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In the last decades, silica particles of a variety of sizes and shapes have been characterized and chemically modified for
several applications, from chromatographic separation to dental supplies. The present study proposes the use of aminopropyl
triethoxysilane (APTS) silanized silica particles to immobilize the proteolytic enzyme trypsin for the development of a bioreactor.
The major advantage of the process is that it enables the polypeptides hydrolysis interruption simply by removing the silica particles
from the reaction bottle. Silanized silica surfaces showed significant morphological changes at micro- and nanoscale level. Chemical
characterization showed changes in elemental composition, chemical environment, and thermal degradation. Their application as
supports for trypsin immobilization showed high immobilization efficiency at reduced immobilization times, combined with more
acidic conditions. Indirect immobilization quantification by reversed-phase ultrafast high performance liquid chromatography
proved to be a suitable approach due to its high linearity and sensitivity. Immobilized trypsin activities on nonmodified and silanized
silica showed promising features (e.g., selective hydrolysis) for applications in proteins/peptides primary structure elucidation
for proteomics. Silanized silica system produced some preferential targeting peptides, probably due to the hydrophobicity of the
nanoenvironment conditioned by silanization.

1. Introduction

Proteomics represents a quite remarkable area of scientific
research, specifically in protein chemistry, which developed
breathtakingly and quickly [1-4]. Proteomics characteriza-
tion usually requires some step of enzymatic hydrolysis.
However, the application of proteolytic enzymes such as
trypsin, for instance, represents a critical factor to increase
the costs of this emerging field. In this context, enzyme
immobilization is an attempt to reduce costs, since it allows
the reuse for several cycles, minimize autolysis events, and

even may improve the kinetic patterns of the immobilized
enzyme considering the microenvironment generated by
immobilization process [5, 6].

An inherent challenge for enzyme immobilization refers
to the accurate quantification of enzyme immobilization
efficiency. Spectrophotometric or colorimetric techniques
have generally low precision and reproducibility. A reliable
option is the use of ultrafast liquid chromatography (UF-
HPLC) as an advantageous tool to indirectly evaluate the
immobilization efficiency. This technique has high repro-
ducibility and accuracy in determining proteins, enzymes,
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and other biomolecules concentration because it allows a
separate absorption analysis in ultraviolet region after frac-
tionating the molecules in a chromatographic column.

In this study, bovine pancreatic trypsin was immobilized
by adsorption on the surface of nonmodified silica spheres
(control) and silica spheres modified by silanization with
aminopropyl triethoxysilane (APTS). Experimental design
was based in the central composite design (CCD) for opti-
mization of immobilization conditions. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
were used for nano/microstructural and nanomechanical
characterization. Control and silanized silica spheres were
chemically characterized by Fourier transform infrared spec-
troscopy (FTIR), energy dispersive spectroscopy (EDS), and
thermogravimetric/differential analysis (TGA/DTA). Indi-
rect enzyme immobilization quantification was performed by
UF-HPLC. Bovine serum albumin (BSA) was used as protein
model for hydrolysis by immobilized trypsin and major
peptide fragments generated by the process were chromato-
graphically separated, collected, and identified by matrix
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS). The hypotheses tested in this
study were as follows: (i) can silica chemically modified with
APTS alters nanoroughness and nanomechanics of sphere
surface? (ii) Could the surface modification affect or even
modulate trypsin immobilization features and its activity?

2. Material and Methods

2.1. Silanization of Silica Particles. Silica particles with aver-
age diameter around 1-4 mm were obtained (Silica gel,
Reagen). For silica silanization, dry silica particles (8 g) were
treated with APTS (5.2 g) dissolved in toluene (115mL) at
80 rpm constant stirring for 4 h at room temperature. Treated
silica was filtered under vacuum and washed three times with
excess toluene. After filtration, the material was dried at150°C
for 4h and then stored in a sealed plastic bottle protected
from light.

2.2. Enzyme Immobilization. Bovine pancreatic trypsin (EC
3.4.21.4) manufactured by Sigma (type I, double-crystallized,
Switzerland) was used in the immobilization and activity ver-
ification assays. Silanized silica spheres were incubated with
a 2 umol x L trypsin solution maintaining 0.25 g support
x 5mL~" enzyme solution ratio. Reaction temperature was
kept at 4°C. pH values combinations (ranging from 5.6 to
9.2, by using sodium acetate buffer, sodium phosphate, Tris-
HCI, and sodium bicarbonate 0.1 mol x L™!) and reaction
time (ranging from 10 to 110 min) were determined by
central composite design (CCD). Immobilization efficiency
was determined indirectly (nonimmobilized fraction) by UF-
HPLC.

