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Abstract

A series of amylases were encapsulated within silica matrices taking into account the nature of the amylase: a-amylase
(Bacillus subtilis), a-amylase (Aspergillus oryzae), and B-amylase (barley), and the nature of the organosilane (alkyl-, amine-
and mercaptan-based organosilanes). The results for the biocatalytic activity were shown to be dependent on the nature of the
encapsulated enzymes and on the nature of the employed organosilane. Organosilanes containing the amine group showed
different effects and lower biocatalytic conversions (on average). In general, f-amylase increased in biocatalytic activity after
encapsulation. There was a strong correlation between the nature of the organosilane and the resulting porosity of the matrix
as well as the reducing sugars produced from the saccharification tests. The lower the particle radius of gyration and the
higher degree ramification of the secondary particles, the higher the catalyst bioactivity was. Generally, glucose production
during saccharification was favored by the encapsulation of the enzyme.
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o Different organosilanes (7) were employed to modify silica surface.
e The organosilanes containing the amine group showed lower bioconversion.
e [-amylase increased in biocatalytic activity after encapsulation.

e Organosilanes increase the pore diameter.

1 Introduction

Despite several decades of research devoted to the immo-
bilization of enzymes, the quest for more active, selective,
and robust-supported systems is still a present theme. The
use of immobilized enzymes is now a routine process for
the manufacture of many products in the pharmaceutical,
chemical, and food industries. In general, all enzymatic
reactions can benefit from immobilization. Nevertheless, the
final choice to use enzymes in immobilized forms depends
on the economic evaluation of the costs associated with
their use versus the benefits obtained in the process [1, 2].
Strategies for efficient enzyme immobilization continue to
be developed alongside the expanding number of available
biocatalysts [3].

In recent years, the immobilization of enzymes that
degrade some kind of substrate has continued to be the
focus of several studies. For instance, the immobilization of
p-galactosidase (Aspergillus oryzae) was applied to the
hydrolysis of lactose into glucose and galactose [4].
Coimmobilized a-amylase and glucoamylase afforded a
biocatalyst system that exhibited a higher rate of hydrolysis
of starch from corn, rice, wheat, and potato than a free (not-
immobilized) mixture of the enzymes [5]. A tri-enzyme
biocatalyst (x-amylase, glucoamylase, and pullulanase) was
prepared by cross-linking and aggregation. The catalyst
activity of the immobilized enzymes was maintained after
five cycles without any damage [6].

Among the different approaches employed in the
immobilization of enzymes, one that has to be highlighted is
the encapsulation method, which consists of the inclusion of
an enzyme within a polymer network, such as organic or
inorganic (silica) polymers and membrane (hollow-fiber),
micro- or nanocapsules, chemically modified with metals or
organic moieties [7-11]. Nevertheless, it is worth noting
that encapsulation may suffer from some critical drawbacks,
most of them intrinsic to heterogeneous catalysis, such as
high mass transfer resistance to the substrate [12], enzyme
leaching, hindrance of the access of the substrate to the
catalytic center, and even catalyst loss during the encapsu-
lation process [13].

The sol—gel process represents a versatile tool for the
encapsulation of enzymes. This process involves essentially

two reactions: hydrolysis and condensation, most com-
monly, of metal alkoxides, which can be tuned by the use of
an acidic or basic catalyst [14]. When encapsulating
enzymes using the sol—gel technique, it is necessary to take
into account some aspects, such as avoiding hindering/
blocking the active site (catalyst center) [15], avoiding
enzyme denaturing due to experimental conditions (pH,
temperature, etc.), and substrate diffusion through the
encapsulating matrix.

Among the enzyme-processed raw materials, starch
represents a relevant substrate. Starch is a mixture of gly-
cans that plants synthesize as an energy reserve. It is
composed of a-amylose and amylopectin. a-amylose is a
linear polymer of thousands of glucose residues joined by o
(1 - 4) bonds adopting an irregularly aggregated helix
conformation. Amylopectin consists mainly of glucose
residues joined by a (1 — 4) bonds but is a highly branched
molecule with a branch points (1 — 6). Amylopectin
molecules contain up to 10° glucose residues, making them
some of the largest molecules present in nature [16]. The
most stable three-dimensional structure for the o (1 —4)
bonded chains of starch is a tightly wound helix stabilized
by hydrogen bonds between the chains forming the amylose
helical structure [14].

