-
ficient flexible polymer bed of PEI that allowed escalated
amounts of GA to bind to these disks (Wahba and Hassan
2017). This debate could also be applied to the case in hand
as the anionic—cationic interactions established among the
CaP-agar and the pH 8.67 PEI would be different from those
established among the neat CaP beads and the pH 10.55
PEI (Wahba 2016), and accordingly, the 3-D orientation of
the bound PEI would differ in both cases. The elemental
composition of the Pgal loaded GA-PEI-CaP-agar beads was
40.64% C,4.96% H, 0.04% S, and 4.46% N. Similarly, incre-
ments in the N and H contents of the activated CaP beads’
together with the dwindling in the beads’ C content were
observed secondary to the fgal’s immobilization onto such
beads (Wahba 2016).

Mechanical stability assessment

The CaP-agar beads preserved 82.70 +£2.14% of their pre-
cursive weight following a 20 s vortexing procedure. Con-
versely, the neat CaP beads were totally fragmented second-
ary to an analogous 20 s vortexing procedure (Wahba 2016).
The incremented mechanical stability of the CaP-agar beads
could be regarded to the presence of agar which is known
to possess escalated mechanical stability (Makwana et al.
2020). Such an escalated mechanical stability would facili-
tate the handling of the CaP-agar beads and would allow
for the up-scaling of the beads’ concoction and activation
processes.

As regards to the GA-PEI-CaP-agar beads, they preserved
99.51+0.49% and 81.97 +1.54% of their precursive weight
following 20 s and 3 min 20 s vortexing procedures, respec-
tively. By comparison, the GA-PEI-CaP beads preserved
96.57+0.89% and 94.69 + 1.42% of their precursive weight,
respectively, following analogous vortexing procedures
(Wahba 2016) (Table 3). Thus, it could be concluded that
the processed CaP-agar beads exhibited a somewhat inferior
mechanical stability relative to the processed CaP beads.
Nevertheless, the mechanical stability of the processed CaP-
agar beads was still incremented enough to allow for the effi-
cient utilization of the biocatalyst. This mechanical stability
was even superior to that of the Na,CO;-GA processed chi-
tosan beads, which were prepared to overcome the meager
mechanical stability of chitosan, where these processed CS
beads preserved 82.42 +0.53% of their precursive weight
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after an analogous vortexing procedure that lasted only for
1 min (Wahba 2017). The variations amongst the mechani-
cal stabilities of the processed CaP-agar beads and the pro-
cessed CaP beads could be regarded to the differences in the
amounts of their bound PEI. The processed CaP-agar beads
were shown in “Elemental” section. to exhibit much lesser
amount of bound PEI as compared to the processed CaP
beads. This bound PEI was formerly shown to be the major
stabilizing agent that incremented the mechanical stability
of the GA-PEI-CaP beads after establishing a tough shell
around the CaP beads (Wahba 2016).

Estimation of the K, and the V,,,
The Hanes—Woolf plot (Fig. 3A) disclosed that the immobi-
lization onto the processed CaP-agar diminished the Pgal’s
Viax from 29.72 to 8.28 pmol/min mg enzyme. Conversely,
the Bgal’s K, was incremented from 76.37 to 104.10 mM
secondary to its immobilization. The incremented ifgal’s
K, implied that its affinity for lactose was inferior to that of
the free fgal. This inferior affinity could have been caused
by the immobilized enzyme’s lower capability to build the
enzyme—substrate complex (Fatarella et al. 2014). The
immobilization rigidifies the enzymes’ construction second-
ary to the multipoint covalent linkages established amongst
such enzymes and their carriers (Rodrigues et al. 2013). This
rigidified construction could have compromised the ifgal’s
ability to build the enzyme—substrate complex. It is worth
mentioning that similar alterations in the fgal’s V. and K,
were recorded following its covalent immobilization onto
cellulose-acetate membranes (Giileg et al. 2010).

pH profile

The free Pfgal’s optimal activity was recorded at a pH range
of 4.6-5.1 (Fig. 3B). This was consistent with the formerly

(A) 5 o Free B-gal
S 35 1 m CaP-agar ip-gal
e 30
3
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e 20
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-
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o . -
, : & _ _ R?=0.9981
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Fig.3 A The Hanes—Woolf plot exploited to estimate the K, and the V,

max

and the CaP-agar ifgals

reported 4.5-5 optimal pH range (Klein et al. 2016). The
Pgal’s immobilization onto the processed CaP-agar beads
widened its optimal pH range and shifted it towards acid-
ity where it became 3.3—4.9. Likewise, the fgal’s optimal
pH was widened and shifted towards acidity (from 5.3 to
3.2-5.4) following its immobilization onto the activated
CaP beads (Wahba 2016). Acidic shifts in the optimal A.
oryzae Pgal’s pH were also formerly reported following its
immobilization onto chitosan beads. These acidic shifts were
regarded to the poly-cationic traits of chitosan (Klein et al.
2016). The poly-cationic traits of PEI at the tested pH range
(2.6-7.5) could have also triggered such acidic shifts.