2.3. Experimental Design. CCD is a two-level classical fac-
torial planning (2k), plus some experimental points (star
points) for coefficients estimation of a second-order surface.
In the present study, CCD was performed using Statistica
8.0 software. CCD was used for simultaneous verification of
pH and immobilization time influence (Table 1). Adjustments
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TaBLE I: Experimental, coded, and uncoded planning matrix for the
central compound design (CCD) for pH and immobilization time.

Experiment number pH Time (min)
1 6.0 (-1) 30 (1)
2 6.0 (~1) 90 (+1)
3 8.6 (+1) 30 (-1)
4 8.6 (+1) 90 (+1)
5 5.8 (-1.26) 60 (0)
6 9.24 (+1.26) 60 (0)
7 7.6 (0) 21.98 (-1.26)
8 7.6 (0) 98.01 (+1.26)
9(C) 7.6 (0) 60 (0)
10 (C) 7.6 (0) 60 (0)
11 (C) 7.6 (0) 60 (0)
12 (C) 7.6 (0) 60 (0)
13 (C) 7.6 (0) 60 (0)

were model 2xx (2) cube + star; number of factors equal to
2; number of blocks equal to 1; number of runs equal to 10;
central number (cn) equal to 4; (Ns) equal to 4 and number
zero (n0) equal to 2. Turnover value («) was 1.4142 and 1.0781
orthogonality.

2.4. Atomic Force Microscopy. Small fragments of non-
modified (control) and modified (silanized) silica spheres
were fixed on a metallic sample holder using a double-
sided adhesive tape. Spheres surface were analyzed using a
commercial AFM instrument SPM-9600 (Shimadzu, Kyoto,
Japan) operating in contact mode using a typical V-shaped
200 um length cantilever integrated with pyramidal silicon
nitride tip with 20 nm of curvature radius, spring constant
of about 0.15N-m™', and resonance frequency of approxi-
mately 24 kHz. The scanner used has a maximum travel of
125 ym in XY-directions and 7 ym in Z-direction. Images
were obtained in ambient air at 23°C and 30-40% relative
humidity. Scanned areas were perfect squares measuring
2.5pum x 2.5 ym with a scan rate of 1 Hz. Trace and retrace
procedures were performed in order to confirm that samples
were not modified during scanning steps. All AFM images
contained 512 x 512 lines and they were processed using SPM-
9600 oftline software (Shimadzu, Kyoto, Japan). Image pro-
cessing consisted in an automatic X-line, Y-line, and plane
fit leveling of the images. After image processing, surface
analysis procedures were performed and the nanoroughness
quantitative parameters arithmetic mean roughness (R,),
maximum height (R,), 10-point mean roughness (R),
root-mean-square roughness (Rq), average height (Rp), and
average depth (R,) were calculated from images. One-way
ANOVA followed by Tukey’s post hoc comparison tests
was performed using the Origin Pro 8 software (OriginLab,
Northampton, MA).

2.5. Force Spectroscopy. Surface interaction properties were
measured by force-distance curves in order to analyze the
sphere fragments surface of control and silanized silica using
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the same previously described commercial AFM instrument
and cantilever-tip set-up. At least 100 force curves were
measured for each sample. The acquisition conditions were
rate of 1Hz, amplitude of 20V, and operating point of
3 V. Force curve parameters were calculated using Scanning
Probe Image Processor (SPIP) software (version 5.0, Image
Metrology, Lyngby, Denmark) set to 23°C, 0.15N-m™" spring
constant, cone indentation (Sneddon), five fitting points, and
approach curve as baseline correction. Statistical analysis
(ANOVA and Tukey’s test) was performed by Origin Pro 8
software.

2.6. Fourier Transform Infrared Spectroscopy (FTIR). Infrared
absorption spectra were obtained using a Fourier transform
infrared spectrometer-4100 (Jasco, UK), with wavenumbers
ranging from 500 to 4,000cm™'. Samples analyses were
performed in solid state, and a small fragment of each silica
sphere was powdered and deposited in the attenuated total
reflectance (ATR) system for subsequent acquisition. The
reported spectra were averages of 32 scans.