In the literature, several examples report the immobili-
zation of amylase in different matrices. For instance,
examples specifically involving sol-gel processes are pre-
sented as follows: The encapsulation of Aspergillus oryzae
PP (which has the capacity to produce amylase) within
silica-based matrix produced by the sol-gel process (in
combination with starch, ethylene oxide, calcium alginate)
has shown that the activity of the encapsulated cell culture
exhibited comparable activity with the free cell cultures
[17]. Conversely, alpha-amylase immobilization within
guar gum-silica nanohybrid material showed significantly
higher bioactivity than free amylase in solution. The
immobilized enzyme revealed that immobilization increased
the overall catalytic property of the enzyme [18].

Despite several advances in amylase immobilization,
there are still restrictions that need to be overcome. One of
the most frequent problems in gel solution encapsulation of
amylases is the diffusion of organic compounds (substrate)
in the generated confinement matrix. In fact, one may
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consider this problem intrinsic to immobilized catalysts.
The limitations to the immobilization of amylases in a silica
matrix may be associated with the large size and shape of
the substrate itself, which has to migrate through the pores
up to the active centers. Comparative study of enzymes
other than amylase also points to matrix diffusion problems.
The relative activities of the encapsulated enzymes, with
respect to the free enzymes (in solution), were 20% for o-
amylase and up to 57% for catalase. The lower performance
of the former was probably due to the slow diffusion of the
large substrate molecules (starch) within silica. In the case
of catalase, optimal results were obtained after washing the
gel with a Triton X-100 solution. Indeed, the surfactant
treatment was indispensable to avoiding progressive
blocking of the enzyme active sites during repeated uses of
the same gel [19].

The versatility of the sol-gel, which dispose the pos-
sibility of several experimental routes, several precursors,
and countless proportions of them, is extended in this
work by including organosilanes with different functional
groups which may allow to evaluate the influence of the
chains in the matrix and the interaction of the groups of the
enzymes with the functional groups of organosilanes in the
alkyl chain.

In a previous study, the effects of pH, enzyme amount,
and temperature both in free and silica-encapsulated amy-
lases, namely, bacterial a-amylase (Bacillus subtilis), fungal
a-amylase (Aspergillus oryzae), and B-amylase (barley), on
the biocatalytic activity of the enzymes in terms of the
content of reducing sugars were evaluated [20]. As an
extension of this research, the present study aimed to
investigate the role of several organosilanes (Scheme 1)
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added during the hydrolytic acid-catalyzed sol-gel encap-
sulation process. The organosilanes were classified into three
groups: (a) alkyl-bearing organosilanes, (b) amine-based
organosilanes, and (c) mercaptan-based organosilanes.

The introduction of organosilanes bearing different
chemical moieties (polar and apolar chemical groups)
aimed to investigate the role of such organic groups in the
textural and structural characteristics of the resulting
encapsulated enzymes and their influence on the biocata-
lytic activity in starch degradation (saccharification) as
well as in the relative production of glucose and maltose.
We estimated that the use of such organosilanes bearing
different chemical functions may either interact with the
catalyst center (as in the case of nitrogen-bearing com-
pounds) or affect diffusion along the particle (as in the
case of long-alkyl-chain organosilane). It is worth noting
that the immobilization within a silica-based matrix pro-
duced by sol-gel may render the catalytic system more
stable. On the other hand the rigid structure may affect
diffusion through silica structure. The hypothesis of this
research is that the use of organosilanes in the sol-gel
process would affect the texture of the grain, besides the
functional groups could interact with the enzymes, tuning
activity, and selectivity.