Temperature profile and assessment of activation
energy

The uttermost activity of the free fgal was observed at 55 °C
(Fig. 4A). Similarly, Giileg et al. (2010) reported 55 °C as
the optimal temperature for the A. oryzae pgal. The opti-
mal Pgal’s temperature wasn’t altered following its immo-
bilization onto the activated CaP-agar beads. Nevertheless,
the ipgal demonstrated superior thermal tolerance where it
maintained 27.80+ 1.90% of its optimal activity at 70 °C.
On the other hand, only 17.18 +0.31% of the free enzyme’s
optimal activity was maintained at 70 °C. This implied that
the iPgal was more thermally stable than its free counterpart,
and this will be verified in the following section. It is worth
mentioning that the A. oryzae fgal’s covalent immobiliza-
tion onto concanavalin-A-layered calcium alginate-cellulose
beads also didn’t alter its optimal temperature but caused the
ipgal to demonstrate superior thermal tolerance (Ansari and
Husain 2011).

The Pgals’ activation energies (E,) were calculated
after estimating their lactose hydrolysis rates at a temper-
ature range of 30-55 °C (Fig. 5) Such a temperature range
was selected as it didn’t trigger any thermal deactivation
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Fig.4 A Influence of temperature on the relative activities of the free
and the CaP-agar ifgals (data recorded while adopting the regular
15 min assays); B Arrhenius plot of In (lactose hydrolysis rate) vs 1/

during the regular 15 min incubation (Fig. 4A). However,
upon extending the incubation of the free fgal at 55 °C,
thermal deactivation was observed. The glucose released,

Fig.5 Plots of the glucose
released (M/L) vs the reaction
time (s) which provided the
lactose hydrolysis rates (slopes
of the trend-lines) of A the free
Bgal and B the CaP-agar ifgal at
various temperatures
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at 55 °C, by the free Pgal was first loftier than those
released at all the other temperatures (Fig. 5SA), and it
should have continued as so if the free fgal did not suffer
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from thermal deactivation. Nevertheless, after 30 min,
the glucose released at 55 °C was nearly analogous to
that released at 50 °C. After 60 min, the glucose released
at 55 °C was nearly analogous to that released at 45 °C.
Accordingly, the overall free fgal’s 55 °C rate (5.71E—-05
ML™! sec™!) dropped below both its 50 °C (6.84E—05
ML sec™) and 45 °C (6.39E—05 ML™! sec™") rates,
and it was not incorporated into the Arrhenius plot. The
slopes of the Arrhenius plots of the two tested fgals were
then utilized to calculate their E, (Fig. 4B). The E, of
the activated CaP-agar ipgal was 14.36 kJ mol~! whereas
that of its free analogue was 18.53 kJ mol~!. The reduc-
tion of the Bgal’s E, following its immobilization implied
that the ipgal would utilize a lesser quantity of energy to
construct its activated complex during lactose hydroly-
sis; thus, it would offer a superior hydrolytic capacity
(Da Silva et al. 2018). Dwindles in the enzymes’ E, were

Fig.6 Thermal stability plot ( A) 120
showing the residual activity
percents of A free fgal and
B CaP-agar ifgal after their 100 B g
incubation at the specified °\°
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formerly reported following their immobilization (Abdel-
Wahab et al. 2018).

Thermal stability and assessment of thermodynamic
parameters

The activated CaP-agar ifgal exhibited incremented thermal
stability relative to its free counterpart. The ifgal conserved
48.60+3.18% and 27.78 £0.88% of its precursory activity
after 1 h incubation at 63 and 65 °C, respectively (Fig. 6B).
Conversely, the free fgal conserved only 15.29+0.36%
and 2.01 +£0.56% of its precursory activity, respectively,
after analogous incubations (Fig. 6A). To verify the incre-
mented thermal stability of the activated CaP-agar ifgal,
the thermodynamic parameters were estimated along a tem-
perature range of 60 to 70 °C (Table 4). It should be noted
that the thermodynamic parameters were not estimated for
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Table 4 Thermodynamic parameters assessed for the free and the CaP-agar if}-gals