2.7. Scanning Electron Microscopy (SEM) and Energy Disper-
sive X-Ray Spectroscopy (EDS). SEM and EDS analyses were
performed using a JSM 700-1F instrument (JEOL, Japan). A
small fragment of each silica sample was fixed on a metallic
holder (Cu and Zn) using a double-sided adhesive tape. Thus,
samples were sputter coated with gold (Au) using a Balzers
SCD 050 (Baltec, Austria) at 21°C, in about 2.6 x 1077 Pa
for 180 s. After coating with Au, the images were obtained
applying 15 kV, followed by EDS spectra acquisition with the
same voltage and setting live time of 30s.

2.8. Thermogravimetric Analysis (TGA). The samples were
characterized by TG/DTG and DTA using a thermogravi-
metric and differential thermal analysis DTG-60H/Shimadzu
(Japan) simultaneous analyzer using about 5 mg of platinum
crucible sample at a 10°C x min ™" heating rate ranging from
25 to 750°C, under inert atmosphere (30 mL x min~!). Max-
imum decomposition rates temperatures (Td) were obtained
from DTG curves.

2.9. Quantification of Immobilization Efficiency by UF-HPLC.
Chromatographic separation of trypsin solution 52 ymol x
L™ (100%) and some fractional dilutions (related to 90%;
80%; 70%; 60%j; 50%; 40%; 30%; 20%; 10%; 5%; and 2.5% of
initial concentration) was performed. UF-HPLC equipment
was a Shimadzu (model LC-20AD, Japan), with a Shim-
pack XRODS 2.0 x 50 mm. Apolar solvent concentration
gradient (solvent B, acetonitrile in 0.1% TFA) was 5% to
3 min (isocratic condition), following the linear increase in
two ranges: up to 65% at 18 min and from 65% to 95% at
20 min, remaining in this condition until 23 min. Solvent
A refers to TFA 0.1%. Flow rate was 0.5mL x min .
Each chromatographic separation had an injection volume
of 50 uL, and the absorbance was monitored at 216 and
280 nm (UV/Vis SPD-20A Detector, Shimadzu, Japan). Areas
under trypsin peaks were calculated using the LC Solution
software (Shimadzu), and each absolute under the curve

area was used in the standard curves elaboration. Trypsin
fraction had its identity confirmed by MALDI-TOF MS using
an UltraFlex III MALDI-TOF mass spectrometer (Bruker
Daltonics, Germany).

2.10. Immobilized Trypsin Activity Assay. One mg x mL™"
BSA (at substrate/immobilized enzyme 1:10 proportion) was
digested with trypsin immobilized in control and silanized
silica spheres buffered in 100 mmol ammonium bicarbonate
(ImL), pH 8.0, for 24h. The peptides obtained through
enzymatic digestion were chromatographically fractioned by
UF-HPLC set at the same conditions previously described for
immobilization efficiency quantification. The fractions were
analyzed by MALDI-TOF/TOF MS. All the MS analyses were
performed in a Bruker Daltonics UltraFlex III. Samples were
mixed with a saturated alpha-cyano-4-hydroxycinnamic acid
solution (1:3) and applied (0.5 L) in duplicate on an MTP
AnchorChip var/384 type plate. Molecular masses ranged
from m/z 600 to 2500 using the positive reflected mode.
Fragmentations for manual de novo peptide sequencing
were performed by MALDI-TOF/TOF MS using the LIFT®
method. Sequencing was manually performed by using the
FlexAnalysis 3.0 software.

3. Results and Discussion

Figure 1 shows images of control (Figure 1(a)) and silanized
silica surfaces (Figure 1(b)) obtained by SEM. At these
magnifications, it is possible to visualize clearly that the
silanization process drastically alters topographical features
of silica particles surfaces. Images obtained through AFM
analysis confirm that morphological changes caused by
silanization process also affect nanoscale features (Figures
1(c) and 1(d)). Roughness quantitative results (R,, R,, R e
R, R, and R,) calculated from AFM images are shown in
Figure 1(e). Roughness results regarding silanized silica were
all higher than those observed for control, and all parameters
showed statistically significant differences (p < 0.05). R,,
R, R, and R, values were approximately 2-fold higher in
modified silica; R j;, was 6.5-fold higher; and R, was about 7-
fold higher. Qualitative examinations of microscopic images
(Figures 1(a), 1(b), 1(c), and 1(d)) could suggest that silanized
silica particles had flatter plateaus on their surface when
compared to nonsilanized surfaces, which have seemingly
larger amount of irregularities. However, considering the
nanoscale quantitative approach, it was showed that the
silanization process beyond significantly increased all the
roughness results, and it also clearly increased heterogeneity
considering either these average results or the standard error
values increase of each roughness parameter in modified
silica.