2 Experimental procedures

2.1 Materials

Isopropyl alcohol (99.5%—Dinamica), TEOS (tetra-
ethylorthosilicate) (98%—Sigma-Aldrich), buffer solution
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(aqueous solution containing CaCl, and sodium acetate—
pH =6.7), hydrochloric acid (37%—Synth), and water
were employed in the sol-gel synthesis. Silica chemical
modification was carried out with the following
compounds: Cl1 (triethoxymethylsilane) (99%—Sigma-
Aldrich), C8 (N-octyltriethoxysilane) (Dow Corning),
C18 (trimethoxy(octadecyl)silane) (TCI—=85%), (3-ami-
nopropyDtriethoxysilane (99%—Sigma-Aldrich), [1-(3-tri-
methoxysilyl)propylJurea (99%—Sigma-Aldrich), [3-(2-
aminoethylamino)propyl]silane (>80—Sigma-Aldrich), N1-
(3-trimethoxysilylpropyl)diethylenetriamine, and (3-mer-
captopropyl)trimethoxysilane. «-amylase from Bacillus
subtilis (55.6 U/mg), a-amylase from Aspergillus oryzae
(>800 FAU/g), and B-amylase from barley (53 U/mg) were
purchased from Sigma-Aldrich. For the starch sacchar-
ification process and the DNS (3,5-dinitrosalicylic acid
(DNS)) method, the following reagents were used: glucose
(>99.5%—Neon), soluble starch (99%—Dynamic), phenol
(99%—Dynamic), potassium tartrate (99%—Dynamic),
sodium metabisulfite (97%—NEON), DNS (98%—Sigma-
Aldrich), citric acid (99.5%—NEON), and sodium bibasic
phosphate (98%—NEON). The glucose and maltose stan-
dards used for high-performance liquid chromatography
(HPLC) (>99%) were also purchased from Sigma-Aldrich.
Isopropyl alcohol has less denaturing power than conven-
tional ethanol.

2.2 Enzyme immobilization

In a typical preparation, 5 mL of TEOS, 3 mL of isopropyl
alcohol, 20 mL of deionized water, 1 mL HCI (0.01 N) (acid
catalyst), and 0.35-mL buffer solution (sodium acetate and
CaCl,) were added to a beaker under constant stirring at
60 °C. The amount of enzyme (5 mg) was previously dilu-
ted in a buffer solution. After 210 min, 2 mL of the buffer
solution and the diluted enzyme solution were added.
Thereafter, organosilane (5.5 x 10*M) was added. The
system was stirred for 30 additional minutes. Gelling
occurred sooner than 4 h from the start of the reaction.

Once the sol-gel was finished, the solids were kept at
~50°C in an oven for 12h. Thereafter, they were kept at
room temperature. Saccharification tests were always car-
ried out on the same day of solvent removal.

2.3 Characterization of the immobilized enzymes

2.3.1 Nitrogen adsorption (Brunauer-Emmett-Teller (BET)
and Barret-Joyner-Halenda (BJH) methods)

The surface area, pore size, and total porous volume of the
immobilized enzymes were evaluated based on the nitrogen
adsorption—desorption isotherms obtained at —196 °C.
Approximately 100-200 mg of dry sample was used.

The samples were previously degassed at 110 °C for 18 h
under vacuum in a MicromeriticsVacPrep 061 instrument.
The physical nitrogen adsorption isotherms per sample were
obtained using a MicromereticsTriStar II 3020 instrument in
the partial pressure range of 0.01 <P;~! <0.25. The surface
area (Sggr) was calculated by the BET method, while the
pore size and total porous volume were obtained using the
desorption isotherm according to the BJH method.

2.3.2 Small-angle X-ray scattering (SAXS) measurements

SAXS data were collected in a Nano-inXider (UFRGS
Nanoscience and Nanotechnology Center), model S with
accessories. This instrument allows a total flow of
~100 mph/s with a resolution that varies in the range of
200-800 um, an exposure time of 60s and an overlap
between the calibrated and measured curves. Several mea-
surements are made, and then a file is generated containing
the average value. Data analysis was performed using the
Irena [21] evaluation routine implemented in the IgorPro
program (WaveMetrics, Portland, USA) [22].

2.3.3 Fourier transform infrared spectroscopy (FT-IR)

The infrared molecular absorption spectra of the matrices
(without enzyme) were analyzed using a Shimadzu FTIR-
8300 spectrophotometer with a DLaTGS detector (standard
deuterated L-alanine doped triglycine sulfate) in the range
of 4000-400cm ™' with a resolution of 4cm™' in trans-
mission mode. The samples were mixed with dry KBr and
analyzed as pellets.

2.3.4 Scanning electron microscopy (SEM)

SEM experiments were carried out using a BOI-SEM-10
microscope. The samples were initially attached to a carbon
tape and then coated with carbon by conventional spray
techniques. Analyses carried out at the UFRGS electronic
microscopy center.