Tempera-  k, (min~1) t,, (min) D value (min) AH° (kJ mol™") AG° (kJ mol™") AS° (J mol™' K™
ture (°C

ure (*C) Free Imm Free Imm Free Imm Free Imm Free Imm Free Imm
60 0.0039  0.0013 17876 51824  593.82  1721.55 27523 27938 108.62 111.57  500.09  503.72
63 0.0136  0.0052 50.92 13445  169.15 446.64 27520 27936  106.11  108.83  503.01  507.31
65 0.0274  0.0092 25.34 75.32 84.18 25020 27518 27934 10480 107.86  503.88  507.11
70 0.0760  0.0281 9.12 24.66 30.30 81.91 27514 27930 10348 10631 50027  504.12

temperatures 40 and 50 °C as no statistically significant
alterations (p value >0.0500) were recorded in the activi-
ties of either of the tested Pgals (Fig. 6). Initially, the k4
values for both enzyme preparations were estimated from
the slopes in Fig. 7, and it was revealed that, at all the given
temperatures, the ifgal offered lesser k; values than its free
counterpart (Table 4) which verified its incremented thermal
stability (Abdel-Wahab et al. 2018). The ifgal also exhibited
incremented t,,, and D values relative to its free counter-
part. Thus, at any of the given temperatures, longer dura-
tions would be needed to elicit 50% and 90% dwindles in
the ifgal’s activity, respectively, and this would be in favor

Fig. 7 Plots of log (residual

of its industrial exploitation. Noteworthy, a 0.0211 min~!

k4 and a 62.85 min ¢,,, were reported for the A. oryzae pgal
which was covalently immobilized via Duolite® A568 at
60 °C (Soares et al. 2017). The k4 and ¢, attained by the
activated CaP-agar ifgal at the selfsame temperature were
superior as they amounted to 0.0013 min~! and 518.24 min,
respectively.

The activation energies of the thermal denaturation (E;)
of the two tested Pgals were calculated from Fig. 8 slopes.
The free fgal exhibited an E, of 278.00 kJ mol~! whereas an
E, of 282.15 kJ mol~! was recorded for the activated CaP-
agar ipgal. The incremented E; of the ifgal further verified
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Fig.8 Arrhenius plot of In (ky) vs l/temperature (7) which was
exploited to calculate the activation energies of the thermal denatura-
tion (Ey) of both fgal samples

its superior thermal stability as E; is the energy necessary
to elicit enzyme denaturation (Ferreira et al. 2018). Like-
wise, immobilization incremented the E4 values and the
thermal stabilities of pectinase and lipase (Abdel-Wahab
et al. 2018; Ferreira et al. 2018). It is worth mentioning that
the E; of the activated CaP-agar ifgal was also superior to
the 278.15 kJ mol ™" E, formerly reported for the A. oryzae
Bgal which was covalently immobilized via Duolite® A568
(Guidini et al. 2011).

Being straightforwardly connected to the E4 (Eq. 3), the
enthalpy of denaturation (AH) indicates the total quantity
of energy needed to elicit enzyme denaturation (Da Silva
et al. 2018) at any given temperature. Table 4 disclosed that
the AH values of the two tested Pgals dwindled gradually
upon incrementing the temperature which implied that lower
energy amounts were necessary to denature such enzymes
at incremented incubation temperatures. Similarly, the AH
values of the free protease (Da Silva et al. 2018) and of the
free and immobilized pectinases (Abdel-Wahab et al. 2018)
dwindled gradually upon incrementing their incubation tem-
peratures. Comparing the AH values of the free and the acti-
vated CaP-agar ifgals revealed that the ifgal provided loftier
AH values at all the given temperatures. The ifgal was more
thermo-stable and required loftier energy amounts to get
denatured. Immobilization was formerly debated to incre-
ment the thermo-stability of the A. oryzae Pgal via rigidify-
ing (Wahba 2017) its monomeric structure (Maksimainen
et al. 2013). This rigidification was secondary to the mul-
tipoint covalent linkages created amongst the immobiliza-
tion carrier and the loaded enzyme (Rodrigues et al. 2013).
The enzyme’s structural rigidification could also be coupled
with conformational variations (Abdel-Wahab et al. 2018)
which could promote the establishment of new non-covalent
linkages amongst the enzyme moieties. Thermal denatura-
tion, being principally accomplished via the breaking of
non-covalent linkages (Da Silva et al. 2018), would then

need loftier energy amounts to break these new non-covalent
linkages and denature the enzyme. Thus, the ipgal offered
incremented AH values relative to its free counterpart.