From the 60s to 90s, one can find in the literature
several studies related to silica particles silanization [7-11].
The major applications described for these functionalized
materials were related to their use in filling of columns
used for liquid and gas chromatographic separation. It
occurs because of their typical hydrophobicity, roughness,
and surface area properties [7-16]. More recently, another
field in which silanized silica materials have received special
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FIGURE I: Topographical images obtained by scanning electron microscopy (SEM) of control (a) and silanized silica surfaces (b) and atomic
force microscopy (AFM) analysis (operating in contact mode) of control (c) and silanized silica (d). Graphical representation of roughness
parameters results (R, R, R.j;i, R;, R, and R, ) related to control and silanized silica obtained by AFM (e). Force spectroscopy results obtained
by force versus displacement curves analyses performed in an atomic force microscope operating in contact mode (f). * indicates statistically
significant difference (p < 0.05).
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attention is their use as dental materials [17-20]. Tsai et
al. [21] made up a self-assembled film by deposition of
silanized silica particles to obtain a surface with hydrophobic
properties. They demonstrated that silanization significantly
increased the surface roughness of the films (about 1.9-fold).
Rinastiti et al. [19] obtained similar results when investigating
dental resin composites containing silanized silica particles.
D’Acunzi et al. [22] showed the use of silanized silica particles
as a way to obtain superhydrophobic surfaces with the
roughness adjusted by the drying process. Finally, Han et
al. [20] compared three resins for dental repair, and those
obtained from silanized silica had significantly higher surface
roughness.

Figure 1(f) shows nanomechanical results obtained from
force-distance curves of control and silanized silica surfaces.
In contrast to quantitative roughness results, all force spec-
troscopy parameters were significantly decreased (p < 0.05)
on modified surfaces when compared to the control. This
implies that modified silica surface showed lower hardness
(considering Max Load force parameter, which was 29%
lower than control), lower adhesion tendencies (considering
Max Pull force and Detachment force parameters, which
were 10-15% lower than control), and decreased attractive
forces (considering snap in force parameter, which was 10%
lower comparing to the control). Considering the medi-
cal/odontological applications of silanized composites, in
general, higher values of shear force obtained after silaniza-
tion have been reported [23-25].

Figure 2(a) shows EDS results concerning the relative
elemental composition of control and silanized silica. Silicon
level remains almost unchanged, while carbon composition
of silanized silica particles showed remarkable increase,
due the attachment of APTS propyl groups to the surface.
Figure 2(b) shows the chemical environment of control and
silanized silica surfaces obtained by FTIR analysis. In a first
overview, it is clear that silanized silica has transmittance
bands with higher intensities when compared to control.
Bands between 1100 and 960 cm™ relate to silica and can
be found in both spectra (Si-O-Si and Si-O-H stretching,
resp.). Transmittance bands at about 3455, 3010, 2969, and
2940 cm™' appear only in silanized silica sample, result-
ing from APTS chemical modification process, similar to
those assignments from Ramos et al. [26]. Water adsorption
presence was evidenced by 3455cm™' band, especially in
silanized silica, together with amino group bands (N-H
bound, 1560 cm™). Figure 2(c) shows the results obtained
by thermogravimetric analysis for control and silanized
silica. There were two decomposition steps when temperature
ramped from 25 to 850°C, and both samples showed a similar
weight loss considering the first weight loss stage (Table 2).
Table 2 shows also the heat losses related to control and
silanized silica particles. It indicated that, in the second stage,
the exothermic peak of silanized silica showed a differential
event, which relates directly to silanization process. Kursunlu
et al. [27] described similar results obtained by EDS, FTIR,
and TGA characterizations of silanized and nonmodified
silica particles. Prado et al. [28] and Sales et al. [29] described
similar TGA results.

TABLE 2: Thermogravimetric/differential analysis (TGA/DTA) for
control and silanized silica thermal decomposition.

Decomposition
temperature
T; (O

Sample Weight loss (%)

Ist stage

63.35 19.7

58.21 21.3
Heat loss (J/g)

Control

Silanized

Ist stage
—897.37
-930.25

Control
Silanized
2nd stage
Control
Silanized 37.86
3rd stage
-125.05

-11714

Control

Silanized
4th stage

Control —-29.43

Silanized

The quantification of the immobilization efliciency and
determination of enzyme concentration in solutions rep-
resent uncertainty factors, since the traditional methods
are usually colorimetric and associated with high levels of
experimental error. Accordingly, we used UF-HPLC due to
its high accuracy and reproducibility. Then, a standard curve
was obtained by using enzyme concentrations ranging from
52 uM (100%) to 1.3 uM (2.5%) (Figure 3(a)). The fraction
containing the enzyme was measured by integration of the
areas under the peaks matching the trypsin. A high linearity
between integrated areas and relative concentrations was
observed (R* = 0.9974), as shown in Figure 3(b).