2.4 Evaluation of immobilized enzyme catalytic
activity in starch saccharification

Based on a previous study [20], the following optimized
conditions were then applied in the present study (Supple-
mentary Table 1).

In a typical experiment, a 100-mL suspension in deio-
nized water was prepared consisting of sodium acetate
(2.5 mmol), calcium chloride (0.5 mmol), and starch (1 g).
Saccharification with encapsulated a-amylase from Asper-
gillus oryzae and p-amylase demanded first starch solution
heating at 70 °C for dissolution, followed by cooling the
reaction back to 50 °C and 45 °C, respectively. Then, the
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immobilized enzyme was added to the reaction system. In
the case of immobilized a-amylase from Bacillus subtilis,
the operating temperature (65 °C) was enough to dissolve
the starch. After 60 min of reaction time, the reaction was
ceased, and a 0.5-mL aliquot was removed and submitted to
an enzyme-deactivation process (close to 100 °C) and later
used for DNS tests. Part of the must was frozen for later
analyses.

2.5 Methods of analysis of the resulting sugars

The quantitative determination of the reducing sugars was
carried out according to the DNS method developed by
Miller [23]. A standard curve was drawn upon measuring
the absorbance at 540 nm. Since glucose standard solutions
are susceptible to absorbance changes, a new calibration
curve was prepared daily. An example of a typical curve is
described by the following equation: y = 0.5068x + 0.0346
and r*=0.9905.

The quantification of maltose and glucose was carried
out by HPLC. The equipment was an Ultimate 3000 Dionex
and refractive index detector (RID) Shodex RI-101. HPLC
separation was carried out on a Luna” Omega Sugar column
(150 x 4.6 mm x 3 um) at 40 °C, with an isocratic mobile
phase of CH3CN:H,O 75:25, maintained at a flow rate of
1.0 mL min~'. The sample solutions were filtered through
0.45-uym membrane filters, and the injection volume was
20 uL. The temperature of the RID was kept at 40 °C.

Linearity was established by triplicate injections of seven
different standard concentrations (50, 100, 200, 300, 500,
700, and 1000 uyg mL~"). The chromatographic peaks cor-
responding to glucose and maltose were matched with the
retention time of the standard. Good linearity (> = 0.999 for
glucose and 0.999 for maltose) was obtained with regres-
sion equations of y = 0.0024x + 0.0228 and y = 0.0022x —
0.0052 for glucose and maltose, respectively.

3 Results and discussion

3.1 Characterization of the immobilized systems
Attempts to characterize the grafted systems by X-ray photo-
electron spectroscopy were not successful. Perhaps the grafted
enzyme content was below the sensitivity of the technique or
the enzyme lain in the bulk of the particle, which in turn may
explain both its not detection and its lower activity.

3.1.1 Surface area and porosity

The resulting encapsulated enzymes were initially analyzed

in terms of textural properties. Figure 1 illustrates some
examples of selected nitrogen adsorption isotherms.

@ Springer

Almost all the encapsulated systems exhibited a type-IV
isotherm profile. In type-IV isotherms, two distinct branches
are observed: the lower branch shows the amount of gas
adsorbed with increasing relative pressure, while the upper
branch represents the amount of gas desorbed in the reverse
process. These isotherms are characteristic of mesoporous
and macroporous solids, in which the evaporation process is
different from the condensation process [24]. The different
paths characterize a hysteresis between the adsorption and
desorption processes. Similar results have been reported in
the case of silica sol-gel-based encapsulation systems pre-
pared by sol-gel processes such as immobilized trypsin and
pepsin enzymes [25], carbonic anhydrase, and horseradish
peroxidase [26] or lipase [27].

It is worth mentioning that the sole system that exhibited
a different isotherm profile is that using [3-(2-aminoethy-
lamino) propyl] organosilane in the case of the immobili-
zation of bacterial a-amylase. In this case, a type-II isotherm
is observed (Supplementary Fig. 1). This isotherm type is
characteristic of nonporous or macroporous adsorbents [24].

Table 1 presents the results extracted from the nitrogen
adsorption isotherm parameters.

Considering the data presented in Table 1, it can be noted
that the use of organosilanes causes a decrease in surface
area in the majority of the systems compared to immobili-
zation within bare silica (without organosilane). A few
systems exhibit a slight increase in surface area.