The activation entropy (AS), or the randomness and dis-
order, is another parameter that was reported to escalate
during thermal denaturation (Da Silva et al. 2018; Ferreira
et al. 2018). The activated CaP-agar ifgal offered loftier
AS values relative to its free counterpart (Table 4), which
reflected the escalated disorder of the CaP-agar ipgal’s
denatured states. Likewise, the immobilized lipase offered
loftier AS values relative to its free counterpart (Ferreira
et al. 2018). The Gibb’s free energy of denaturation (AG)
is a pivotal thermodynamic parameter as it combines the
enthalpic and the entropic contributions. Accordingly,
it is a more dependable parameter when determining an
enzyme’s thermal stability. Incremented AG values are
coupled to non-spontaneous reactions, and they imply
incremented thermal denaturation resistance and incre-
mented thermal stability (Da Silva et al. 2018). The acti-
vated CaP-agar ifgal provided loftier AG values than
the free Pgal at all the given temperatures. This further
verified the incremented thermal stability of the CaP-agar
ipgal. Noteworthy, the immobilized pectinase and lipase
also provided loftier AG values than their free counter-
parts (Abdel- Wahab et al. 2018; Ferreira et al. 2018).

Operational stability

The activated CaP-agar ifgal exhibited superior operational
stability compared to the neat CaP ifgal. The CaP-agar ipgal
preserved 98.44 +0.31% and 86.84 +0.37% of its precur-
sive activity during its second and thirteenth reusability
rounds, respectively (Fig. 9A). On the other hand, only 89%
and 79.34% of the precursive activity of the neat CaP ifgal
were preserved during its second and fourteenth reusability
rounds, respectively (Wahba 2016) (Table 3). Such a supe-
rior operational stability would further favor the exploitation
of the activated CaP-agar beads presented herein. It is worth
mentioning that the distortions that could have occurred in
the active sites of immobilized enzymes following such
enzymes’ recurrent reactions with their substrates could
account for the activity diminutions observed during re-
using immobilized enzymes (Kishore and Kayastha 2012).

Storage stability

The activated CaP-agar ipgal preserved 85.05+3.32% of
its precursive activity after 38 days of storage (Fig. 9B).
This result was superior to~71% activity preserved by
the A. oryzae Pgal, which was covalently immobilized to
poly (glycidylmethacrylate-methylmethacrylate) magnetic
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Fig. 10 Plot of the glucose procured (mM) vs time during the WP’s
lactose hydrolysis by the CaP-agar ifgal

beads, after 35 days of storage (Bayramoglu et al. 2007). The
incremented storage stability of the CaP-agar ifgal could
be referred to the rigidification of its structure secondary to
the multipoint covalent linkages created amongst it and its
immobilization carrier (Rodrigues et al. 2013). The ifgal’s
rigidified structure would be less prone to unfolding and
denaturation.

Hydrolyzing the lactose in whey permeate

This experiment was executed at 55 °C as this was the
optimal temperature for the activated CaP-agar ifgal.
Such an incremented temperature would guard against
the propagation of pathogenic microbes as they propa-
gate at~ 37 °C (Dutra Rosolen et al. 2015), and this would
be favorable specially that lactose hydrolysis processes
proceed for extended periods. Figure 10 disclosed that
the quantity of procured glucose incremented progres-
sively with time until 64.32 mM glucose was procured
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after 12 h. Noteworthy, the quantities of glucose procured
after 10, 11, and 12 h were statistically insignificant from
one another (p value =0.559). It should also be noted that
the 64.32 mM glucose procured herein was superior to
the uttermost quantity of glucose procured (~45 mM)
by a thermo-stable A. niger fgal while hydrolyzing the
WP’s lactose at 55 °C although the incubation period was
extended to 60 h (Hatzinikolaou et al. 2005).

Conclusions

An improved CaP-based immobilization carrier was con-
cocted after the merger of agar. The CaP-agar beads’ offered
the sufficient mechanical stability that would permit their
efficient handling without concerns regarding their integ-
rity. The CaP-agar beads also established an ionic interaction
with PEI which was different and also superior to that pro-
vided by the neat CaP beads as it permitted the immobiliza-
tion of more enzyme while utilizing lesser PEL. This made
the preparation of the CaP-agar carriers more economic than
the preparation of the neat CaP carriers. The CaP-agar carri-
ers granted their immobilized enzyme incremented thermal
stability as was verified from its incremented thermody-
namic parameters. The CaP-agar carriers also granted their
immobilized enzyme incremented storage and operational
stabilities.
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