The next step was the trypsin immobilization assays in
control and silanized silica particles. Experimental design
was a CCD model, which enabled the simultaneous verifica-
tion of the pH and immobilization time over immobilization
efficiency, as shown in Figures 4(a) and 4(b). Both systems
showed high trypsin immobilization efficiency (between 80
and 98%) at the concentration tested. Whereas control (Fig-
ure 4(a)) showed a broader range of pH values with higher
immobilization efficiency, silanized particles (Figure 4(b))
showed higher trypsin immobilization at lower pH values
associated with decreased immobilization times. This effect
probably occurs due to APTS presence on silica surface,
creating a more hydrophobic environment which could have
destabilized the immobilization process at higher pH condi-
tions. Diaz and Balkus Jr. [30] immobilized trypsin and other
proteins in mesoporous silica by physical adsorption and
obtained similar results. They concluded that immobilization
was pH dependent, being favored by acidic conditions. They
also modified silica by silanization process but performed
it after trypsin immobilization process, in order to increase
enzyme trapping and reduce leaching losses.
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FIGURE 2: Energy dispersive spectroscopy (EDS) of control and silanized silica surfaces, representing the atoms percentage in each material
(a). Fourier transform infrared spectroscopic analyses (FTIR) of control and silanized silica surfaces, using an attenuated total reflectance

(ATR) adapter (b). Thermogravimetric analysis (TGA) samples of control and silanized silica (c). Temperature variation ranged between 25
and 850°C.

In the present study, systems containing immobilized  trypsin in control in comparison to silanized silica particles
trypsin were used for BSA hydrolysis (1mg x mL™"). Hydrol-  resulted in subtly different molecular mass profiles. Trypsin
ysis products were fractioned by UF-HPLC (Figure 5(a)) immobilized in control silica particles produced some ions
and each fraction was analyzed by MALDI-TOF MS. Mass  that were not observed in the hydrolysis performed by
spectra related to BSA hydrolysis carried out by immobilized =~ immobilized trypsin silanized silica. Figure 5(b) represents
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FIGURE 5: Chromatographic separation of bovine serum albumin samples hydrolyzed by trypsin immobilized on silanized silica by ultrafast
liquid chromatography (a). Sequencing of [M + H]" = 1567.7 Da molecular component obtained by the bovine serum albumin hydrolysis
using trypsin immobilized in a silanized silica. “y” series ions are shown in the reported sequence (b). Three-dimensional representation
of the monomeric bovine serum albumin molecule, highlighting the regions in the molecule that were preferentially cleaved by trypsin
immobilized on silanized silica (c). PDB ID code was used: 1E7I and PYMOL molecular graphical tool for image production.
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one of the peptides De novo sequenced which were obtained
after enzymatic hydrolysis. Figure 5(c) shows the major
BSA peptide fragments hydrolyzed by trypsin immobilized
on silanized silica particles. It indicates some preferential
cleavage activity by specific BSA motifs, which may be a
result of the changes in hydrophobicity of the silica surface
caused by APTS modification. Wang et al. [31] immobilized
trypsin onto a glass coverslip composing a microfluidic
device integrated to a mass spectrometer and obtained a
similar molecular masses profile when compared to control
silica. This fact reinforces a possible preferential pattern of
cleavage for trypsin immobilized on modified silica, possibly
because of the more hydrophobic environment created by
silanized surface.

4. Conclusion

Silica chemical modification by APTS resulted in significant
morphological changes in silica spheres surface. Chemical
characterization showed changes in elemental composition,
chemical environment, and differential thermal degradation
for silanized silica particles surface. Such surfaces were
used as supports for trypsin immobilization and greater
efficiency was observed in reduced immobilization times,
combined with more acidic conditions. Indirect immobi-
lization quantification by UF-HPLC proved to be a reliable
technique because of high linearity and sensitivity obtained.
Immobilized trypsin activities on control and silanized silica
surfaces showed promising features for applications in pro-
teins/peptides primary structure elucidation, and silanized
silica system produced some preferential targeting motifs
concerning the generated peptides, probably due to the more
hydrophobicity microenvironment conditioned by silaniza-
tion.
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