The total porous volume also decreases in most samples.
The pore diameter increases significantly in most cases.
Therefore, in general, organosilanes reduced the specific
area and total porous volume, in addition to promoting a
relevant increase in the average pore size n.

Attempts to correlate textural parameters and biocatalytic
activity do not provide sharp correlations. A strong Spearman
correlation is observed in the case of surface area and the
reducing sugar concentration for the three investigated amy-
lases in the case of alkyl-modified organosilanes (Fig. 2).

Such results suggest that the effect on the sugar reducing
content is not solely dependent on textural properties but on
the interaction between the organosilane and the enzyme
catalyst sites. The systems were further analyzed by SAXS.

3.1.2 Textural parameters from SAXS analyses

The SAXS profile of the samples (not shown) suggests the
existence of two levels. Table 2 presents the results obtained
from curve fittings performed using IgorPro software.
SAXS is capable of characterizing the size distribution
and aggregation status of nanoparticles; therefore, it is
widely applied to analyze silica nanoparticles. The SAXS
curves of the encapsulated enzymes reveal that the systems
have average diameters of 183 nm (bacterial a-amylase),
189 nm (fungal a-amylase), and 173 nm (beta amylase).
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Fig. 1 Examples of nitrogen adsorption isotherms obtained from
immobilized bacterial a-amylase and p-amylase. a Bacterial o-
amylase with triethoxymethylsilane, b bacterial a-amylase with N-

octyltriethoxy-silane, ¢ B-amylase with [3-2-aminoethylamino)pro-
pylltrimethoxysilane, and d p-amylase with [1-(3-trimethoxsilyl)
propylJurea

Table 1 Textural parameters extracted from nitrogen adsorption analysis for a and f-amylase

Organosilane o-amylase (Bacillus subtilis) a-amylase (Aspergillus oryzae) B-amylase

Sper (m*/g) Py (em™g) Py (A)  Sper (m¥/g) P, (em’lg) Py (A) Sper (mfg) Py (emly) Py (A)
None (Silica) 391 0.67 452 310 0.56 48.8 554 0.63 32
Cl1 (Triethoxymethylsilane) 430 0.701 58.1 402 0.054 535 497 0.575 433
C8 (N-octyltriethoxysilane) 368 0.536 55.1 319 0.061 53.0 413 0.303 51.3
C18 (Trimethoxy-octadecylsilane) 310 0.577 70.2 - - - - - -
(3-Aminopropyl)triethoxysilane 350 0.524 504 343 0.123 60.4 246 0.102 110.2
[1-(3-Trimethoxysily)propyl]urea 314 0.205 48.7 454 0.427 33.4 422 0.395 40.6
[3-(2-Aminoethylamino)propyl] Trimethoxysilane 266 0.270 96 315 0.134 98 - - -
N'-(3-Trimethoxysilylpropyl)diethylenetriamine 232 0.572 119.1 - - - - - -
(3-Mercaptopropyl)trimethoxysilane 164 0.0125 389 290 0.063 89 - - -

Sger specific area, Vp total porous volume, Dp Pore diameter, -unvalued

In addition, according to Table 2, no clear trend can be
observed regarding primary particle size (Rgl). The addi-
tion of organosilane later during synthesis may not affect
the primary particles that have already formed.

Gels generally have aggregate structures that behave like
a mass fractal structure. Parameter P can be obtained by
tilting the line resulting from the graph dialog I (q) versus q.
The parameter P, in the range 1 <P <3, is a measure of the

cluster mass fractal dimension [28]. In the range 3 < P <4,
the values are associated with the surface fractal dimension.
The Px coefficients are associated with the slope of the
curve within the linear region obtained by SAXS curve,
which may provide particle shape information.

Some strong correlations were found between the SAXS
data and biocatalytic activity, namely, (1) rs,=0.912
(p<0.01) positive correlation between P; and reducing
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sugar content, i.e., the less ramified the particles are, the
higher the catalyst activity. Conversely, two strong indirect
correlations are noted: (ii) rg, = —0.975 (p <0.01) correla-
tion between the radius of gyration and reducing sugar
content and (iii) rg,=—0.872 (p<0.05) -correlation
between P, and reducing sugar content, i.e., the lower the
particle radius of gyration and the higher the degree rami-
fication of the secondary particles, the higher the catalyst
bioactivity is.

3.1.3 Structural characterization by FT-IR analysis

The samples were subjected to FT-IR analysis. The silica
network formation is characterized by a set of bands. The
broadband centered at 1080 cm™' is characteristic of the
vibration modes of asymmetric Si—O stretching. The band
close to 967cm™! is associated with Si-O-Si angular
deformation. The band close to 800 cm ™' is related to the
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Fig. 2 Correlation between surface area and reducing sugars of
enzymes encapsulated with alkyl-bearing organosilane

symmetrical stretching of the Si—-O bond. The band at
470 cm ™! is related to deformation (Si—-O-Si) [29-33].

Chemical groups from the organosilanes attached to the
hybrid materials could be observed in the region between
3000 and 2700 cm ™. One of the peculiarities observed is in
the sample containing C18, whose spectrum contains two
peaks related to alkyl chains, assigned to asymmetrical
stretching [vas ((C>_CH2)] and the symmetrical mode
[Vs((C)—CHz)] at 2926 and 2855 cm ™!, respectively [34].

Specifically, in the case of C18, models consider
crystalline-state positions in which the long chains are fully
extended with an all-frans conformation and the liquid state,
in which the chains are randomly oriented. The vs(CH,), v,
(CH,), and v,i(CH3) are selected for structural interpretation
owing to the minimal overlap of their absorption bands with
those of other modes. For instance, according to the lit-
erature [35], the position of these peak frequencies provides
insight into the intermolecular environment of the alkyl
chains in these assemblies. The peak position for the
Vas(CHy) mode of a crystalline polymethylene chain
(2920cm ™) is 8 cm™! lower than that for the liquid state
(2928 cm™1). In the present hybrid system, such bands are
centered at 2926 and 2855 cm ™!, suggesting a liquid state
position. Silicas with this type of arrangement can facilitate
the diffusion of substrate and reagents. Nevertheless, in the
present study, the presence of such a long alkyl chain causes
a reduction in catalyst activity (see Table 1), probably due
to the mobility of such groups (in liquid-like conformation),
which in turn may have deactivated or blocked access to the
catalyst activity sites. Further studies are necessary to
evaluate the effect of alkyl-chain conformation (controlled
at different encapsulation conditions) on catalyst bioactiv-
ity. A broader analysis of the FT-IR peaks is available in the
previous article [20].

Table 2 Curve fit results

performed on IgorPro obtained

from SAXS samples
Organosilane

a-amylase (Bacillus
subtilis)

a-amylase
(Aspergillusoryzae)

B-amylase

Rgl nm) PI P2 Rgl mm) PI P2 Rgl nm) P P2

None

C1 (Triethoxymethylsilane)

C8 (N-octyltriethoxysilane)

C18 (Trimethoxy-octadecylsilane)
(3-Aminopropyl)triethoxysilane
[1-(3-Trimethoxysily)propyljurea
[3-(2-Aminoethylamino)propyl]
trimethoxysilane
NL-(3-Trimethoxysilylpropyl)
diethylenetriamine
(3-Mercaptopropyl)
trimethoxysilane

187.4 4.00 2.8 207.5 4.00 1.88 166.5 4.00 1.77
185.8 347 14 201.1 4.00 1.67 159.7 4.00 1.56
132.6 3.16 3.7 170.0 4.00 1.68 1654 4.00 1.88
156.1 333 3.0 - - - - - -
256.0 3.47 22 160.6 373 147 264.0 3.50 2.00
192.1 3.65 23 1723 4.00 1.54 112.6 3.64 1.58
117.4 1.56 3.6 235.7 3.74 2.08 - - -
241.2 3.05 25 - - - - - -
181.3 355 23 1752 3.85 1.98 - - -

- not determined
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3.1.4 Scanning electron microscopy (SEM)

Figure 3 illustrates a representative SEM micrograph
corresponding to encapsulated bacterial alpha-amylase.
The resulting silica-based materials have wrinkled sur-
face formed by small spherical aggregates measuring ca.
100 pm.

3.2 Effect of the nature of organosilane on starch
saccharification

Table 3 presents the results of the determination of reducing
sugars by the DNS method for the immobilized amylase in
the presence of organosilanes. For comparative reasons, an
encapsulated system within bare silica was also included.
Enzymes have a pH range in which their activity is
maximal: at higher or lower pH, the activity decreases. This
is due to the effect of pH on several factors, namely, (i)
substrate binding to the enzyme, (ii) ionization state of
amino acid residues involved in the catalytic activity of the
enzyme, (iii) substrate ionization, and (iv) protein structure
alteration [14]. Therefore, analyses of the data reported in
Table 3 have to take into account the optimized biocatalytic

0KX  EHT = 10.00 kv

Fig. 3 Micrograph obtained by scanning electron microscopy (SEM)
of encapsulated bacterial alpha-amylase

activity of the three enzymes at different pH and tempera-
ture ranges. Analyses of the reducing sugar content of the
immobilized enzymes without the presence of organosilanes
show that the conversion to sugars decreases (by 30.5, 25.5,
and 20.4 pmol/mL) for fungal a-amylase, bacterial a-amy-
lase, and P-amylase, respectively. Therefore, all the per-
formed analyses should consider these differences.

The results shown in Table 3 are consistent with com-
parative studies of starch degradation between a-amylase
and p-amylase reported in the literature. a-amylase is more
efficient than f-amylase, generating a higher concentration
of reducing sugars, as already cited in other studies [36].
The values associated with fungal a-amylase immobiliza-
tion are scattered. There seems to be a greater randomiza-
tion in the results for the immobilization of this enzyme.

The three investigated enzymes seem to be affected by
the presence of most of the studied organosilanes. Bacterial
a-amylase is shown to be robust (see, for instance, C1 or S-
based organosilane). In spite of this, some of the com-
pounds caused reduction in the catalytic activity. It is worth
noting the effect of (N1-(3-trimethoxysilylpropyl)diethyle-
netriamine), which caused an increment in reducing sugar
production. Conversely, the catalyst activity of Aspergillus
oryzae o-amylase is shown to be sensitive to the presence of
organosilane, which, in some cases, significantly decreased
the reducing sugar production. A positive effect is observed
in the case of f-amylase, in which an increase in catalyst
activity is observed for most of the added organosilanes. It
is worth noting that the molecular size of the enzyme and
substrate interferes with the diffusion of reagents and pro-
ducts. According to the literature, a-amylase is larger in size
than B-amylase. Maize malt characterization shows that a-
and f-amylase have molecular weights of 67.4 and
47.5 kDa, respectively [37]. Therefore, the lower molecular
weight of p-amylase could make it more prone to organo-
silane effects. In addition, one cannot neglect the structural

Table 3 Reducing sugar content

obtained from musts resulfing Organosilane Reducing sugar (umols/mL)

from starch hydrolysis using a-amylase (Bacillus o-amylase (Aspergillus  p-amylase barley

immobilized amylase subtilis) oryzae)
None 25.5 30.5 20.4
C1 (Triethoxymethylsilane) 254 29.6 28.9
C8 (N-octyltriethoxysilane) 21.8 26.5 24.4
C18 (Trimethoxy-octadecylsilane) 17.8 - -
(3-Aminopropyl)triethoxysilane 23.6 6.1 19.1
[1-(3-Trimethoxysily)propyl]urea 24.9 27.6 28.9
[3-(2-Aminoethylamino)propyl] 20.4 11.5. -
N1—(3—Trimethoxysilylpropyl) 28.6 - -
diethylenetriamine
(3-Mercaptopropyl)trimethoxysilane 23.7 26.5 -

- not determined
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differences between a- and B-amylase peptide chains [38]:
the a helix has a rod-like shape, which is stabilized by
hydrogen bridges between the NH and CO clusters of the
main chain, represented as twisted ribbons or rods. The
structure differs greatly from that of the a helix: it is
composed of two or more peptide chains, with the f strip
almost fully distended rather than tightly wound; a 3 sheet is
formed by joining two or more P filaments by hydrogen
bridges [39]. Therefore, the differences in reducing content
may also be assigned to the structural differences between
a-amylase and f-amylase.

Considering the alkyl-containing organosilanes (C1, C8, and
C18), there appears to be a linear trend between the silane size
(length chain) and conversion to reducing sugars: the longer the
alkyl chain is, the lower the reducing sugar capacity. These
results diverge from those reported in the literature for encap-
sulated lipase in which increasing the chain length of alkyl
groups improved specific activity (substrate mg per unit of
time) and the total activity of immobilized lipase [40]. Several
trend has been reported in the case of immobilized lipase on
alkyl silane modified magnetic nanoparticles [41]. Comparison
here has to be taken with caution. In the case of amylase,
substrate (starch) and products (sugars) are hydrophilic, while
lipid involved in the case of lipase is hydrophobic. Thus dif-
fusion through the pores is affected by their hydrophilicty/
hydrophobocity. In the case of immobilized lipase, activity
increasing with increasing alkyl-chain length was assigned to
the improvement of hydrophopic interactions. In the present
case, it seems that the mobility of the alkyl chain may block or
interact with the active sites of the enzymes, impinging a
reduction in its catalytic activity. In addition, one cannot
neglect that there is a relevant structural difference between
amylases and lipase. In the lipase there is a helicoid oligo-
peptide that covers the active center, named “lid,” which in turn
render more complex the access of substrates to its catalytic
center [42]. Such mechanism is absent in the case of lipase.

According to Table 3, the system containing mercap-
tansilane showed slightly lower values than that obtained
without the use of silanes. Thus, it seems that this functional
group does not appear to have a denaturing effect on the
enzyme. Such behavior is consistent with cellulase immo-
bilization with 3-mercaptopropyl-trimethoxysilane functio-
nalization reported in the literature [12]. In that study, the
role of the organosilane may have been to work as spacer
setting the catalyst site farther from the formed silica sur-
face, in turn improving the accessibility of the substrate to
the catalyst centers, as reported in the case of silica-based
immobilized lysozyme [43].

To better understand the comparative behavior observed
among the three encapsulated systems, the hybrid-supported
enzymes were further characterized by a set of com-
plementary analytical techniques to extract potential textural
and structural effects on the resulting encapsulated enzymes.

@ Springer

3.3 Glucose and maltose concentration (HPLC)

Table 4 presents the results obtained by the analysis of
musts obtained from starch saccharification by HPLC,
expressed in terms of glucose and maltose concentrations.

According to Table 4, generally, the use of organosilanes
decreases maltose concentrations in musts resulting from
saccharification. The glucose concentrations have more
random values. Taking into account the nature of the alkyl-
organosilanes, it is possible to state that there is a differ-
entiated relation between glucose and maltose concentration
and the length of the carbon chain of organosilanes.

The use of organosilanes in the encapsulation of fungal
a-amylase causes an increase in glucose concentration
during saccharification in most cases, with two exceptions:
[3-(2-aminoethylamino)propyl]trimethoxysilane causes a
sharp decrease in glucose concentration (33.4 mg/L) and (3-
aminopropyl) triethoxysilane with a subtle reduction in
glucose concentration (389 mg/L). On the other hand, the
concentration of maltose decreases for all the tested
organosilanes.

Therefore, in general, the use of organosilanes favors the
generation of glucose over the generation of maltose, i.e., an
increase in the glucose/maltose ratio. Apparently, starch
cleavage by p-amylase during saccharification is somewhat
affected by the presence of organosilanes around the cata-
lyst centers.

Correlating the glucose/maltose ratio and the porosity
results, it is possible to find a high correlation in the case of
B-amylase and its properties: surface area (rg,=0.71,
p<0.05), total porous volume (rs, =0.75, p<0.05), and
pore diameter (r5, = 0.93, p <0.05), which corroborates the
rationale for the effect of pore size on the generation of
maltose. a-amylase is an enzyme that generates glucose and
maltose. f-amylase generates maltose [44]. In the present
study, the addition of organosilanes tends to increase the
glucose/maltose ratio. It seems that more confined sites
(smaller surface area and smaller total porous volume)
affect the catalyst centers.

It is worth noting that there are industrial processes that
seek to maximize glucose production: higher glucose may
represent higher production in fermentative processes.
Then, in some branches of the biochemistry industry,
immobilization of amylases that maximize the proportion of
glucose may be attractive.

4 Conclusion

In the present study, in which organosilane is included in
amylase silica matrix encapsulation, the molecular size of
the organosilanes affects the porosity of the resulting
immobilized systems: larger organosilanes tend to generate
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